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Abstract
The brain-expressed ubiquilins (UBQLNs) 1, 2 and 4 are a family of ubiquitin adaptor proteins that participate broadly in 
protein quality control (PQC) pathways, including the ubiquitin proteasome system (UPS). One family member, UBQLN2, 
has been implicated in numerous neurodegenerative diseases including ALS/FTD. UBQLN2 typically resides in the cyto-
plasm but in disease can translocate to the nucleus, as in Huntington’s disease where it promotes the clearance of mutant 
Huntingtin. How UBQLN2 translocates to the nucleus and clears aberrant nuclear proteins, however, is not well understood. 
In a mass spectrometry screen to discover UBQLN2 interactors, we identified a family of small (13 kDa), highly homologous 
uncharacterized proteins, RTL8, and confirmed the interaction between UBQLN2 and RTL8 both in vitro using recombinant 
proteins and in vivo using mouse brain tissue. Under endogenous and overexpressed conditions, RTL8 localizes to nucleoli. 
When co-expressed with UBQLN2, RTL8 promotes nuclear translocation of UBQLN2. RTL8 also facilitates UBQLN2’s 
nuclear translocation during heat shock. UBQLN2 and RTL8 colocalize within ubiquitin-enriched subnuclear structures 
containing PQC components. The robust effect of RTL8 on the nuclear translocation and subnuclear localization of UBQLN2 
does not extend to the other brain-expressed ubiquilins, UBQLN1 and UBQLN4. Moreover, compared to UBQLN1 and 
UBQLN4, UBQLN2 preferentially stabilizes RTL8 levels in human cell lines and in mouse brain, supporting functional 
heterogeneity among UBQLNs. As a novel UBQLN2 interactor that recruits UBQLN2 to specific nuclear compartments, 
RTL8 may regulate UBQLN2 function in nuclear protein quality control.
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Introduction

UBQLN2 is a member of the ubiquilin family of proteins 
that participate in ubiquitin-dependent protein quality con-
trol (PQC) pathways [1–3]. While UBQLN2 is best known 
as a shuttle adaptor protein for the ubiquitin–proteasome 
system (UPS), it is also implicated in autophagy, stress 
granule dynamics and chaperone-dependent pathways 
[4–7]. This versatility reflects various functional domains 
in UBQLN2, including its ubiquitin-binding (UBA) and 
ubiquitin-like (UBL) domains, as well as its propensity to 
engage in liquid–liquid phase separation (LLPS) [3, 8–10]. 
Wild-type UBQLN2 accumulates in numerous neurodegen-
erative diseases including Huntington’s disease (HD), Lewy 
body dementia and amyotrophic lateral sclerosis (ALS)/
frontotemporal dementia (FTD) caused by the C9ORF72 
repeat expansion[11–15]. When mutated, UBQLN2 directly 
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causes hereditary neurodegeneration that manifests as ALS/
FTD spectrum disease associated with UBQLN2 and TDP-
43 accumulation [16–18]. Multiple animal models with 
UBQLN2 mutations found in human disease partially phe-
nocopy human pathology, providing useful tools to study the 
molecular mechanisms of disease [17, 19–22].

Precisely how UBQLN2 functions in PQC pathways is 
not well understood, nor is it clear how UBQLN2 muta-
tions drive neurodegeneration. In both cases, however, 
UBQLN2 protein–protein interactions appear to play a 
critical role. For example, UBQLN2 missense mutations 
have been shown to compromise UBQLN2 function in 
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PQC by reducing interactions with Hsp70, limiting deliv-
ery of polyubiquitinated proteins to the proteasome, reduc-
ing autophagy, and altering liquid–liquid phase separation 
(LLPS) in a manner that promotes UBQLN2 accumulation 
and aggregation [9, 16, 19, 22–27].

Here we sought to identify novel UBQLN2 interac-
tors because greater knowledge of the range of UBQLN2 
protein interactors will aid our understanding of how 
UBQLN2 acts, both in health and disease. Knowledge of 
the UBQLN2 interactome could also help explain why 
UBQLN2, principally a cytoplasmic PQC factor, trans-
locates to the nucleus under proteotoxic stress [19]. For 
example, in HD mouse models, UBQLN2 localizes to 
neuronal nuclei where it is thought to facilitate clearance 
of mutant Huntingtin [13–15, 28]. Several membraneless 
organelles in the nucleus, notably nucleoli and PML bod-
ies, have recently been implicated in nuclear PQC [29, 
30]. These subnuclear condensates undergo phase transi-
tions from liquid-like to solid states to sequester stress-
induced misfolded and aggregated proteins [29–32]. 
UBQLN2 is already known to regulate the dynamics of 
stress granules [7], which are cytosolic condensates that 
modulate protein translation under conditions of stress. 

Conceivably, UBQLN2 plays a similar role in regulating 
nuclear condensates.

Here we report a novel UBQLN2 interactor, RTL8 (pre-
viously known as FAM127 or CXX1), that readily local-
izes to the nucleus, regulates the subcellular localization 
of UBQLN2, and colocalizes with UBQLN2 in subnuclear 
condensates. RTL8 belongs to a family of neo-functionalized 
retrotransposon-derived Gag-like genes that include three 
highly homologous proteins, RTL8A, RTL8B and RTL8C. 
RTL8 proteins are largely unstudied. While no function 
has been ascribed to the RTL8 family, they are expressed 
throughout the body and in a wide range of human tumors 
[33–35]. Recently Whiteley and colleagues [36] identified 
RTL8 as one of several proteins whose levels are dysregu-
lated in UBQLN2 murine disease and knockout models, con-
sistent with our finding that RTL8 is a UBQLN2-interacting 
protein. Here we show that upon overexpression, RTL8 
promotes UBQLN2 localization to the nucleus. At endog-
enous levels, RTL8 is critical for the efficient translocation 
of UBQLN2 to the nucleus under heat shock. We demon-
strate that both proteins localize to subnuclear puncta that 
contain additional PQC components and are often adjacent 
to PML bodies. We also find that while UBQLN2’s ubiqui-
tin-binding (UBA) domain is not required for its interaction 
with RTL8, it is important for its incorporation into sub-
nuclear puncta. Moreover, RTL8 preferentially colocalizes 
with and promotes the nuclear localization of UBQLN2 over 
the two other brain-expressed ubiquilin proteins, UBQLN1 
and UBQLN4. UBQLN2—more than UBQLN1 and 
UBQLN4—also stabilizes RTL8 levels in cells and mouse 
brains, pointing to functional differences among ubiquilins.

Results

UBQLN2 interacts with a small nuclear protein, 
RTL8C, that promotes UBQLN2 translocation 
into the nucleus

To identify novel UBQLN2-interacting proteins we per-
formed an unbiased mass spectrometry (MS) immunoprecip-
itation screen using HEK293T cells transfected with FLAG-
tagged WT-UBQLN2 (FLAG-UBQLN2). Repeated MS 
experiments detected many previously identified UBQLN2 
interactors including proteasome subunits, chaperones, and 
other UBQLN family members, supporting the robustness 
of our MS assay (Supplementary Table 1). Among abundant 
interactors, we detected a 13 kDa protein, retrotransposon 
Gag-like protein 8C (RTL8C) (Fig. S1A). Human RTL8C 
(hRTL8C) is one of three members of the RTL8 family of 
retrotransposon-derived proteins conserved between mouse 
and humans, the others being RTL8A and RTL8B (Fig. 1A). 
Human RTL8 proteins are more than 90% homologous (Fig. 

Fig. 1  RTL8, a family of small UBQLN2 interacting proteins, pro-
motes nuclear translocation of UBQLN2. A Alignment of the protein 
sequences for the human (hRTL8) and murine (mRTL8) RTL8 pro-
teins, showing a high degree of sequence homology. Similar residues 
are boxed in yellow; the bold typeface indicates that these residues 
are found in the majority of RTL8 homologs. Identical residues are 
bolded in white font and boxed in red. B Immunoblots of in  vitro 
pull-down of recombinant purified protein GST-UBQLN2 and His-
mRTL8A. α-UBQLN2 and α-RTL8 antibodies were used for immu-
noblotting. UBQLN2-mRTL8A interaction was confirmed by detec-
tion of mRTL8A in the eluate (E), flow-through (FT), and washes 
(W1-3) as shown. C Immunoprecipitated FLAG-UBQLN2 pull 
down of RTL8 from brain lysates of FLAG-tagged UBQLN2 trans-
genic mice. D Representative images showing mRTL8A-dependent 
nuclear translocation of UBQLN2 and co-localization into subnuclear 
puncta. HEK293 cells were co-transfected with FLAG-UBQLN2 
(green) and control HA-empty vector or HA-mRTL8A (left panel 
and right series, respectively). DAPI (blue) stained nuclei. White out-
lines in the merged image mark nuclei (scale bar = 20  μm). E Rep-
resentative images showing mRTL8A-mediated nuclear translocation 
of endogenous (endog) UBQLN2. HEK293 cells were transfected 
with HA-mRTL8A and stained for endogenous UBQLN2 (green) 
and HA-mRTL8A (red). Merged images include DAPI to highlight 
nuclei (blue). Arrows highlight cells demonstrating localization of 
endogenous UBQLN2 to nuclear puncta containing HA-mRTL8A. 
Arrowheads identify cells not expressing HA-mRTL8A in which 
UBQLN2 is diffusely cytoplasmic (scale bar = 10  μm). F Repre-
sentative images showing fluorescence recovery after photobleaching 
(FRAP) of UBQLN2-mRTL8A puncta, demonstrating their dynamic 
nature. HEK293 cells were transfected with iRFP-UBQLN2 (pink), 
mFAP10-mRTL8A (green) and mApple (red). mApple serves as a 
morphology marker (scale bar = 5  μm). (Right) iRFP fluorescence 
recovery following bleach was plotted as a percentage of the aver-
age fluorescence intensity of the puncta over time. Data are shown as 
mean ± SD. N = 17 puncta

◂
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S1B). Indeed, RTL8C was identified by a total of six pep-
tides, two of which were unique to it while the other four 
are shared with RTL8A, leaving open the possibility that 
UBQLN2 interacts with more than one member of the RTL8 
family. For clarity, we use the terminology RTL8 to refer to 
the family of proteins when antibodies are unable to differ-
entiate them in our experiments.

We predicted a structure model for hRTL8C using C-I-
TASSER [37] and deposited it in the neXtProt database 
[38] at https:// www. nextp rot. org/ entry/ NX_ A6ZKI3/ gh/ 
zhang labs/ COFAC TOR. The predicted hRTL8C mono-
meric structure consists mainly of four alpha helical and 
loop domains (Fig. S1C) with an estimated TM-score of 0.65 
(a TM-score > 0.5 suggests correct global topology [39]). 
This predicted structure displays homology with the capsid 
protein of the related retrotransposon Ty3/Gypsy [34] and 
Drosophila melanogaster retrovirus-like Arc1 protein [40].

To enable further in vitro and in vivo experiments, we 
cloned the mouse RTL8A gene (mRTL8A) which is the 
mouse RTL8 family member most similar to hRTL8C (Fig. 
S1B). To confirm a direct interaction between mRTL8A 
and UBQLN2, we performed pull-down experiments 
with recombinant GST-tagged UBQLN2 and His-tagged 
mRTL8A. GST-UBQLN2 purified protein was applied 
to a GST agarose column to which His-mRTL8A was 
then added. When reduced glutathione was used to elute 
UBQLN2, immunoblot analysis revealed mRTL8A in the 
eluate, confirming a direct interaction between the two pro-
teins (Fig. 1B). The finding of a direct interaction is sup-
ported by previous observations from other groups [36].

Confirmation of interaction between UBQLN2 and 
endogenous RTL8 was obtained in mouse brain by immu-
noprecipitating FLAG-UBQLN2 from transgenic mice 
expressing a low level of wild-type (WT) FLAG-UBQLN2 
[25]. Mouse brain lysate from UBQLN2 transgenic mice was 
incubated with anti-FLAG agarose beads and, after washing, 
FLAG-UBQLN2 was eluted from the beads. Immunoblot 
analysis demonstrated the presence of RTL8 in the eluate 
(Fig. 1C), confirming an in vivo interaction between the two 
proteins in brain.

To determine whether UBQLN2 and mRTL8A interact 
and co-localize in vivo, HEK293 cells were co-transfected 
with FLAG-UBQLN2 and HA-tagged mRTL8A (HA-
mRTL8A). Expressed alone, FLAG-UBQLN2 was found 
diffusely and in small puncta in the cytoplasm (Fig. 1D, 
left panel) as described previously [19, 25]. When co-
transfected with HA-mRTL8A, however, FLAG-UBQLN2 
translocated into the nucleus where it co-localized with 
mRTL8A (Fig. 1D, right panel). HEK293 cells transfected 
with HA-mRTL8A alone recruited endogenous UBQLN2 
into the nucleus (Fig. 1E, white arrows), whereas endog-
enous UBQLN2 remained largely cytoplasmic in untrans-
fected cells (Fig. 1E, white arrowheads). We verified that 

human RTL8C (hRTL8C) showed a similar staining pattern 
with overexpressed UBQLN2 as observed with mRTL8A. 
hRTL8C expressed alone localized to the nucleus, similar to 
mRTL8A (Figure S1D). When UBQLN2 was co-expressed, 
both cytoplasmic and nuclear hRTL8C staining co-local-
ized extensively with UBQLN2. Compared to mRTL8A, 
hRTL8C showed greater overall co-localization with 
UBQLN2 as quantified by the Mander’s overlap coefficient 
(MOC) (Figure S1E). Greater co-localization with UBQLN2 
in the cytoplasm versus the nucleus was also observed with 
hRTL8C than with mRTL8A, though UBQLN2-hRTL8C 
puncta were observed in both compartments.

Next, we performed fluorescence recovery after pho-
tobleaching (FRAP) assays to determine whether UBQLN2-
mRTL8A puncta were dynamic structures. For this, we used 
UBQLN2 fused to iRFP and mRTL8A fused to a small fluo-
rescent tag, mFAP10 [41]. We identified puncta in live cells 
that were positive for both iRFP and mFAP10 fluorescence, 
photobleached the iRFP signal and measured recovery of flu-
orescence over time (Fig. 1F). Fluorescence recovered nearly 
to prebleach levels, indicating that UBQLN2-mRTL8A 
puncta are indeed mobile assemblies.

RTL8 is required for efficient nuclear translocation 
of UBQLN2 after a heat shock

We first determined the subcellular localization of endog-
enous RTL8 via biochemical fractionation in HEK293 
cells. We probed whole cell lysate (W), detergent-soluble 
cytoplasmic (C) and nuclear fractions (N), and total deter-
gent-insoluble fraction (I) by immunoblot with a commer-
cially available RTL8 antibody (Fig. 2A). RTL8 proteins 
were mainly found in the cytoplasmic fraction, however a 
small amount was detected in the nuclear and detergent-
insoluble fractions as well. UBQLN2 was present only in 
the detergent-soluble fractions and mostly in the cytoplasmic 
fraction.

UBQLN2 is known to translocate to the nucleus 
under proteotoxic stress [13, 15], as well as in response 
to heat shock, via an unknown mechanism [19]. Given 
that RTL8 promotes nuclear localization of UBQLN2, 
we hypothesized that it may be important for stress-
induced nuclear translocation of UBQLN2. To test this, 
we generated HEK293 cells knocked out for all RTL8 
proteins using CRISPR-Cas9 (RTL8 KO). We then sub-
jected control cells (treated with non-targeting sgRNA) 
and RTL8 KO cells to heat shock and performed bio-
chemical fractionation as earlier (Fig. 2B). After heat 
shock, RTL8 redistributed to the nuclear and insoluble 
fractions from the cytoplasmic fraction, compared to cells 
maintained at 37 °C. The UBQLN2 signal also increased 
in the nuclear and insoluble fractions after heat shock, 
consistent with the literature [19]. By contrast, in RTL8 

https://www.nextprot.org/entry/NX_A6ZKI3/gh/zhanglabs/COFACTOR
https://www.nextprot.org/entry/NX_A6ZKI3/gh/zhanglabs/COFACTOR
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KO cells we observed a marked decrease in the redistri-
bution of UBQLN2 to the nucleus and insoluble fraction. 
To quantify this reduction, we calculated the nuclear-
cytoplasmic (N/C) ratio of UBQLN2 under physiological 
(37 °C) and heat shock conditions (Fig. 2C). Cells main-
tained at 37 °C did not have a significant difference in the 
N/C ratio, whereas after heat shock we noted a significant 

reduction in the N/C ratio in RTL8 KO cells compared 
to control cells. These data suggest that RTL8 proteins 
aid nuclear translocation of UBQLN2 under heat shock.

Fig. 2  RTL8 facilitates nuclear localization of UBQLN2 following 
heat shock. A Representative immunoblot to assess subcellular dis-
tribution of endogenous RTL8 and UBQLN2 in HEK293 cells. W 
whole cell lysate, C cytoplasmic detergent-soluble fraction, N nuclear 
detergent-soluble fraction, and I total detergent-insoluble fraction. 
RTL8 and UBQLN2 were predominantly in the cytoplasmic fraction. 
GAPDH and Histone H3 served as cytoplasmic and nuclear markers, 
respectively. Ponceau S staining was used to normalize loading. N = 3 
biological replicates. B Representative immunoblot showing RTL8-
facilitated nuclear translocation of UBQLN2 following heat shock. 

HEK293 cells (control or knocked out for all RTL8 genes (RTL8 
KO)) were maintained at 37 °C or heat shocked at 43 °C for 2 h. Bio-
chemical fractionation was done as in A. Distribution of Hsp70 sig-
nal was used to assess efficacy of the heat shock. C Quantification of 
UBQLN2 nuclear-cytoplasmic (N/C) ratio in control and RTL8 KO 
cells in B, showing reduction of UBQLN2 nuclear translocation after 
heat shock in RTL8 KO cells. N/C ratio under each condition (37 °C 
or 43  °C) was normalized to control. Unpaired two-tailed Student’s 
t-tests were used to determine statistical significance. Data are shown 
as mean ± SD. N = 3 biological replicates
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UBQLN2 redistributes mRTL8A within sites 
of nuclear PQC

Overexpressed HA-mRTL8A concentrates in nuclear 
puncta (Fig. 1D, middle panel) suggesting that it partitions 
into specific subnuclear organelles. The co-localization 
with UBQLN2, a known participant in protein degradation 
pathways, led us to investigate whether endogenous RTL8 
resides in nucleoli or PML nuclear bodies, both of which 
have been implicated in nuclear PQC [29–32]. Unfortu-
nately, commercial α-RTL8 antibodies do not stain endog-
enous RTL8 in HEK293 cells by immunofluorescence, thus 
we generated an α-RTL8A polyclonal rabbit antibody. This 
antibody detected endogenous nuclear RTL8 staining in 
subnuclear structures that morphologically resemble those 
seen when HA-tagged mRTL8A is overexpressed (Fig. 1D 
and E). Probing with antibodies for nucleoli (Fig. 3A) or 
PML nuclear bodies (Fig. 3B) revealed robust localization 
of RTL8 to nucleoli exclusively.

Next, we sought to determine whether, as seen with 
endogenous RTL8, UBQLN2-mRTL8A puncta represent 
nucleoli. To do so, we transiently expressed mRTL8A 
in HEK293 cells with or without FLAG-UBQLN2. We 
noted intriguing changes in the subnuclear localization of 
mRTL8A when UBQLN2 was co-expressed. Expressed 
alone, mRTL8A tended to associate with the nucleolar 

protein NPM1, mirroring endogenous RTL8 staining 
(Fig. 3C (−UBQLN2) and S2B). The heterogenous NPM1 
staining is likely due to different levels of NPM1 within 
distinct phase-separated compartments of nucleoli [42]. 
RTL8 may have a higher affinity for components within the 
compartment showing a weaker NPM1 signal. In contrast 
to endogenous RTL8, however, overexpressed mRTL8A 
concentrates in close proximity to PML bodies (Figs. 3D 
(−UBQLN2) and S2C). UBQLN2 on its own, however, did 
not colocalize with either NPM1 or PML (Fig. S2A). Rather, 
in cells expressing both UBQLN2 and mRTL8A, we see 
two populations of mRTL8A structures: rounded puncta that 
colocalize with UBQLN2 (UBQLN2-mRTL8A puncta), and 
larger irregular structures that do not.

The irregularly-shaped mRTL8A structures that exclude 
UBLQN2 are proximal to and frequently co-stain with 
NPM1, whereas UBQLN2-mRTL8A puncta are not positive 
for NPM1 (Figs. 3C (+UBQLN2), S2B and S2C). Quanti-
fication of the MOC revealed decreased co-localization of 
mRTL8A with NPM1 when UBQLN2 was co-expressed 
(Fig. 3E), suggesting that UBQLN2 sequesters mRTL8A 
away from nucleoli and into UBQLN2-mRTL8A puncta.

PML bodies were also observed in close proximity to 
UBQLN2-mRTL8A puncta, with multiple PML bodies 
preferentially colocalizing with and clustering around these 
puncta (Figs. 3D (+ UBQLN2), S2D and S2E). MOC quan-
tification displayed increased co-localization of mRTL8A 
with PML bodies when UBQLN2 was co-expressed 
(Fig. 3F). Taken together, these data indicate that UBQLN2 
promotes redistribution of mRTL8A away from nucleoli and 
into close proximity to PML bodies.

mRTL8A co‑localizes with nuclear PQC components, 
both in the presence and absence of UBQLN2

The above results show that mRTL8A structures associate 
with nucleoli and PML bodies, both of which have been 
implicated in PQC. To investigate the properties of mRTL8A 
puncta we carried out immunostaining in transfected cells 
for the endogenous PQC markers Hsp70, p62/SQSTM1 
(referred to as p62) and polyubiquitin, as well as for the 
disease-associated RNA-binding protein TDP-43. Hsp70 
proteins are cytoplasmic chaperones that translocate to 
nucleoli during proteotoxic stress and aid in protein refold-
ing [43, 44]. p62/SQSTM1 is an autophagy receptor that 
facilitates nuclear PQC by translocating to the nucleus and 
engaging polyubiquitinated substrates [45], and is recruited 
to nuclear aggregates in various neurodegenerative diseases 
[45, 46]. TDP-43 is known to shuttle between the nucleus 
and cytoplasm, accumulate in the cytoplasm in several neu-
rodegenerative diseases [47], and form nuclear aggregates 
with certain proteotoxic stressors [48].

Fig. 3  RTL8 proteins localize to nucleoli, but UBQLN2-mRTL8A 
subnuclear puncta are distinct from nucleoli and colocalize with PML 
bodies. A and B Representative immunofluorescence images assess-
ing co-localization of endogenous RTL8 (green) with nucleoli (A; 
NPM1) and PML bodies (B; PML) (red), merged with DAPI (blue) 
(scale bars = 10 μm). Pixel intensity plots measured across the white 
lines in merged images reveal coincident peak fluorescence between 
RTL8 and NPM1 (indicated by closed arrow heads, A) but not PML 
(arrows indicate PML peaks, open arrow heads indicate RTL8 peaks, 
B). C and D Representative images of HEK293 cells co-transfected 
with HA-mRTL8A (red) and either an empty vector (−UBQLN2) 
or one encoding FLAG-UBQLN2 (+UBQLN2) (green). Cells were 
stained for C NPM1 or D all PML isoforms (cyan) (scale bar for 
merged images = 5  µm and zoomed images = 1  µm). (Right) Pixel 
intensity plots measured across the white lines in the merged ×5 
magnification images in C and D. Raw values were normalized to the 
maximum fluorescence value for each channel and plotted as a func-
tion of distance. White arrows in C represent regions surrounding 
UBQLN2-mRTL8A puncta that co-stain for NPM1 and mRTL8A but 
exclude UBQLN2. White arrows in D represent regions surrounding 
UBQLN2-mRTL8A puncta that are in close proximity with multiple 
PML bodies. Additional cells for NPM1 and PML staining are shown 
in Figure S2B and S2D, respectively. E and F Quantification of co-
localization of mRTL8A with E NPM1 or F PML in the presence and 
absence of overexpressed UBQLN2 assessed via Mander’s overlap 
coefficient (MOC). A reduction in NPM1 co-localization and increase 
in PML co-localization was observed in the presence of UBQLN2. 
Outliers as determined by a Grubbs’ test were excluded following 
which unpaired two-tailed Student’s t-tests were used to test for statis-
tical significance. N = 21 and 28 cells for E and F, respectively, from 
two biological replicates

◂
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Assessed by immunofluorescence, mRTL8A co-localized 
extensively with Hsp70 both in the presence and absence of 
UBQLN2 (Figs. 4A and S3B). Hsp70 co-localization was 
greatest in intensely stained UBQLN2-mRTL8A puncta 
but was also seen in the irregular mRTL8A structures. 
Interestingly, infrequently observed UBQLN2-mRTL8A 

cytoplasmic puncta (unfilled arrows in zoomed images 
in Fig. 4A and S3B) do not co-stain with Hsp70. MOC 
quantification revealed a small but significant decrease 
in mRTL8A co-localization in the presence of UBQLN2, 
which may be due to the lack of Hsp70 co-localization in 
the cytoplasm (Fig. 4B). While Hsp70 staining was seen in 

Fig. 4  UBQLN2-mRTL8A subnuclear puncta co-localize with pro-
tein quality control markers. A, C and E Representative images of 
HEK293 cells co-transfected with HA-mRTL8A (red) and either 
empty vector (−UBQLN2) or FLAG-UBQLN2 (+UBQLN2) 
(green), and stained for A Hsp70, C p62, or, E polyubiquitin (cyan). 
UBQLN2-mRTL8A nuclear puncta colocalize with all three mark-
ers. Arrowheads indicate infrequent cytoplasmic UBQLN2-mRTL8A 
puncta that are positive for p62 and polyubiquitin, but not Hsp70. 
White outlines in zoomed images represent the nucleus as determined 
by DAPI staining (blue in merged images). Figure S2B shows Hsp70 

staining of cells expressing lower levels of FLAG-UBQLN2 and HA-
mRTL8A compared to Fig. 2A (scale bar for merged images = 10 µm 
and zoomed images = 5 µm). B, D and F MOC quantification of co-
localization of mRTL8A with B Hsp70, D p62 or F polyubiquitin 
using MOC in the presence and absence of overexpressed UBQLN2. 
There is significant reduction in Hsp70 co-localization in the pres-
ence of UBQLN2. Outliers as determined by a Grubbs’ test were 
excluded. Unpaired two-tailed Student’s t tests were used to test for 
statistical significance. N = 51, 50 and 46 cells for B, D and F, respec-
tively, from two biological replicates
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both types of mRTL8A structures, p62 co-localized only 
to the higher intensity mRTL8A puncta (Fig. 4C). There 
was no change in the amount of mRTL8A that co-local-
ized with p62 in the presence of UBQLN2 (Fig. 4D). The 
distribution of polyubiquitin staining was similar to both 
Hsp70 and p62 staining (Fig.  4E). Rounded mRTL8A 
puncta in the absence of UBQLN2 co-stained with poly-
ubiquitin, however irregularly-shaped mRTL8A structures 
did not. However, when UBQLN2 was overexpressed, both 
UBQLN2-mRTL8A puncta and irregular mRTL8A struc-
tures co-stained for polyubiquitin. Like with p62, no sig-
nificant differences in the co-localization of polyubiquitin 
staining with mRTL8A were observed in the presence of 
UBQLN2 (Fig. 4F). UBQLN2 on its own (i.e., without over-
expressed mRTL8A) colocalized only with p62 and poly-
ubiquitin (Fig. S3A, S3C and S3D). In contrast to the above 
PQC markers, neither UBQLN2 nor mRTL8A colocalized 
with TDP-43 (Fig. S3E).

In summary, overexpressed mRTL8A concentrates in 
two discrete subnuclear structures containing different 
combinations of PQC markers. The first appear to be irreg-
ularly-shaped mRTL8A structures that co-stain for Hsp70, 
occasionally polyubiquitin and associate with nucleoli. The 
second are rounded puncta that are intensely mRTL8A-
positive and co-localize with Hsp70, p62 and polyubiqui-
tin. When co-expressed, UBQLN2 is recruited to the latter 
mRTL8A-positive puncta as described in Fig. 3.

UBQLN2’s interaction with mRTL8A is independent 
of its PXX, UBA and UBL domains but sequestration 
into mRTL8A puncta requires the UBA domain

To begin defining the structural requirements for UBQLN2’s 
interaction with RTL8 we deleted two key domains of 
UBQLN: the UBL and UBA domains (Fig. 5A). The N-ter-
minal UBL domain facilitates interaction with the 26S pro-
teasome while the C-terminal UBA domain allows binding 
to polyubiquitinated substrates [1, 3, 8, 49, 50]. In pull-down 
experiments with recombinant UBQLN2 lacking either the 
UBA (ΔUBA) or the UBL (ΔUBL) (Fig. 5B), similar levels 
of mRTL8A were pulled down by both deletion constructs 
comparable to WT UBQLN2. Thus, neither the UBA nor 
the UBL domain is essential for UBQLN2 interaction with 
RTL8.

Next, we tested whether deleting the UBL, UBA, or the 
PXX domain affected the ability of UBQLN2 to co-localize 
with mRTL8A and translocate to the nucleus. The proline-
rich PXX repeat region of unknown function is unique to 
UBQLN2 among brain-expressed UBQLNs and is particu-
larly linked to neurodegenerative disease [51]. To understand 
whether co-localization with mRTL8A requires UBQLN2’s 
ability to bind polyubiquitinated substrates, we also included 
the ubiquitin-binding deficient UBQLN2-L619A mutant [19, 

25], which is unable to bind ubiquitin in pulldown experi-
ments (Fig S4A).

In the absence of co-expressed mRTL8A, cells expressing 
WT UBQLN2, ΔUBA, ΔPXX and L619A showed a simi-
lar distribution, predominantly in the cytoplasm with faint 
diffuse staining to, in some cases, speckle-like staining in 
the nucleus (Fig. 5C, top). ΔUBA UBQLN2, however, did 
not form cytoplasmic puncta, consistent with our previous 
observations [19, 25]. ΔUBL UBQLN2 was present in both 
the cytoplasm and nucleus where it formed larger and more 
intense puncta.

When co-expressed with mRTL8A, ΔUBL and ΔPXX 
UBQLN2 behaved like WT UBQLN2 in translocating to 
the nucleus (Fig. 5C, bottom). ΔUBL UBQLN2 also showed 
a statistically significant increase in co-localization with 
mRTL8A compared to WT UBQLN2 (Fig. 5D). In contrast, 
ΔUBA UBQLN2 did not colocalize with mRTL8A even 
though its nuclear localization was promoted by mRTL8A. 
Instead, ΔUBA UBQLN2 distributed diffusely in the nucleus 
and was excluded from nuclear mRTL8A puncta (also see 
Figures S4B and S4C). MOC quantification supported our 
observations, revealing a statistically significant decrease 
in case of ΔUBA UBQLN2 versus WT UBQLN2. L619A 
UBQLN2 showed an intermediate phenotype between 
WT and ΔUBA UBQLN2. Like WT UBQLN2, L619A 
UBQLN2 translocated into the nucleus and co-localized 
with mRTL8A puncta (also see Figures S4D and S4E), but 
a significant proportion of L619A remained diffuse in the 
nucleus, resembling ΔUBA UBQLN2 distribution. Quanti-
fication confirmed these observations, with mRTL8A having 
significantly higher MOC with L619A UBQLN2 than with 
ΔUBA UBQLN2, but significantly lower than seen with WT 
UBQLN2.

Taken together, these results imply that neither the UBA 
nor UBL domain is required for UBQLN2 to directly bind 
mRTL8A, but the UBA domain is required for UBQLN2’s 
incorporation into mRTL8A subnuclear puncta. Further-
more, polyubiquitin binding does not appear to be essential 
for UBQLN2 recruitment into mRTL8A puncta.

Preferential interactions of RTL8 with UBQLN2 
reveal functional heterogeneity among UBQLNs

Other UBQLN family members, including UBQLN1 
and UBQLN4, share conserved structural domains with 
UBQLN2 except for the proline-rich repeat region (PXX) 
(Figure S5A). This similarity prompted us to test whether 
mRTL8A also co-localizes with or aids UBQLN1 and 
UBQLN4 translocation to the nucleus. When expressed 
alone in HEK293 cells, UBQLN1 and UBQLN4 exhibited 
subcellular distributions distinct from UBQLN2 (Fig. 6A, 
upper panels). Whereas UBQLN2 was present mostly in 
cytoplasmic puncta with rare speckle-like nuclear staining, 
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both UBQLN1 and UBQLN4 showed both diffuse cyto-
plasmic and nuclear staining. When individual UBQLNs 
were overexpressed with mRTL8A, UBQLN2 typically co-
localized with mRTL8A, primarily in the nucleus, whereas 

UBQLN1 showed highly variable co-localization (Fig. 6A, 
lower panels) and UBQLN4 did not co-localize appreci-
ably with mRTL8A. Using MOC to quantify co-locali-
zation, we confirmed significant differences in mRTL8A 
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co-localization with UBQLNs 1, 2 and 4 (Fig. 6B). We also 
quantified the nuclear to cytoplasmic (N/C) ratio of all three 
UBQLNs (Fig. 6C). In the absence of exogenous mRTL8A, 
UBQLN2 had the lowest N/C ratio, with the two other 
UBQLNs having N/C ratios closer to one. Co-expression of 
mRTL8A led to an almost two-fold increase in the N/C ratio 
of UBQLN2 with no appreciable effect on the N/C ratio of 
UBQLN1 or UBQLN4.

Next, we tested whether this significant difference in co-
localization reflects differences in the ability of the various 
UBQLNs to bind mRTL8A. To rule out the influence of 
endogenously expressed UBQLN proteins, we used HEK293 
cells with all three UBQLNs knocked out (UBQLN TKO). 
When co-expressed with mRTL8A, UBQLN2 most robustly 
immunoprecipitated mRTL8A, followed by UBQLN4 and 
UBQLN1 (Fig. 6D and E). These results, together with our 
immunofluorescence results, support preferential interac-
tion of RTL8s with UBLQN2 over other brain expressed 
UBQLNs.

A recent study demonstrated that UBQLN TKO cells 
have no detectable RTL8 protein levels [36]. We confirmed 
this loss of RTL8 protein expression in TKO cells (Figure 
S5B). Using these cells, we assessed whether expressing 
UBQLN1, UBQLN2 or UBQLN4 separately could restore 
endogenous RTL8 protein levels. Based on the above results, 
we hypothesized that UBQLN2 would rescue RTL8 levels 
to the greatest extent. Indeed, UBQLN2 was most efficient 
in rescuing RTL8 levels while UBQLN1 partially rescued 
RTL8 levels and UBQLN4 had no effect (Fig. 6F and G). 

This rescue was not the result of increased RTL8 gene 
expression (Figure S5D), implying that UBQLN2 stabilizes 
RTL8 proteins.

To determine if this differential effect held true in a more 
physiologically relevant model, we examined RTL8 levels 
in brain lysates from UBQLN1, UBQLN2 and UBQLN4 
knockout mice. While in UBQLN2 knockout mice RTL8 
protein was indetectable, both UBQLN1 and UBQLN4 
knockout mice showed RTL8 levels similar to that of WT 
non-transgenic (nonTg) mice (Fig. 6H). Thus, in mouse 
brain neither UBQLN1 nor UBQLN4 can compensate for 
the loss of UBQLN2. Conversely, endogenous UBQLN2 
expression is sufficient to maintain RTL8 levels in UBQLN1 
or UBQLN4 knockout mice. These data suggest that the 
functional interaction between RTL8 and UBQLN2 does 
not extend to other brain expressed UBQLNs.

Discussion

UBQLN2 is known to participate in cytoplasmic PQC 
through the UPS and autophagy. It is less clear what role 
UBQLN2 plays in the nucleus, to which it translocates under 
various stress conditions [12, 13, 15, 19]. Nuclear aggre-
gates of disease proteins, including known UBQLN2 sub-
strates, are common in various neurodegenerative diseases. 
Previous work in yeast has demonstrated that the UBQLN2 
ortholog, Dsk2, is specifically required for clearance of mis-
folded nuclear proteins [52].Conceivably, the recruitment 
of UBQLN2 to the nucleus facilitates the degradation of 
misfolded proteins associated with some neurodegenerative 
proteinopathies.

Among ubiquilins, UBQLN4 reportedly functions in 
DNA double-stranded break repair [53], but a common 
nuclear function across the ubiquilin family is unknown. 
Here, we identified a novel UBQLN2-interacting protein, 
RTL8, that regulates UBQLN2’s translocation to and behav-
ior in the nucleus and underscores functional heterogeneity 
within the UBQLN protein family.

RTL8 is a small protein of unknown function expressed in 
the cytoplasm and nucleus. Endogenous nuclear RTL8 local-
izes to nucleoli, which are condensates associated with ribo-
some maturation [54–56] and protein quality control [29, 55, 
57]. When overexpressed, mRTL8A tends to concentrate 
in the nucleus and frequently co-localizes to nucleoli as 
well as to ubiquitin-enriched subnuclear structures distinct 
from nucleoli. Overexpressed mRTL8A also recruits and 
sequesters UBQLN2 in highly dynamic puncta that appear 
to represent phase-separated condensates. In the nucleus, 
UBQLN2-mRTL8A condensates contain other PQC pro-
teins including p62. Recently, p62-containing nuclear con-
densates were shown to be sites of proteasome-mediated 

Fig. 5  UBQLN2’s UBA domain is dispensable for interaction with 
mRTL8A, but required for UBQLN2 incorporation into mRTL8A 
subnuclear puncta. A Schematic depicting wild-type (WT) UBQLN2, 
various domain deletion constructs lacking the UBL domain 
(ΔUBL), PXX repeat region (ΔPXX) or UBA domain (ΔUBA), and 
the ubiquitin binding-deficient L619A mutation (represented as a 
red circle). B Pull-down of recombinant His-mRTL8A by recombi-
nant full-length GST-UBQLN2 full-length WT, ΔUBL, and ΔUBA 
proteins. The flow-through (FT) and eluate were visualized on an 
immunoblot with α-UBQLN2 (top) or α-RTL8 antibodies (bottom). 
C Representative images of transfected HEK293 cells express-
ing HA-mRTL8A (red) and either FLAG-UBQLN2 WT, ΔUBL, 
ΔPXX, ΔUBL or L619A (green).White outlines in zoomed images 
delimit the nucleus as determined by DAPI staining (blue in merged 
images). White arrows in cells expressing FLAG-UBQLN2 L619A 
and HA-mRTL8A indicate partial co-localization of UBQLN2 and 
mRTL8A in the nucleus (scale bar for merged images = 10  µm and 
zoomed images = 5  µm). D Quantification of co-localization of WT 
or domain-deleted UBQLN2 constructs with mRTL8A. MOC was 
calculated for each cell expressing both constructs in a field of view. 
Outliers as determined by a Grubbs’ test were excluded, following 
which a one-way ANOVA (p < 0.0001) and a Tukey’s multiple com-
parisons test were performed to identify statistically significant differ-
ences among MOCs. N = 53, 53, 59, 49 and 61 cells for WT, ΔUBL, 
ΔPXX, ΔUBA and L619A UBQLN2, respectively, from two biologi-
cal replicates

◂
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protein degradation [58], supporting our hypothesis that 
UBQLN2-RTL8 condensates participate in nuclear UPS. 
Among brain-expressed ubiquilins, only UBQLN2 shows 
mRTL8A-dependent nuclear recruitment and co-localiza-
tion: by contrast, mRTL8A colocalizes with UBQLN4 and 
UBQLN1 only rarely or occasionally, respectively, and fails 
to promote nuclear translocation of either. Furthermore, 

UBQLN2 stabilizes levels of RTL8 protein in mouse brain, 
which is not the case for UBQLN1 and UBQLN4. Of the 
three brain expressed UBQLNs, only the loss of UBQLN2 
reduces RTL8 levels, supporting a physiological role for the 
interaction between these two proteins. The variable degree 
of co-localization of UBQLN1 with mRTL8A raises the pos-
sibility that hetero- dimerization of UBQLN1 with UBQLN2 
could promote an indirect interaction between mRTL8A 
and UBQLN1. If that were the case, however, we would 
expect no UBQLN1-mRTL8A interaction in cells lacking 
UBQLN2. Instead, in TKO cells individually transfected 
with UBQLN proteins, both UBQLN4 and UBQLN1 can 
interact with mRTL8A, albeit at significantly lower levels 
than UBQLN2. We suggest that while mRTL8A preferen-
tially regulates UBQLN2 translocation to the nucleus over 
UBQLN1 or UBQLN4, protein domains common to the 
three UBQLNs do contribute to UBQLN-mRTL8A binding.

The small number of replicates in our MS screen identify-
ing RTL8 as a potential interactor and the need to employ 
overexpression in our analysis of RTL8 because of the lack 
of specific antibodies suitable for detecting endogenous 
RTL8 are limitations to the current study. We were nonethe-
less able to validate the direct interaction between mRTL8A 
and UBQLN2 through recombinant protein pull-downs and 
immunoprecipitation from mouse brain lysate. Given the 
approximately sevenfold enrichment of RTL8 in our study, 
it is notable that earlier MS screens for UBQLN2 interactors 
did not identify RTL8 [7, 19]. One possible explanation for 
this discrepancy is that our MS screen was performed in 
HEK293 cells which contain multiple copies of the q arm 
of the X chromosome, the locus of the RTL8 gene family. 
Thus, HEK293 cells likely express higher levels of RTL8 
than other cell models or tissues, enabling detection in our 
screen. Recent literature also supports our findings: a prot-
eomics study examining the effects of mutations or knockout 
of UBQLN2 identified RTL8 as one of two gag/pol proteins 
highly regulated by UBQLN2 [36].

Multiple structural motifs in UBQLN2 could mediate the 
direct interaction with RTL8 including the ubiquitin-like 
domain (UBL), the ubiquitin-associated domain (UBA), the 
four STI1 motifs, and the proline-rich repeat (PXX) region. 
Our recombinant protein pull-down and immunofluores-
cence experiments establish that mRTL8A functionally 
interacts with UBQLN2 independent of the UBA or UBL 
domains and does not depend on ubiquitin binding. These 
findings suggest regions outside of these domains regulate 
the interaction of RTL8 and UBQLN2. The preferential 
interaction of mRTL8A with UBQLN2 over UBQLN1 and 
UBQLN4, initially pointed to the distinctive PXX region of 
UBQLN2 as a potentially critical structural feature. How-
ever, a deletion construct of UBQLN2 lacking the PXX 
region colocalized with mRTL8A to the same degree as WT 

Fig. 6  Among brain-expressed ubiquilins, UBQLN2 preferentially 
interacts with mRTL8A and regulates endogenous RTL8 levels in 
cells and mouse brain tissue. A Representative immunofluorescence 
images of HEK293 cells co-transfected with HA-mRTL8A (red) 
and either FLAG-tagged UBQLN1, UBQLN2 or UBQLN4 (green), 
shown merged with DAPI (blue). White outlines in the zoomed 
images delimit the nucleus, determined by DAPI staining. Repre-
sentative images of high and low co-localization of UBQLN1 with 
mRTL8A are included to illustrate the wide range of observed co-
localization for UBQLN1 (lo coloc low co-localization, hi coloc high 
co-localization) (scale bar for merged images = 20  µm and zoomed 
images = 5  µm). B Quantification of co-localization of UBQLN1, 
UBQLN2 or UBQLN4 with mRTL8A. MOC was calculated for 
each cell expressing both constructs in a field of view. UBQLN2 had 
significantly higher MOC compared to the other UBQLNs. Outliers 
as determined by a Grubbs’ test were excluded, following which a 
one-way ANOVA (p < 0.0001) and a Tukey’s multiple comparisons 
test were performed to identify statistically significant differences 
among Mander’s correlation coefficients. N = 26, 27 and 31 cells for 
UBQLN1, UBQLN2 and UBQLN4, respectively, from two biologi-
cal replicates. C Quantification of UBQLN nuclear localization, rep-
resented by the ratio of nuclear to cytoplasmic (N/C) fluorescence 
intensity. UBQLN2 had a significantly higher N/C ratio in the pres-
ence of mRTL8A. Statistical significance was determined by first 
excluding outliers as determined by a Grubbs’ test and then perform-
ing a one-way ANOVA (p < 0.0001) followed by a Tukey’s multiple 
comparisons test. N = 28, 15 and 14 cells for UBQLN1, UBQLN2 
and UBQLN4, respectively, without mRTL8A and 25, 24 and 24 
cells for UBQLN1, UBQLN2 and UBQLN4, respectively, with 
mRTL8A. 2 biological replicates were used in both cases. D Repre-
sentative immunoblot showing co-immunoprecipitation of mRTL8A 
by UBQLNs. HEK293 cells knocked out for UBQLN1, UBQLN2 
and UBQLN4 (UBQLN TKO) were transfected to express HA-
mRTL8A and either FLAG-tagged UBQLN1, UBQLN2, UBQLN4 
or EGFP as a control. Co-immunoprecipitation was assessed by 
anti-FLAG pull down. Lysate input levels are shown in Figure S5C. 
E Quantification of mRTL8A co-immunoprecipitated by the various 
UBQLNs as shown in D. UBQLN2 showed greater mRTL8A pull-
down than other UBQLNs. The amount of mRTL8A pulled down 
was normalized to the FLAG signal in the eluates. Data are shown 
as mean ± SD, normalized to UBQLN2. N = 4 biological repli-
cates. F Representative immunoblots for endogenous RTL8 levels 
in TKO cells transfected either with an empty vector, FLAG-tagged 
UBQLN1, UBQLN2 or UBQLN4. GAPDH was used as a loading 
control. G Quantification of the rescue of RTL8 levels shown in (F), 
normalized to GAPDH levels. UBQLN2 showed greater rescue of 
RTL8 than other UBQLNs. Statistical significance as determined by 
a one-way ANOVA (p < 0.0001) followed by a Tukey's multiple com-
parisons test. Data are shown as mean ± SD, normalized to UBQLN2. 
N = 6 per condition. H Immunoblot of brain lysates from non-trans-
genic (nonTg),  UBQLN1−/−,  UBQLN2−/− and  UBQLN4−/− mice. In 
case of UBQLN1 and 2, arrowhead denotes the band for UBQLN1 
while the arrow points to the band for UBQLN2. GAPDH was used 
as a loading control

◂
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UBQLN2, establishing that the UBQLN2-mRTL8A interac-
tion does not require the PXX region.

Additional data support the conclusion that UBQLN2-
mRTL8A binding and mRTL8A-mediated functional mod-
ulation of UBQLN2 are not regulated by a single unique 
domain in UBQLN2. First, overexpressed UBQLN1 par-
tially colocalizes with mRTL8A and rescues endogenous 
RTL8 levels in UBQLN knockout cells, albeit much less 
so than UBQLN2. While this data contrasts with our find-
ing that UBQLN1 does not stabilize RTL8 levels in mouse 
brain, we suspect that overexpressed UBQLN1 engages in 
a lower-affinity interaction with RTL8 via domains that 
are shared with UBQLN2. This hypothesis is supported 
by the finding that both UBQLN1 and UBQLN4 immu-
noprecipitate with mRTL8A when UBQLN2 is not pre-
sent. Second, although mRTL8A directly interacts with 
recombinant ΔUBA UBQLN2 and recruits overexpressed 
ΔUBA UBQLN2 into the nucleus, ΔUBA UBQLN2 does 
not co-localize with mRTL8A nuclear puncta. We conclude 
that the UBA domain is not required for direct UBQLN2-
mRTL8A binding but is necessary for functional modulation 
of UBQLN2 behavior – namely, recruitment into nuclear 
puncta associated with PQC proteins. We and others have 
shown that the UBA domain of UBQLN2 is critical for 
UBQLN2 LLPS [25, 59] and hypothesize that while ΔUBA 
UBQLN2 can bind mRTL8A, it is excluded from nuclear 
condensates formed by mRTL8A due to its inability to phase 
separate. The ubiquitin-binding UBLQN2 mutant, L619A, 
has been shown to decrease UBQLN2 LLPS [59] while 
ΔUBL UBQLN2 shows enhanced LLPS [25, 59]. The data 
is consistent with our finding that L619A UBQLN2 shows 
decreased co-localization with mRTL8A puncta compared 
to WT, while ΔUBL UBQLN2 has increased co-localization 
with mRTL8A puncta (Fig. 5). The degree of co-localization 
of UBQLN2 with RTL8 condensates could impact UBQLN2 
participation in UPS activity within nuclear condensates. 
Thus, our data support a model in which binding to RTL8 
and functional modulation of UBQLN2 by RTL8 are medi-
ated by nonidentical regions within UBQLN2.

Identifying the specific motifs that mediate RTL8 interac-
tion with and functional modulation of UBQLN2 will offer 
insight into how RTL8 regulates UBQLN2 function in health 
and dysfunction in disease. For example, only UBQLN2 
contains the PXX repeat region in which the majority 
of fALS-causing UBQLN2 mutations are found. While 
our data show the PXX repeat region is not required for 
mRTL8A binding, some mutations within the PXX repeat 
region alter UBQLN2 LLPS [25, 60] and could interfere 
with its recruitment into nuclear RTL8 puncta, with potential 
implications for disease. Although ubiquitin binding to the 
UBA domain appears not to be required for RTL8 bind-
ing and nuclear recruitment of UBQLN2, RTL8 binding to 

UBQLN2 could modulate ubiquitin binding. Intriguingly, all 
three UBQLNs undergo phase separation and are inherently 
aggregate-prone [61], and the UBA domain itself may seed 
UBQLN oligomerization and aggregation [25]. A systematic 
study of structural motifs and disease mutations in UBQLN2 
will be required to determine which regions are critical for 
binding and whether fALS mutations impact RTL8 binding 
and RTL8-dependent properties of UBQLN2. 

Our results support a role for RTL8 in facilitating 
UBQLN2 nuclear translocation under stress. Knocking out 
RTL8 significantly decreases the amount of UBQLN2 in 
the nucleus after heat shock. Both endogenous RTL8 and 
overexpressed mRTL8A localize to the nucleolus, a mem-
braneless organelle recently implicated in nuclear UPS [29], 
and when co-expressed, mRTL8A and UBQLN2 colocalize 
in nuclear puncta that recruit PQC markers. Both findings 
are consistent with the hypothesis that RTL8 contributes to 
nuclear PQC pathways. RTL8 may also have functional roles 
beyond PQC. In addition to being implicated in the UPS, 
nucleoli are also sites of ribosome maturation [54–56], so 
RTL8 might be involved in ribosome biogenesis. Consist-
ent with both possibilities, RTL8 could recruit UBQLN2 
to nucleoli to facilitate the turnover of proteins involved in 
ribosome biogenesis.

Endogenous human RTL8 resides in both the nucleus and 
cytoplasm, but under heat shock the proportion of RTL8 in 
the nucleus is significantly increased. When overexpressed, 
however, mRTL8A localizes almost entirely to the nucleus. 
This discrepancy in subcellular localization between human 
endogenous RTL8 and mouse RTL8A could be due to one 
of several factors: (1) mRTL8A possesses a canonical NLS 
in its N-terminal domain that human RTL8 lacks; (2) arti-
ficially high levels of transiently overexpressed mRTL8A 
could influence its localization; (3) our transfected mRTL8A 
construct lacks the 3′ UTR which may be important for 
proper subcellular localization of certain proteins, as with 
the immediate-early gene Activity-regulated cytoskeletal 
associated protein (Arc) [62].

RTL8 associate with nucleoli and are in close proximity 
to and/or colocalize with PML bodies when overexpressed. 
PML bodies perform diverse functions in the nucleus, 
including serving as sites of proteasomal degradation [30, 
63, 64]. As opposed to nucleoli, which are constitutive 
PQC compartments [29], PML bodies are thought to serve 
as stress inducible PQC compartments [30]. Substrate pro-
teins targeted to PML bodies tend to be SUMOylated, with 
the PML protein itself acting as a SUMO E3 ligase [64]. 
There is extensive interconnectivity between SUMOyla-
tion and ubiquitination pathways [65–67], highlighting 
a potential role for UBQLN2 in shuttling substrates that 
may be SUMOylated and/or ubiquitinated. Since mRTL8A 
resides in close proximity to PML bodies, it may facilitate 
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recruitment of UBQLN2 to this nuclear site of proteasomal 
degradation. Alternatively, the PML clustering we observe 
could represent a byproduct of protein aggregation rather 
than a specific functional role for mRTL8A [63, 68]. RTL8 
proteins, including mRTL8A, have a predicted SUMOyla-
tion site (Lys85) which may target them for degradation 
(http:// jassa. fr/) [69]. We do not think that PML clustering 
is an artifact of mRTL8A aggregation, however, based on 
unpublished control studies which assessed PML clustering 
on mutant TDP-43 which forms nuclear aggregates [70] and 
is itself a target for SUMOylation [71, 72]. This data sug-
gests that the PML clustering on mRTL8A puncta is more 
complex than PML-mediated degradation of aggregated 
proteins. Further experiments will be required to clarify the 
significance of this observed PML clustering.

UBQLN2 has been implicated in a wide range of neu-
rodegenerative diseases, with nuclear aggregates of mis-
folded proteins representing a signature pathological fea-
ture for several of them [12, 13, 15, 19]. Understanding the 
role that UBQLN2 plays in nuclear PQC and the mecha-
nisms and critical components that regulate it will require 
further study. The data presented here show that RTL8, a 
novel protein that binds UBQLN2, drives UBQLN2 into the 
nucleus where they together form condensates that recruit 
PQC components. RTL8 is important for the nuclear trans-
location of UBQLN2 under heat shock. The interaction of 
RTL8 with UBQLN2 and its regulation of UBQLN2 behav-
ior is selective for this particular UBQLN2 over UBQLN1 
and UBQLN4. Future investigation into the significance of 
the UBQLN2-RTL8 interaction and whether it is affected 
by known human disease mutations may help decipher the 
mechanisms by which UBQLN2 dysfunction leads to neu-
rodegenerative disease.

Materials and methods

Mass spectrometry (MS) and data analysis

UBQLN2 complexes were isolated from HEK293 cells over-
expressing FLAG-tagged wild-type UBQLN2 using anti- 
FLAG M2 Affinity Gel (Millipore-Sigma, A2220). After 
washing, the gel beads were eluted with FLAG peptide and 
the eluates were analyzed at the University of Michigan 
Mass Spectrometry-Based Proteomics Resource Facility 
(https:// www. patho logy. med. umich. edu/ prote omics- resou 
rce- facil ity).

Upon cysteine reduction (10 mM dithiothreitol (DTT)) 
and alkylation (65 mM 2-chloroacetamide or iodoacetamide, 
with similar results) of the cysteines, the isolated proteins 

were digested overnight with sequencing grade modified 
trypsin (Promega). The resulting peptides were resolved on 
a nano-capillary reverse phase column (PicoFrit column, 
New Objective) using a 1% acetic acid/acetonitrile gradi-
ent at 300 nl/min and directly introduced into a linear ion-
trap mass spectrometer (LTQ Orbitrap XL, Thermo Fisher). 
Data-dependent MS/MS spectra on the five most intense 
ions from each full MS scan were collected (relative colli-
sion energy ∼ 35%).

Proteins and peptides were identified by searching 
the data against H. sapiens protein database containing 
only the canonical, reviewed protein entries (Swiss-
Prot, 20,286 entries; downloads release 2020_05) using 
Proteome Discoverer (v2.4, ThermoFisher Scientific). 
Enzyme specificity was set to fully tryptic digestion with 
up to two missed cleavages. Search parameters included 
a precursor and fragment mass tolerances of 50 ppm and 
0.6 Da, respectively. Carbamidomethylation of cysteine 
was considered fixed modification. Oxidation of methio-
nine, deamidation of asparagine and glutamine, and 
ubiquitination (diglycine remnant) on lysine residues 
were considered as variable modifications. Percolator, a 
peptide-to-spectrum (PSM) validator, was used to filter 
the protein/peptides to retain only those with a false dis-
covery rate (FDR) of ≤ 1%.

To correct for missing/zero PSM values in control 
samples since natural log of zero leads to a numerical 
error, an empirical value of 1 was added to PSM val-
ues of both control and FLAG-UBQLN2 datasets. Data 
analysis was done on RStudio (v 1.2.5033) using the 
normalized spectrum abundance factor (NSAF) method 
outlined by Zybailov and colleagues [73]. Each protein’s 
PSM value was first normalized to its length, denoted 
as length normalized PSM. Next, the length-normalized 
PSM value for each protein was divided by the sum of all 
length normalized PSMs for the given sample, denoted 
as NSAF. To calculate fold enrichment over control, 
NSAF values for each hit from a FLAG-UBQLN2 data-
set were normalized to their respective control PSM 
values. These values were then  log2 transformed and 
tested for significance using a Student’s t test. Volcano 
plot was generated using the ggplot2 package [74] by 
plotting  log2 transformed fold enrichment values and 
negative  log10 transformed p values on the x and y axes, 
respectively. The p value threshold was expanded to 0.15 
(−  log10 value of 0.8239) to prevent the exclusion of pos-
sible interactors since only two replicates were used for 
this analysis. Hits with a  log2 transformed fold enrich-
ment of greater than 1.5 and a p value of 0.15 (−  log10 
value of 0.8239) were considered possible interactors 
and are shown in red.

http://jassa.fr/
https://www.pathology.med.umich.edu/proteomics-resource-facility
https://www.pathology.med.umich.edu/proteomics-resource-facility
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Antibodies

The antibodies used in the study and their dilutions are 
indicated in the table below.

Antibody Source Dilution (IB—immu-
noblotting, IF—
immunofluorescence)

Primary antibodies
 Rabbit polyclonal 

α-FAM127B/
RTL8A (detects all 
RTL8 proteins)

Proteintech #20282-
1-AP

1:500 (IB)

 Custom made rab-
bit polyclonal 
α-FAM127B/
RTL8A (detects all 
RTL8 proteins)

GenScript (immu-
nogen sequence: 
MEGQGKVKRP-
KAYMC)

1:250 (IB), 1:100 (IF)

 Rabbit polyclonal 
α-FLAG

Millipore Sigma 
#F7425

1:1000 (IF)

 Mouse monoclonal 
α-FLAG

Millipore Sigma 
#F1804

1:2000 (IB)

 Rat monoclo-
nal α-FLAG 
Alexa Fluor™ 
488/555-conjugated

Thermo Fisher # 
MA1142-A488/
MA1142-AF555

1:200 (IF)

 Mouse monoclonal 
α-GAPDH

Millipore Sigma 
#MAB374

1:5000 (IB)

 Rabbit polyclonal 
α-HA

Santa Cruz #sc-805 1:500 (IF)

 Mouse monoclonal 
α-HA

BioLegend #901513 1:1000 (IF)

 Rabbit polyclonal 
α-histone H3

Cell Signaling 
#4499S

1:5000 (IB)

 Mouse monoclonal 
α-Hsp70

Abcam # ab5439 1:2000 (IB), 1:1000 
(IF)

 Mouse monoclonal 
α-NPM1

Thermo Fisher #32-
5200

1:1000 (IF)

 Guinea pig polyclonal 
α-p62/SQSTM1

Progen #GP62-C 1:500 (IF)

 Mouse monoclonal 
α-PML Alexa 
Fluor™ 647-con-
jugated (detects all 
PML isoforms)

Santa Cruz #sc-
377390 AF647

1:50 (IF)

 Rabbit polyclonal 
α-TDP-43

Proteintech #10782-
2-AP

1:200 (IF)

 Rabbit polyclonal 
α-UBQLN1/2

Novus Biologicals 
#NBP1-56536

1:1000 (IB)

 Mouse monoclonal 
α-UBQLN2

Novus Biologicals 
#NBP2-25164

1:2000 (IB), 1:1000 
(IF)

 Mouse monoclonal 
α-A1Up (UBQLN4)

Santa Cruz #sc-
136145

1:2000 (IB)

 Mouse monoclonal 
α-polyubiquitylated 
proteins (FK1)

Millipore #04-262 1:500 (IF)

 Rabbit polyclonal 
α-ubiquitin

Cell Signaling 
#3933S

1:1000 (IB)

Antibody Source Dilution (IB—immu-
noblotting, IF—
immunofluorescence)

Secondary antibodies
 Goat α-mouse 

IgG(H + L) HRP-
conjugated

Jackson ImmunoRe-
search #115-035-
146

1:2000 (IB)

 Goat α-rabbit 
IgG(H + L) HRP-
conjugated

Jackson ImmunoRe-
search #111-035-
144

1:2000 (IB)

 Goat α-mouse 
IgG(H + L) 
Alexa Fluor™ 
488/594/647-con-
jugated

Thermo Fisher 
#A11001/A11004/
A21235

1:1000 (IF)

 Goat α-rabbit 
IgG(H + L) 
Alexa Fluor™ 
488/594/647-con-
jugated

Thermo Fisher 
#A11008/A11037/
A21244

1:1000 (IF)

 Goat α-guinea pig 
IgG(H + L) Alexa 
Fluor™ 647-con-
jugated

Thermo Fisher 
#A21450

1:1000 (IF)

 Goat α-mouse IgM 
Alexa Fluor™ 
647-conjugated

Thermo Fisher 
#A21238

1:1000 (IF)

Plasmids

The pCMV4-FLAG-UBQLN2 plasmid (p4455 FLAG-
hPLIC-2; Addgene plasmid #8661) and pCS2-FLAG-
UBQLN1 plasmid (p4458 FLAG-hPLIC-1; Addgene 
plasmid #8663) were gifts from Dr. Peter Howley [75]. 
UBQLN4 was cloned from pDONR223-UBQLN4 (pENTR-
A1UP; Addgene plasmid #16170), which was a gift from 
Dr. Huda Zoghbi (Baylor College of Medicine; [76]), into 
the pCMV4-FLAG vector. FLAG-UBQLN2 ΔUBL and 
ΔPXX were custom-made from VectorBuilder Inc. and 
were constructed on a pRP(Exp) backbone with a CMV 
promoter. The ΔUBL plasmid lacked the UBL domain 
(residues 33–107) and the ΔPXX plasmid lacked the PXX 
repeat region (residues 491–526). FLAG-UBQLN2 ΔUBA 
was made by mutating arginine 581 to a stop codon in the 
pCMV4-FLAG-UBQLN2 vector using QuickChange II 
site-directed mutagenesis (Agilent) with primers 5′-GCT 
GCC GAA TCC AGA AGT CTA ATT TCA GCA ACA ACT 
GGAA-3′ and 5′-TTC CAG TTG TTG CTGAA ATT AGA CTT 
CTG GAT TCG GCAGC-3′. UBQLN2 L619A mutation was 
introduced into pCMV4-FLAG-UBQLN2 using site directed 
mutagenesis as described previously [25]. Mouse RTL8A 
cDNA was PCR amplified from first stand cDNA synthe-
sized from RNA isolated from wild-type C57BL/6 mouse 
brain using primers 5′-ATG GAA GGC CAA GGC AAG GTA 
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AAG -3′ and 5′-CTA GAA GTC CTC ATC CTC CTC CCA CCC 
GAA C-3′ and cloned into the pCMV-HA vector downstream 
of the HA tag using restriction sites EcoRI and KpnI. For 
recombinant protein studies, UBQLN2 and mRTL8A were 
subcloned into the pET-28 vector backbone downstream 
of the His-tag using restriction sites BamHI and HindIII. 
GST-tagged UBQLN2 full length and deletion constructs 
were subcloned from iRFP-UBQLN2 constructs described 
previously [25] into the pGEX4T vector downstream of the 
GST tag. mFAP10-mRTL8A and HA-hRTL8C were cus-
tom-made from VectorBuilder Inc. and were constructed 
on a pRP(Exp) backbone with a CMV promoter. A HA-
tag along with mFAP10 (sequence obtained from Addgene 
#159463) was inserted before the N-terminus of mRTL8A 
(CCDS30134.1) followed by a 3xGS linker. For hRTL8C 
(NM_001078171.2), a HA-tag was inserted on the N-ter-
minus before the first residue.

Recombinant protein expression, purification 
and pulldown

UBQLN2 and mRTL8A constructs were transformed in 
Rosetta (DE3) Escherichia coli. All Luria–Bertani (LB)/
agar plates and LB media were supplemented with 50 μg/
ml kanamycin and 34 μg/ml chloramphenicol. Transformed 
cells were grown overnight at 37 °C on LB/agar plates. On 
the following day, cells were transferred to 100 ml LB starter 
cultures and allowed to grow for 60–90 min. The starter 
cultures were then transferred to 2 l flasks containing 1 l 
LB media. After the OD reached A600 ≈ 0.6–0.8, cells were 
induced with 0.5 mM isopropyl β-d-1-thiogalactopyranoside 
(IPTG) and collected after 3–5 additional hours of incuba-
tion. The bacteria were collected by centrifugation for 6 min 
at 10,322×g. Bacterial pellets were stored at − 80 °C until 
purification.

For WT and L619A UBQLN2-ubiquitin pulldown: His-
UBQLN2 pellets from WT and L619A UBQLN2 express-
ing E. coli were resuspended in pre-chilled lysis buffer 
(25 mM sodium phosphate, 0.5 M sodium chloride, 20 mM 
imidazole pH 7.4, cOmplete™ Mini EDTA-free Protease 
Inhibitor Cocktail (Sigma Aldrich), 6 μl/ml of saturated 
phenylmethylsulfonyl fluoride (PMSF) in ethanol, 1 mg/ml 
lysozyme, and 10% glycerol). Bacteria were then lysed using 
EmulsiFlex B-15 high pressure homogenizer (Avestin). The 
lysate was centrifuged at 31,000×g for 25 min. The proteins 
were precipitated from the supernatant by adding 0.2 g/
mL ammonium sulfate. The solution was stirred at 4 °C for 
30 min and centrifuged at 13,000×g for 25 min. The pel-
lets were re-dissolved in buffer containing 25 mM sodium 
phosphate, 0.5 M sodium chloride, 20 mM imidazole pH 
7.4, filtered through 0.22 µm Steriflip vacuum filters (Milli-
pore) and subsequently loaded on a HisTrap HP column (GE 
Healthcare Life Sciences) using 25 mM sodium phosphate, 

0.5 M sodium chloride, 20 mM Imidazole pH 7.4 as the 
binding buffer. The protein was eluted by running a 0–100% 
gradient of 25 mM sodium phosphate, 0.5 M sodium chlo-
ride, 0.5 M Imidazole pH 7.4. Eluates were assessed on 
Western blot and probed for UBQLN2 and ubiquitin.

For GST-UBQLN2 and His-mRTL8A pulldown: GST-
tagged UBQLN2 bacteria pellets (Full length, ΔUBA and 
ΔUBL) pellets were resuspended in pre-chilled lysis buffer 
and lysed. Lysates were applied to GST agarose column 
(Glutathione agarose resin, GoldBio) and washed three times 
in wash buffer 1× TBS + 1 mM DTT). His-tagged mRTL8A 
bacteria pellets were resuspended in pre-chilled lysis buffer 
containing and lysed as described above. The lysates from 
the homogenizer were added to Ni–NTA agarose (Qiagen) 
and incubated on the nutator at 4 °C for 1 h. Then the beads 
with the bound protein were washed twice with wash buffer 
(1× TBS, 10 mM imidazole, pH 8.0). Beads were then mixed 
with elution buffer (1× TBS, 250 mM imidazole, pH 8.0) 
and incubated on a nutator for 30 min at 4 °C. The slurry was 
spun at 700×g for 3 min and the supernatant with the eluted 
protein was collected. Purified His-mRTL8A was applied 
to GST agarose column and incubated at 4 °C. Column was 
washed three times in wash buffer (1× TBS + 1 mM DTT) 
and eluted with 10 mM reduced glutathione in wash buffer. 
Eluates were evaluated by immunoblotting and probed for 
UBQLN2 and mRTL8A.

Transgenic mice

UBQLN1−/− mice were generated through the University of 
Michigan Transgenic Animal Core. CRISPR/Cas9 was used 
to delete UBQLN1 exons 2 and 3 which introduces a prema-
ture stop codon after splicing from exon 1–4. This ablates 
protein expression by nonsense mediated mRNA decay. 
Primers for genotyping for UBQLN1:  UBQLN1−/− FWD—
5′-CTT GGC AAT AGG CAT TGA ATG AAA GAA 
GT-3′,  UBQLN1−/− REV—5′-CAT CTC TTA ACC AAT 
GAG CTG TCT CTC C-3′ and UBQLN1 WT REV—5′-
GTA CAG TAC CAC CCA GAC TG-3′. Wild type mice for 
UBQLN1 amplify a band at 350 bp. Homozygous knock-
out mice generate a band at 550 bp and heterozygote mice 
amplify two bands, one at 350 bp and another at 550 bp. 
 UBQLN4−/− mice were a generous gift from Dr. Huda 
Zoghbi (Baylor College of Medicine).  UBQLN4−/− mice 
were generated from ES cell line XG905 (RRID: CVCL_
PW18) (BayGenomics) created with a gene trap vector con-
taining a splice-acceptor sequence upstream of the reporter 
gene, β-geo (a fusion of β-galactosidase and neomycin phos-
photransferase II) splice. 5′ RACE sequencing identified the 
insertion site of the gene trap vector downstream of exon 
5 of the UBQLN4 gene.  UBQLN4−/− mice are genotyped 
using primers UBQLN4 β-geo FWD—5′-ATC TTC CTG 
AGG CCG ATA-3′ and UBQLN4 β-geo Rev 5′-GTC AAA 
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TTC AGA CGG CAA AC-3′ which prime within the β-geo 
reporter gene and amplify a band of 250 bp. β-Geo positive 
mice are further determined to be either UBQLN4 KO het-
erozygotes or homozygotes by Western blot of brain lysate 
probed for the absence of the UBQLN4 protein. UBQLN2 
WT-low and  UBQLN2−/− mice and their genotyping were 
used as previously described [22, 25].

Cell culture, CRISPR knockout and transient 
transfection

HEK293 (ATCC CRL-1573; Batch #70008735) were main-
tained in DMEM (HyClone™ DMEM/high glucose + l-glu-
tamine, +glucose, −sodium pyruvate, Cytiva Life Sciences) 
supplemented with 10% fetal bovine serum (Atlanta Biologi-
cals) and 1X Penicillin/Streptomycin (Invitrogen). HEK293 
T-rex control and UBQLN1, UBQLN2, and UBQLN4 knock 
out (TKO) cells were kindly provided by Dr. Ramanujan 
Hegde (Medical Research Council (MRC) Laboratory of 
Molecular Biology; [20]) and maintained in DMEM supple-
mented with 10% fetal bovine serum, 10 μg/ml Blasticidin 
S (Fisher), and 100 μg/ml hygromycin B (Fisher). All lines 
were maintained and passaged in 5%  CO2.

CRISPR reagents were obtained from Horizon Discov-
ery unless otherwise mentioned. Early passage HEK293 
cells were transfected with either non-targeting crRNA or 
crRNA targeting all RTL8 paralogs (5′-GTT CTC GTC CAC 
GAA CAT GT-3′; designed using Broad Institute’s sgRNA 
Designer tool), tracrRNA and Cas9-EGFP mRNA using 
DharmaFECT Duo as per manufacturer's instructions. 24 h 
post transfection, cells were FACS-sorted gating on EGFP 
fluorescence at a 1 cell/well dilution onto a 96 well plate. 
Clones that grew to confluency were picked and RTL8 knock 
out was verified by qPCR and immunoblotting for RTL8.

All described plasmids were transfected into cells using 
 FuGENE® HD Transfection Reagent (Promega) according 
to the manufacturers protocol. Briefly, media was replaced 
with fresh complete DMEM prior to adding FuGENE/DNA 
mix to cells. FuGENE and DNA mixes were separately pre-
pared in OptiMEM Reduced Serum Medium (Gibco) while 
maintaining a FuGENE to DNA ratio of 3:1 and incubated 
for 5 min at room temperature. FuGENE/DNA master mix 
was prepared by adding FuGENE to DNA. This mixture was 
incubated for 30 min at room temperature prior to addition 
to cells.

Immunoblotting

Protein samples in 1× Laemmli buffer containing 100 mM 
DTT were resolved by gel electrophoresis on acrylamide 
NuPAGE Novex 4–12% Bis–Tris protein gels (Invitrogen) 
with NuPAGE MES SDS running buffer (Invitrogen). Gels 
were subsequently transferred onto 0.2 μM nitrocellulose 

membranes at 100 V for 1 h. Membranes were immediately 
rinsed with deionized H2O, stained with Ponceau S and 
imaged on a G Box Mini imager (Syngene). Membranes 
were rinsed with 1× Tris-buffered saline, 0.1% (TBST) for 
10 min, and blocked with 5% non-fat dry milk (DotScien-
tific) and 0.05% BSA (Fisher) in 1× TBST for 1 h. Mem-
branes were incubated overnight with shaking in the cold 
with primary antibodies diluted with 5% milk and 0.05% 
BSA in 1× TBST). Membranes were rinsed three times with 
1× TBST for 10 min, incubated at room temperature with 
secondary antibodies for 1 h, and then rinsed three times 
with 1× TBST for 10 min prior to developing with Western 
 Lightning® Plus ECL (Fisher) or EcoBright Nano/Femto 
HRP 50 (Innovative Solutions) using the G Box Mini imager 
set to ECL auto exposure. GeneSys (Syngene) was used for 
blot quantification and raw values were normalized to their 
respective loading controls.

Mouse brain dissection

All animal procedures were done in accordance with the 
Institutional Animal Care and Use Committee (IACUC) 
standards at the University of Michigan. Animals were 
deeply anesthetized with a ketamine/xylazine mixture 
and perfused transcardially with 0.1 M phosphate buffer. 
Brains were dissected and lysates were prepared in RIPA 
buffer (Sigma) supplemented with PMSF, protease and 
phosphatase inhibitors (Sigma Aldrich). Brain tissue was 
homogenized, centrifuged (13,000 rpm for 30 min) and the 
supernatants were collected. For immunoblotting, protein 
concentration was measured using a BCA assay (Thermo 
Scientific). Samples were prepared in 1× Laemmli sample 
buffer before loading or storing at − 20 °C for later use. For 
immunoprecipitation experiments, brain lysates were used 
the same day as they were prepared.

Co‑immunoprecipitation (co‑IP)

In vitro co‑IP

TKO cells were co-transfected with HA-mRTL8A and 
FLAG-tagged EGFP, UBQLN1, UBQLN2, or UBQLN4 
expression plasmids. On ice, transfected TKO cells were 
harvested 48 h post transfection with NETN buffer (150 mM 
NaCl, 5 mM EDTA, pH 8.0, 50 mM Tris, pH 8.0,1.0% 
NP-40 IGEPAL CA-630) supplemented with PMSF and pro-
tease inhibitors (Sigma Aldrich). Cells were lysed at 4 °C on 
a rotator and centrifuged at maximum speed for 15 min. An 
aliquot of soluble supernatants was collected for input levels 
prior to the complexing of remaining total soluble protein 
with α-FLAG antibody and Protein A/G Plus-Agarose beads 
(Santa Cruz) overnight at 4 °C. Beads were washed with 
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NETN buffer and combined with 2× Laemmli buffer, boiled 
and processed for immunoblotting. Inputs were combined 
with 1× Laemmli buffer and processed similarly, represent-
ing 1/10th of the soluble protein material used for co-IPs. 
Quantification values represent a ratio of immunoprecipi-
tated mRTL8A to the immunoprecipitated EGFP, UBQLN1, 
UBQLN2, and UBQLN4, background subtracted and nor-
malized to EGFP.

In vivo co‑IP

Brain lysates from transgenic UBQLN2-low mice [25] were 
pre-cleared with Protein A agarose beads slurry (Thermo 
Scientific) rotating at 4 °C for 1 h. The lysate was centri-
fuged at 4000 rpm at 4 °C for 30 min and the supernatant 
(pre-cleared lysate) was removed. The pre-cleared lysate was 
incubated with anti-FLAG M2 affinity gel beads (250 μl) 
(Sigma Aldrich) rotating at 4 °C for 3 h. The beads were 
washed three times with PBS and centrifuged at 4000 rpm 
at 4 °C and the PBS was discarded. Proteins were eluted 
by incubating the anti-Flag beads in 2× Laemmli buffer at 
100 °C for 5 min. The supernatant was collected after cen-
trifugation at 4000 rpm and saved for immunoblot analysis.

Heat shock and biochemical fractionation

2 million HEK293 cells were seeded 48 h prior to fractiona-
tion. For a heat shock, cells were placed in an incubator 
(with 5%  CO2) set to 43 °C for 2 h. Cells were then washed 
with ice cold 1× PBS. Whole cell lysate was prepared by 
sonicating one-tenth volume of the total cell pellet for 10 s in 
1× Laemmli buffer followed by centrifugation at maximum 
speed for 10 min. The supernatant was immediately boiled 
for 10 min. Biochemical fractionation was done using NE-
PER extraction reagents (Thermo Scientific) supplemented 
with Halt Protease Inhibitor Cocktail (Thermo Scientific) 
as per the manufacturer’s instructions with modifications as 
outlined below. After obtaining the nuclear soluble fraction, 
the remaining pellet was washed thrice in ice cold PBS. 1× 
Laemmli buffer was added to the pellet and sonicated for 
10 s, following which centrifugation and boiling was car-
ried out as before. This was termed the total insoluble frac-
tion. 10 µg of protein from each fraction as determined by 
a 660 nm assay (Thermo Scientific) was used for immuno-
blotting. Blots were probed using indicated antibodies with 
GAPDH and Histone H3 serving as cytoplasmic and nuclear 
markers, respectively.

Immunofluorescence

Cells were seeded onto 12 mm poly-d-lysine coated cov-
erslips (Neuvitro Corporation) 24 h prior to transfection. 
FuGENE/DNA mix was replaced with fresh supplemented 

DMEM 6 h post transfection. 24 h post transfection, cells 
were washed with 1× PBS and fixed with 4% PFA in 1× 
PBS. Excess PFA was neutralized using 50 mM glycine in 
PBS. Coverslips were then permeabilized and blocked in 
10% normal goat serum (Vector Labs) in 1× PBS containing 
0.1% Triton X-100 and 0.05% BSA (PBTGS) and incubated 
with primary antibodies diluted in PBTGS overnight at 4 °C 
with shaking. For primary antibodies not conjugated to fluo-
rophores, coverslips were washed in PBS prior to incubation 
with secondary antibodies (diluted in PBTGS) and DAPI for 
1 h at room temperature with shaking. After washing three 
times in PBS, coverslips were mounted on glass slides using 
Prolong Glass (Invitrogen), sealed with Covergrip sealant 
(Biotium) and allowed to cure for 24 h prior to imaging. 
Z-stack images were acquired on a Leica Stellaris 5 confocal 
microscope using an Airyscan detector and a 63× or 100× 
oil objective or a Nikon A1 confocal microscope using a 
63× oil objective. Subsequent analyses were done on ImageJ 
(NIH, v1.53c).

Quantification of co‑localization, pixel 
intensity plot generation and measurement 
of nuclear‑cytoplasmic ratio

To quantify co-localization, Mander’s correlation coeffi-
cients on a region of interest were obtained using the Just 
Another Co-localization Plugin (JACoP) [77] on ImageJ 
with thresholding within a channel kept constant across 
replicates. Statistical significance was ascertained using a 
Student’s t test or one-way ANOVA as applicable. For gen-
erating pixel intensity plots, maximum intensity projections 
of z-stacks were generated on ImageJ. An ROI was specified 
using the line tool across each channel and the plot profile 
feature was used. The raw values obtained from each chan-
nel were normalized to the maximum value of the particular 
channel and plotted as a function of distance in µm. Quanti-
fication of nuclear UBQLN1, 2 and 4 was performed using 
Cell Profiler, an open-source cell imaging analysis software 
(https:// cellp rofil er. org/) [78]. Nuclear fluorescence intensity 
of UBQLN proteins was quantified by measuring the degree 
of co-localization of FLAG-tagged UBQLN with the DAPI 
signal. Cytoplasmic fluorescence intensity was measured by 
determining ROI based on UBQLN staining excluding the 
nucleus. The ratio of the nuclear to cytoplasmic fluorescence 
intensity was plotted across different UBQLNs in the pres-
ence and absence of overexpressed mRTL8.

Fluorescence recovery after photobleaching

HEK293 cells were plated on LAB-TEK II borosilicate 
chambers slides and transfected with iRFP-UBQLN2, 
mFAP10-mRTL8A and mApple. 24 h after transfection, the 
transfection media was changed to media containing 40 µM 

https://cellprofiler.org/
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of DFHBI-1T (Sigma Aldrich) and incubated for 30 min at 
37 °C. Cells were washed 2× with warm media and then 
imaged with a Nikon A-1 confocal microscope using Nikon 
Elements software with perfect focus engaged. FRAP imag-
ing consisted of three phases: pre-bleach imaging, bleach-
ing, and post-bleach imaging. During pre-bleach imaging, 
an iRFP-UBQLN2/mFAP10-mRTL8A punctum was imaged 
twice at and 8.3 s interval. In the bleach phase, an ROI was 
drawn corresponding to 1/3 to 1/2 the area of a punctum. 
This ROI defined the stimulation area for a 647 nm laser 
at 30% power. The postbleach phase consisted of two peri-
ods. For the first minute, images were acquired every 8.3 s, 
while for the subsequent 10 min images were acquired every 
10 s. Images were analyzed in ImageJ by drawing an ROI 
surrounding the bleached region and the entire punctum. 
Average fluorescence intensity was measured for both ROI 
and recovery of the bleached area was plotted as a percent-
age of the average punctum intensity to account for iRFP 
photobleaching during the course of imaging.

Assessment of RTL8 levels in UBQLN knockout 
HEK293 cells

HEK293 UBQLN1,2,4, total knock out (TKO) cells were 
plated on 6-well plates, transfected with indicated plasmids 
and harvested 48 h post transfection. Cells were washed with 
1× PBS and lysed for 5 min in cold 1× RIPA buffer (Thermo 
Scientific) supplemented with PMSF and protease inhibitors 
(Sigma Aldrich) Samples were sonicated and centrifuged at 
22,000×g for 30 min at 4 °C. Soluble supernatant fractions 
were collected and protein concentration was determined by 
the Pierce BCA assay (Thermo Scientific). 20 µg of protein 
from all samples were used for immunoblotting.

Quantitative PCR

Cells were washed with ice cold RNAse-free PBS prior to 
RNA extraction. Total RNA from cells was isolated using 
an RNEasy kit (Qiagen) and on column genomic DNA 
digestion was done as per manufacturer’s instructions. 1 µg 
total RNA was then used for first strand cDNA synthesis 
(Applied Biosystems) using manufacturer supplied random 
primers. cDNA was used at a 1:10 dilution, along with gene 
specific primers and SYBR Green Master Mix (Applied 
Biosystems) for qPCR. qPCR reactions and SYBR green 
detection were carried out on QuantStudio 3 (Applied Bio-
systems) using the comparative ΔΔCt mode. Additional data 
analysis was done on Microsoft Excel and Prism. GAPDH 
and ACTB were used as housekeeping controls in all reac-
tions. Primers used are as follows: pan RTL8 (detects all 
RTL8 paralogs): Forward—5′-TCC CGG AGT TCA TCG TGC 
-3′, Reverse—5′-CTA GAA GTC CTC GTC CTC CTCCC-3′; 
GAPDH: Forward—5′-CTG ACT TCA ACA GCG ACA CC-3′, 

Reverse—5′-TAG CCA AAT TCG TTG TCA TAC C-3′ and 
ACTB: Forward—5′-CAC CAT TGG CAA TGA GCG GTTC-
3′, Reverse—5′-AGG TCT TTG CGG ATG TCC ACGT-3′.

Alignment and sequence comparison

Human and mouse RTL8 sequences were obtained from 
UniProt (Accession IDs—Q9BWD3 (hRTL8A), Q17RB0 
(hRTL8B), A6ZKI3 (hRTL8C), Q9D1F0 (mRTL8A/B) and 
Q9D6I0 (mRTL8C)). Alignment was conducted with the 
ESPript 3.0 web tool (http:// espri pt. ibcp. fr) [79]. Percentage 
identity matrix based on sequence identity was generated 
using Clustal Omega. (https:// www. ebi. ac. uk/ Tools/ msa/ 
clust alo).

Statistical analysis

All statistical tests were carried out on GraphPad Prism 8 
software (Graphpad Software Inc.). The significance thresh-
old was set at p = 0.05, unless indicated otherwise. Details 
regarding specific statistical analysis are included in the fig-
ure legends.

Supplementary Information The online version contains supplemen-
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