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Mutations in UBQLN2 cause amyotrophic lateral sclerosis (ALS),
frontotemporal dementia (FTD), and other neurodegenerations.
However, the mechanism by which the UBQLN2 mutations cause
disease remains unclear. Alterations in proteins involved in auto-
phagy are prominent in neuronal tissue of human ALS UBQLN2
patients and in a transgenic P497S UBQLN2 mouse model of
ALS/FTD, suggesting a pathogenic link. Here, we show UBQLN2
functions in autophagy and that ALS/FTD mutant proteins com-
promise this function. Inactivation of UBQLN2 expression in HeLa
cells reduced autophagic flux and autophagosome acidification.
The defect in acidification was rescued by reexpression of wild
type (WT) UBQLN2 but not by any of the five different UBQLN2
ALS/FTD mutants tested. Proteomic analysis and immunoblot stud-
ies revealed P497S mutant mice and UBQLN2 knockout HeLa and
NSC34 cells have reduced expression of ATP6v1g1, a critical subunit
of the vacuolar ATPase (V-ATPase) pump. Knockout of UBQLN2 ex-
pression in HeLa cells decreased turnover of ATP6v1g1, while over-
expression of WT UBQLN2 increased biogenesis of ATP6v1g1
compared with P497S mutant UBQLN2 protein. In vitro interaction
studies showed that ATP6v1g1 binds more strongly to WT UBQLN2
than to ALS/FTD mutant UBQLN2 proteins. Intriguingly, overexpres-
sion of ATP6v1g1 in UBQLN2 knockout HeLa cells increased autopha-
gosome acidification, suggesting a therapeutic approach to overcome
the acidification defect. Taken together, our findings suggest that
UBQLN2 mutations drive pathogenesis through a dominant-negative
loss-of-function mechanism in autophagy and that UBQLN2 functions
as an important regulator of the expression and stability of ATP6v1g1.
These findings may have important implications for devising therapies
to treat UBQLN2-linked ALS/FTD.
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Mutations in UBQLN2 cause X-linked dominant inheritance
of amyotrophic lateral sclerosis (ALS) with fronto-

temporal dementia (FTD) (1, 2). These mutations affect pro-
teasomal degradation, but it is not clear if they also affect the
autophagy–lysosome pathway. UBQLN2 encodes a protein that
functions in protein quality control (3). Interestingly, mutations
in genes involved in protein quality control are linked to ALS
more than any other functional category, strongly suggesting
proteostasis disruption may be a key driver of pathogenesis
(4, 5). Mutations in UBQLN4 are also linked to ALS (6).
However, the UBQLN family of proteins regulate multiple as-
pects of proteostasis and discovering which of these functions is
disrupted is key for therapeutic intervention.

UBQLN2 is one of four homologous UBQLN proteins expressed
in humans. Of the four isoforms, UBQLN3 is only expressed in the
testis, while the remaining isoforms are differentially expressed
throughout the body (7–11). The proteins are all about 600-aa long
and contain highly homologous ubiquitin-like (UBL) and ubiquitin-
associated (UBA) domains at their N and C termini, respectively.
The two domains border a longer, more variable central domain,
containing multiple heat-shock protein (HSP)-like STI binding sites
(12, 13). The UBA domain functions to bind ubiquitin moieties that
are typically conjugated onto misfolded proteins, whereas the UBL
domain binds to the S5a subunit in the proteasome cap (14–18).
Fittingly, UBQLN proteins function as shuttle factors, facilitating the
delivery of misfolded proteins to the proteasome for degradation. Be-
sides acting in delivery, the proteins also function as chaperones, aiding
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in protein folding, an activity that has been linked to HSP binding to
their STI motifs (12, 13, 19).

UBQLNs have also been shown to function in autophagy. The pro-
teins bind and colocalize with LC3 proteins in autophagosomes (20, 21).
Moreover, knockdown of human UBQLN proteins, particularly
UBQLN1 and 4, leads to a reduction in autophagosome formation
(21, 22). Similarly, knockout of the sole ubqln gene in Drosophila
leads to severe defects in autophagy (23, 24). However, information
on the role of UBQLN2 in autophagy is limited.

Autopsy examination of human UBQLN2-linked ALS/FTD cases
show unusual accumulation of UBQLN2 inclusions in the dentate
gyrus of the hippocampus, which resemble those seen in C9ORF72-
linked cases (25), but which have not been seen in other forms of ALS/
FTD or other neurodegenerative disorders (1, 26, 27). The inclusions
stained positive for UBQLN2, ubiquitin, and p62 (SQSTM1) but were
generally negative for TAR-DNA binding protein 43 (TDP-43) (1).
Staining of the spinal cord (SC) revealed large skein-like inclusions that
were positive for UBQLN2, ubiquitin, p62, and TDP-43 (1, 28). The
accumulation of ubiquitinated protein aggregates is frequently found in
most neurodegenerative diseases, suggesting proteostasis dysregulation
may be common in the etiology of these diseases (4, 29). Similarly, ac-
cumulation of p62 is also indicative of a disruption in proteostasis (30).
p62 binds ubiquitinated proteins, packaging them in autophagosomes that
then fuse with lysosomes, to activate degradation. p62 binds LC3, an
autophagosome-specific protein (31). LC3 protein is synthesized as a
precursor called LC3I, which is processed and lipidated to produce LC3II,
which is the form tethered to autophagosomes (32, 33). Disturbances in
autophagy can therefore be monitored by measuring changes in the levels
and/or flux of LC3II proteins (34).

Studies of WT and mutant UBQLN2 proteins in cells and or-
ganisms support the idea that the ALS/FTD mutations disrupt both
proteasomal degradation and autophagy. The interference in pro-
teasomal degradation appears nondiscriminatory, stalling degrada-
tion of both membrane and cytosolic proteins (1, 16, 35, 36). Various
mechanisms have been proposed by which UBQLN2 mutations disrupt

proteostasis, including an inability to bind factors in the endoplasmic
reticulum in order to facilitate endoplasmic reticulum-associated
membrane protein degradation (36) and imprecise docking with the
proteasome for delivery of their ubiquitinated cargo (1, 16, 35).

Evidence that the UBQLN2 mutants affect autophagy is more
circumstantial. The best evidence comes from prominent staining of
p62 in UBQLN2 inclusions that are seen in human cases and in
different UBQLN2 rodent models of the disease (16, 35, 37). However,
it is unknown if the increase reflects an attempt to clear protein ag-
gregates that accumulate because of disruption in proteasomal degra-
dation or because of inefficiencies in autophagy.

Here we show the important requirement of UBQLN2 proteins in
autophagy and demonstrate that ALS/FTD mutant UBQLN2 pro-
teins cause a potent defect in autophagosome acidification. We
provide evidence that strongly suggests the acidification defect arises
from a loss of UBQLN2 function, suggesting the ALS/FTD muta-
tions are antimorphic mutations. Our findings share similarities with
a recent report showing that UBQLN proteins regulate vacuolar
ATPase (V-ATPase) function (23). However, they differ in the mode
in which ALS/FTD mutant UBQLN2 proteins dysregulate V-ATPase
function.

Results
Increased Accumulation of p62 and Ubiquitinated Proteins in the
P497S UBQLN2 Mouse Model of ALS/FTD. We previously described
transgenic (Tg) mouse lines with neuron-specific expression of hu-
man UBQLN2 cDNAs encoding either untagged full-length WT
UBQLN2 protein or carrying the ALS/FTD P497S or P506T
UBQLN2 mutations, which recapitulated central features of the
human disease (38). Mouse lines with equivalent expression of each
transgenic protein were identified and called WT356, P497S, and
P506T lines. Both lines expressing mutant UBQLN2, but not the WT
protein, developed age-dependent motor neuron (MN) disease.
Behavioral studies also indicated that the mutant lines developed
cognitive deficits, which were milder in the WT356 line. Pathological

Fig. 1. UBQLN2 mutations induce pathologic disturbances in autophagy in humans and the P497S mouse model of ALS/FTD. (A) Immunoblots of hippo-
campus and SC lysates of three independent mice for the different mouse lines probed with the antibodies shown. (B) Quantification of the immunoreactivity
for the proteins shown in A. *P < 0.05, **P < 0.01, ***P < 0.001. (C) Confocal microscopy (1× and corresponding 2 or 5× zoomed) images of the merged
UBQLN2, p62, and DAPI staining of the dentate gyrus (DG) of the hippocampus (a–f) and ventral horn of the SC (g–l) for the three mouse genotypes at 52 wk
of age. (D) Confocal images of the molecular layer (ML), DG, and polymorphic layer (PML) brain region (large image) of a human P497H UBQLN2 patient.
Zoomed images demonstrate colocalization between UBQLN2 inclusions (green) and p62 (red) in the molecular layer. Bar sizes shown in this and all
subsequent figures.
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studies revealed an age-dependent accumulation of ubiquitin-positive
UBQLN2 inclusions in the brain and SC only in the mutant lines (38).

To examine whether ALS/FTD mutations in UBQLN2 affect
autophagy, we probed lysates made from the hippocampus and
lumbar SC of 8-mo-old P497S, WT356, and nontransgenic (non-Tg)
animals for alterations in p62, LC3, and different ubiquitin chains.
The P506T line was not used because of difficulty in breeding the
line. We used animals between 2 and 12 mo of age in probing and
subsequent examinations because P497S Tg animals display robust
changes in pathology during this period (38). To ensure re-
producibility of our findings, we measured changes in three in-
dependent mice (or cell lines for the culture experiments) on the
same immunoblot. The immunoblots revealed a massive (approximately
threefold) increase in p62 levels, but no significant difference in
LC3II, in both the SC and hippocampal samples in P497S Tg ani-
mals, compared to WT356 and non-Tg animals (Fig. 1 A and B).
Because P497S mice display a build-up of ubiquitinated UBQLN2
inclusions (38), we also probed the lysates for changes in K48- or
K63-ubiquitin-chain linkages. The blots revealed variable (1.5- to
5.5-fold) but significant increases in both types of linkages in the
hippocampus and SC of P497S animals compared to non-Tg and WT
animals, whose chain-linkage levels were similar (Fig. 1 A and B).
Taken together, these results strongly suggest that neuronal ex-
pression of human UBQLN2 carrying the P497S mutation, but not
the WT protein, induces disturbances in proteostasis through pos-
sible interference of either the proteasome or autophagy pathways.
Our subsequent studies focused on how ALS mutations in UBQLN2
disturb autophagy.

The Autophagic Marker p62, but Not LC3 or LAMP1, Colocalizes with
UBQLN2 Inclusions in P497S Animals. To determine whether P497S
animals display anomalies in localization of autophagy markers, we
stained mouse brain and SC sections of all three genotypes for
UBQLN2 and different autophagy markers. We focused on p62, LC3,
and LAMP1 because of their central function in autophagy. The
staining revealed P497S Tg animals contain numerous UBQLN2 in-
clusions in the brain and SC at 2, 6, 8, and 12 mo of age (Fig. 1C and
SI Appendix, Figs. S1 and S2), which were generally larger in size in the
older mice. Such inclusions were rare in the non-Tg and WT
UBQLN2 Tg mice, although some displayed staining of long struc-
tures, which we attributed to artifacts from antibody cross-reaction
with blood vessels in nonperfused animals. The staining of
UBQLN2 inclusions in P497S animals were seen irrespective of
whether animals were perfused or not.

Double-immunofluorescence staining of the sections revealed
extensive colocalization of UBQLN2 and p62 in P497S animals. For
example, the majority of the UBQLN2 inclusions that decorated the
molecular layer of the dentate gyrus also stained positive for p62,
although the degree of overlap was quite variable (Fig. 1C and SI
Appendix, Fig. S1). The degree of colocalization of the proteins was
greater in animals at 12 mo of age than at earlier ages (SI Appendix,
Fig. S1B). Similar findings were found upon examination of the CA1
and cortex regions of the brain (SI Appendix, Fig. S1B). In contrast,
p62 staining in non-Tg and WT UBQLN2 Tg animals were generally
more diffuse, although rare examples of cells with small puncta were
found, which we attributed to anomalies in autophagy that typically
occur in brain cells.

By comparison to p62, LC3 staining in the brain was more similar
across all three genotypes. Its staining was generally diffuse, but
closer examination revealed numerous small puncta that were es-
pecially noticeable in the granule cell layer of the dentate gyrus (SI
Appendix, Fig. S3A). The LC3+ inclusions in the granule cell layer in
the 12-mo-old P497S animals were larger in size compared with age-
matched non-Tg and WT UBQLN2 Tg animals. However, there was
little evidence of colocalization of LC3 staining with UBQLN2 in-
clusions in P497S animals. Furthermore, double staining of a P497S
animal brain section known to contain UBQLN2 inclusions revealed
no colocalization of LC3 and p62 staining (using two different an-
tibodies) (SI Appendix, Fig. S4).

Staining of the 12-mo mouse brain sections for LAMP1 indicated
strong colocalization of LAMP1 with p62 and UBQLN2 in small

puncta in both non-Tg and WT UBQLN2 Tg animals, but not with
the large p62 and UBQLN2 puncta found in the P497S UBQLN2
animal (SI Appendix, Fig. S5). Instead, most of the LAMP1+ puncta
in the P497S animal were devoid of either p62 or UBQLN2 staining.

Similar findings were made upon examination of stained SC sec-
tions for the three genotypes. With rare exceptions, almost all of the
UBQLN2 inclusions in the ventral horn of P497S were positive for
p62 (Fig. 1C and SI Appendix, Fig. S2 A and B). Close inspection of
UBQLN2 inclusions within MNs of P497S animals indicated they
were also positive for p62 (SI Appendix, Fig. S2C). As in the brain,
we found little sign of colocalization of LC3 with the UBQLN2 in-
clusions in the SC of P497S animals (SI Appendix, Fig. S3B).

To determine whether the alteration in p62 staining seen in the
P497S UBQLN2 mouse line also manifests in humans, we stained
three human ALS/FTD UBQLN2 cases carrying different UBQLN2
mutations and found p62 was indeed colocalized with UBQLN2
inclusions in all three cases (Fig. 1D and SI Appendix, Fig. S6A). The
number of p62 and UBQLN2 inclusions in the three cases varied
considerably, which may reflect different sources and thus processing
of the tissues, or intrinsic differences between the UBQLN2 muta-
tions. Further examination of LAMP1 staining in the human P506S
case revealed decoration of puncta that were distinct from the
UBQLN2+ and p62+ inclusions, which themselves were negative for
the protein (SI Appendix, Fig. S6B). The disruption of normal
colocalization of these key autophagic proteins in both mutant
UBQLN2 mice and human cases strongly suggests UBQLN2 mu-
tations cause defects in autophagy.

Derivation of Cell Lines with Genetic Inactivation of UBQLN2 Expression.To
determine if UBQLN2 is required for autophagy, we utilized CRISPR/
Cas9 technology to genetically inactivate UBQLN2 protein expression in
both human HeLa and mouse NSC34 MN cells. Two independent clones
for each cell type were identified by immunoblot detection to be com-
pletely devoid of UBQLN2 expression: HeLa knockout (KO)8 and KO12
lines, and NSC34 cells KO20 and KO69 cell lines (Fig. 2A and SI Ap-
pendix, Fig. S7A).

To understand the consequence of loss of UBQLN2 expression in
the KO cells, we first quantified the amount of UBQLN2 protein
that was expressed in the parental cells relative to the other UBQLN
isoforms. The amount of each UBQLN isoform was calculated by
relating the intensity of their respective bands to known amounts of
GST-WT UBQLN2 fusion protein that was used as a standard (SI
Appendix, Fig. S7 C and D). The measurements revealed that
UBQLN2 was the predominant UBQLN isoform in the parental
NSC34 cells (representing ∼0.001% of total cell protein). In con-
trast, normal HeLa cells express approximately one-third of this
amount. UBQLN1, 2, and 4 proteins were identified according to
their established migration patterns in blots using an antibody that
cross-reacts with all three UBQLN isoforms (11). Because UBQLN3
is only expressed in the testis it was not considered further.

Immunoblot analysis of the KO cells revealed the absence of the
UBQLN2 isoform in all of the KO cell lines, as expected. In the
HeLa KO8 cell line, UBQLN2 loss was the only detectable change in
UBQLN isoform expression (Fig. 2A). In contrast, in the HeLa
KO12 cell line, both UBQLN1 and 4 isoforms were increased, by an
unknown mechanism. The net effect of these changes was calculated
to reduce the total amount of the different UBQLN protein isoforms
in the KO8 cell line by about 50% and to increase their amount in
the KO12 line by 150% compared to the parental line (Fig. 2B). The
two lines enabled us to distinguish whether effects produced upon
elimination of UBQLN2 expression originate from a general reduction
in the total UBQLN protein pool or a specific elimination of UBQLN2
expression itself. Meanwhile, quantification of the UBQLN isoforms in
the two NSC34 UBQLN2 KO cells revealed complete loss of UBQLN2
expression in the cells with little to no alteration in expression of any
other UBQLN isoform (SI Appendix, Fig. S7A).

Germline Deletion of the UBQLN2 Gene in Mouse Can Lead to Up-Regulation
of UBQLN Proteins. The unusual induction of UBQLN1 and 4 proteins in
the HeLa KO12 cell line prompted us to examine whether inactivation of
the UBQLN2 gene in mice also results in induction of other UBQLN
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isoforms. Accordingly, we immunoblotted equal amounts of whole-
brain lysates made from three normal non-Tg and three UBQLN2 KO
mice at 6 and 12 mo of age to monitor UBQLN isoform expression
(Fig. 2C). As expected, all of the lysates from mice with germline floxed
deletion of UBQLN2 were devoid of the UBQLN2 protein band. Exam-
ination of the remaining UBQLN bands revealed little change in any of
their levels at 6 mo of age, irrespective of UBQLN2 inactivation. How-
ever, at 12 mo of age, two of the UBQLN2 KO mice had increased
amounts of a lower migrating UBQLN isoform band. These results
suggest that inactivation of UBQLN2 expression can result in up-
regulation of other UBQLN isoforms, probably as a result of pressure
to compensate for loss of UBQLN2 function.

Inactivation of UBQLN2 in Cells and Mice Leads to Changes in the
Expression of Autophagic Proteins. We next examined whether in-
activation of UBQLN2 expression in the cell lines and mice affects
autophagy by monitoring changes in p62 and LC3 expression.
Immunoblot comparison revealed LC3II levels were decreased in
the two HeLa KO lines compared to the parental line, suggesting
loss of UBQLN2 reduces autophagy (Fig. 2B). Paradoxically, how-
ever, p62 levels were reduced and not increased in the UBQLN2 KO
cell lines. We explored the possible reason for the reduction by
measuring p62 RNA expression and by examining its cellular staining
pattern. Real-time quantitative PCR measurement of p62 mRNA

revealed a slight increase, if any, in the UBQLN2 KO lines, but the
difference was not significant (SI Appendix, Fig. S8A). The immuno-
fluorescence staining was more instructive, showing p62 had a more
punctate distribution in KO8 cells compared to its parental line, where
it was more diffuse (SI Appendix, Fig. S8B). Quantification of the
staining showed that although the fluorescence intensity was compa-
rable between the two lines, KO8 cells had dramatically higher
number of inclusions than normal HeLa cells (SI Appendix, Fig. S8 C
and D). We therefore speculate that p62 localization in inclusions may
have made the protein more resistant to extraction, leading to gross
underestimation of its true levels by immunoblotting. Regardless of
the reason, the dramatic intracellular alteration in p62 distribution
after UBQLN2 knockdown is also suggestive of perturbation in
autophagy.

Similar analysis of the proteins in the NSC34 KO lines revealed
contradictory findings (SI Appendix, Fig. S7B). In the KO69 cell line,
LC3II and p62 levels were slightly decreased compared to the pa-
rental line. In contrast, both proteins were increased in the NSC34
KO20 cell line. We speculate that the increase is due to compen-
satory changes from pressure to restore autophagy from loss of
UBQLN2 expression. Nevertheless, the universal change in LC3 and
p62 proteins upon UBQLN2 KO strongly suggests UBQLN2 ex-
pression is somehow linked to regulation of autophagy.

Similar analysis of LC3II and p62 proteins in brain lysates from
the UBQLN2 KO mice revealed a progressive reduction of LC3II

Fig. 2. Alteration of autophagic proteins in UBQLN2 KO HeLa cells and mouse lines. (A) Immunoblots of three independent lysates from the parental HeLa
lines and CRISPR/cas9 UBQLN2 KO8 and KO12 lines for the proteins shown. Detection of the different UBQLN isoforms (second panel) with an antibody that
detects all UBQLNs. (B) Quantification of total UBQLN protein expression in the parental and KO HeLa lines. *P < 0.05. (C) Immunoblots of total brain lysates
(three independent animals) from non-Tg and UBQLN2 KO animals of 6 and 12 mo of age probed for the proteins shown. (D) Quantification of the changes in
the different proteins in the KO relative to the 6-mo-old non-Tg (WT) animals. *P < 0.05.
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levels in UBQLN2 KO animals at 6 and 12 mo of age compared to
control normal non-Tg mice (Fig. 2 C and D). Additional immunoblots
revealed only slight differences in p62 levels in animals at the two ages
(Fig. 2 C and D). Taken together, the consistent reduction in LC3II ac-
cumulation seen upon UBQLN2 knockdown in both mouse and cells
strongly suggests UBQLN2 is required for proper regulation of
autophagy.

Inactivation of UBQLN2 Expression in HeLa Cells Reduces Autophagic
Flux. To determine if loss of UBQLN2 expression affects autophagy,
we examined the parental and UBQLN2 KO cells to see if they have
alterations in basal or adaptive autophagy (39, 40). Accordingly,
parallel sets of cultures were incubated for different periods of time
in normal glucose-containing medium, glucose-lacking medium, or
in plain Earle’s balanced salt solution. The former growth condition
was used to measure basal autophagy, whereas the latter two con-
ditions were used to measure adaptive autophagy. One set of the
cultures was treated with Bafilomycin A1 for different time periods,
and a parallel set was left untreated. Bafilomycin A1 inhibits acidification
of autolysosomes, stalling maturation and degradation of proteins like p62
and LC3 in autophagosomes (41, 42). Protein lysates from the cultures
were probed for changes in LC3 and p62 proteins by immunoblot analysis.

Comparison of the HeLa cell lines revealed both KO8 and KO12
lines induce a smaller increase in LC3II protein accumulation over
time after Bafilomycin A1 treatment than the parental cell line (SI
Appendix, Fig. S9). This defect was evident under all conditions
tested. For example, the extent of autophagic flux, as measured by
the increase in LC3II protein accumulation after 4 h of Bafilomycin
A1 treatment, was reduced in both the HeLa KO8 and KO12 cell

lines compared to their parental HeLa cells (SI Appendix, Fig. S9).
Similar comparison of p62 changes revealed more complex regulation
of its degradation and induction, as previously reported (42). Never-
theless, these results indicate that knockdown of UBQLN2 in
HeLa cells by itself, and irrespective of restoration of total UBQLN
levels by other UBQLN isoforms, stalls both basal and adaptive
autophagic flux.

Visual Evidence for UBQLN2 in Autophagosomes. To visualize whether
UBQLN2 proteins participate in autophagy we utilized the split-
Venus reporter system to determine if UBQLN2 can localize to
autophagosomes (43, 44). This reporter system exploits the principle
that the Venus fluorescent protein can be split into two non-
fluorescent components, which when brought together, such as
through binding of their two fusion partners, can reconstitute Venus
fluorescence (43). As expected, transfection of HeLa cells with ei-
ther of the separated N-terminal 173 aa (NVenus) or C-terminal 155
aa Venus (CVenus) expression constructs generated no fluores-
cence, but cotransfection of the constructs reconstituted widespread
fluorescence across the cell, including brighter fluorescence in the
nucleus, typical of GFP (SI Appendix, Fig. S10 A2 and E). We next
fused the NVenus fragment in-frame with the ATG start codon of
WT human UBQLN2 cDNA (NVenus-WT-UBQLN2) and verified
its expression along with all subsequent Venus derivatives by im-
munoblotting (SI Appendix, Fig. S10 A–C). Cells cotransfected with
the NVenus-WT-UBQLN2 and CVenus expression constructs con-
tained diffuse fluorescence across the whole cell, interspersed with
brighter puncta of different sizes and intensities and together with
weaker diffuse fluorescence in the nucleus (Fig. 3 A, a). This pattern

Fig. 3. Visual detection of UBQLN2 in autophagosomes. (A) Fluorescent (YFP) images of HeLa cells transfected with NVenus-UBQLN2 WT and CVenus (a).
YFP-fluorescence of HeLa cells transfected with NVenus-UBQLN2 WT and CVenus-LC3B (b), DAPI image (c), and the combined YFP and DAPI images (d). (e–h)
Cells transfected with NVenus-UBQLN2 WT and CVenus and counterstained for LC3A/B. Arrows show colocalization of the staining in puncta. (B) Images of HeLa cells
cotransfected with CVenus-mCherry-LC3B with NVenus-UBQLN2 WT and left untreated (a–d) or treated for 4 h with Bafilomycin A1 (e–h).
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is similar to that of endogenous UBQLN2 staining of HeLa cells (SI
Appendix, Fig. S10D). To determine if the puncta were autophago-
somes, we counterstained the cells to determine if the puncta were
positive for LC3 (using antibodies specific for LC3A/B or LC3B), the
autophagosome-specific marker. Indeed, double-immunofluorescent
microscopy confirmed endogenous UBQLN2 and the analyzed LC3
proteins colocalize in puncta (Fig. 3 A, e–h and SI Appendix, Fig. S10D).
Additionally, many of the Venus fluorescent puncta formed in cells
transfected with NVenus-UBQLN2 and CVenus also stained positive
for LC3 (SI Appendix, Fig. S10F), suggesting they are autophagosomes.

To determine if UBQLN2 and LC3 interact with one another in
autophagosomes, we fused LC3B with the CVenus reporter con-
struct (SI Appendix, Fig. S10A4). Cotransfection of the resulting
CVenus-LC3 with NVenus-WT-UBQLN2 in cells led to re-
constitution of fluorescence predominantly in puncta in cells, which
by further analysis had properties consistent with autophagosomes
(see below) (Fig. 3 A, b–d). The fluorescence outside of the puncta
was much weaker, suggesting NVenus-WT-UBQLN2 and CVenus-
LC3 accumulate or interact predominantly in autophagosomes.

Generation of a Fluorescent Reporter to Track Maturation of UBQLN2-
Containing Autophagosomes. Because overexpression of UBQLN2
may have resulted in aggregation or phase separation of the protein
in cells (45, 46), it was important to demonstrate that the fluorescent
puncta seen in our transfections had properties consistent with auto-
phagosomes. An important property of autophagosomes is that they
mature into autolysosomes after fusing with lysosomes (42). During
this maturation, the pH environment of autophagosomes changes
from near neutral to acidic. This change in pH can be exploited to
track the fate of fluorescent proteins with different pH sensitivities
(42). For example, Pankiv et al. (31) devised a tandem-tagged
GFP-mCherry-LC3B fluorescent reporter (SI Appendix, Fig. S10A1)
to discriminate autophagosomes from autolysosomes based on
quenching of GFP fluorescence, but not mCherry fluorescence of the
reporter, during the maturation. Using their reporter, autophago-
somes are therefore distinguished by containing both GFP and
mCherry fluorescence, the combination of which yields a yellow signal,
while autolysosomes are identified by possessing mainly mCherry fluo-
rescence. We devised a similar tandem-tag fluorescent reporter system
to detect maturation of UBQLN2-containing autophagosomes to
autolysosomes (SI Appendix, Fig. S10A3–5). To do so, we modified
our CVenus-LC3 reporter by inserting a cDNA fragment encoding
mCherry in-frame between the N-terminal CVenus fragment and
LC3B (CVenus-mCherry-LC3B). Cells transfected with this con-
struct alone displayed mCherry, but no Venus fluorescence, as
expected (SI Appendix, Fig. S10G). However, when cotransfected with
the NVenus-WT-UBQLN2 expression construct, Venus fluorescence
was reconstituted and localized mainly in puncta (Fig. 3 B, a–d).

All of the puncta that displayed bright Venus fluorescence also
possessed bright mCherry fluorescence, as expected. Additional
puncta were found in the cells that had brighter mCherry fluores-
cence with attenuated Venus fluorescence, consistent with quenching
of Venus fluorescence by the low pH environment of autolysosomes
or late endosomes. Treatment of the transfected cells with Bafilo-
mycin A1 to inhibit acidification of autophagosomes led to an increase
in both the total number of fluorescent puncta and yellow puncta (rose
to >90%) in cells (Fig. 3 B, e–h), which is expected if autophagosome-
to-autolysosome conversion was blocked. We also counterstained the cells
from these transfections for p62, LAMP1, ubiquitin, and UBQLN2
itself and found that the majority of the yellow puncta were positive for
all of the markers examined. Interestingly, most of the red puncta,
representing autolysosomes were generally negative for the markers,
suggesting their disappearance may be intimately linked to autophago-
some acidification (SI Appendix, Fig. S11). The loss of ubiquitin staining
in the red puncta also suggests that the fluorescent puncta are unlikely to
be misfolded UBQLN2 proteins, as one would expect ubiquitin staining
of aggregates to persist irrespective of their color. Taken together, these
results demonstrate that the Venus reporter constructs are suitable for
monitoring maturation of UBQLN2-containing autophagosomes into
autolysosomes.

Inactivation of UBQLN2 in HeLa KO8 Cells Impedes Autophagosome
Acidification that Can Be Rescued by Reexpression of WT UBQLN2 but
Not by ALS-Mutant UBQLN2 Proteins. We next evaluated whether
UBQLN2 proteins carrying ALS/FTD mutations alter maturation of
autophagosomes to autolysosomes. We tested this possibility using
our Venus reporter assay following expression of the proteins in both
normal HeLa and HeLa KO8 cell lines. We first assessed whether
autophagosome number and acidification differed in the lines by
using the traditional GFP-mCherry-LC3B reporter (31, 47). The
quantification revealed a dramatic reduction in both autophagosome
number and acidification in the KO8 cell line compared to the
normal HeLa line (SI Appendix, Fig. S12 A and B). We assessed if
the reduction in autophagosome number in KO8 cells arises from
changes in WIPI2 expression or distribution. WIPI2 is required
during early steps of autophagosome formation, but is lost once
autophagosomes enclose (48). The blots showed KO8 cells have
increased WIPI2 levels, but its intracellular distribution in auto-
phagosomes was unremarkable compared to normal HeLa cells (SI
Appendix, Fig. S12 C–E). We speculate the up-regulation of WIPI2
expression in KO8 cells may represent a futile attempt made by the
cells to restore autophagy. Further characterization of the cell lines
showed KO8 cells had reduced lysotracker staining and increased
ratio of expression of mature to procathepsin D proteins compared
to normal HeLa cells (SI Appendix, Fig. S12 F–I), which is indicative
of defects in the endosomal–lysosomal pathway (49). Taken to-
gether, the results are consistent with KO8 cells having major defects
in autophagy and lysosomal function.

We next determined whether expression of WT and mutant
UBQLN2 proteins in the two cell lines alters autophagosome
number and acidification. Accordingly, we transfected each of the
lines with NVenus-UBQLN2 expression constructs encoding either
WT UBQLN2 or carrying one of five different ALS/FTD mutations
(16, 50) together with CVenus-mCherry-LC3B and quantified the pro-
portion of autophagosomes that were acidified (mCherry-fluorescent
alone due to Venus quenching) in 10 randomly selected cells (SI Ap-
pendix, Figs. S13A and S14). Cells with gross overexpression of the re-
porters were excluded, because high overexpression of UBQLN2 has
been found to lead to aggregation of the protein (45, 46, 51). The
quantification revealed that normal HeLa cells transfected with WT
UBQLN2 had greater autophagosome acidification than for all of the
ALS mutants tested (SI Appendix, Fig. S13B). We also stained cells
transfected with the P525S-Venus reporter for ubiquitin, UBQLN, and
p62 and found frequent colocalization of the markers with yellow puncta,
and not red puncta, just like cells transfected with the WT UBQLN2-
Venus reporter (SI Appendix, Fig. S11). This staining further suggests that
the puncta formed by ALS mutant UBQLN2 proteins are unlikely to be
aggregates, otherwise ubiquitin and p62 staining would have persisted
irrespective of the color change. By comparison, repetition of the assay in
the KO8 line revealed that expression of WT UBQLN2 restores auto-
phagosome acidification to similar levels seen in normal HeLa cells (Fig. 4
and SI Appendix, Fig. S15). In contrast, expression of all five ALS/FTD
bearing UBQLN2 mutants failed to restore autophagosome number or
acidification, suggesting the ALS/FTD mutations cause loss of function.

Reduction in Expression of the ATP6v1g1 Subunit of the V-ATPase
Proton Pump in P497S UBQLN2 Mice. Because ALS/FTD mutant
UBQLN2 proteins cause defective autophagosome acidification, we
conducted an unbiased proteomics study to determine whether ex-
pression of genes that regulate autophagosome acidification were
specifically altered in mutant P497S Tg animals. Accordingly, we
used isobaric labeling combined with liquid chromatography-mass
spectroscopy (LC-MS/MS) to quantify protein expression in the
hippocampus and SC (lumbar region) of 2-mo-old P497S, WT356,
and non-Tg mice. We then calculated the log2 ratio of the change in
expression between P497S vs. WT356, P497S vs. non-Tg, and WT356
vs. non-Tg genotypes (SI Appendix, Fig. S16A). This comparison only
includes data for subunits of the V-ATPase proton pump because it
regulates autophagosome acidification (42, 52, 53). The proteomics
data contained expression information for 15 different subunits of
the pump. Of these, expression of only one of them, the ATP6v1g1
subunit, was reduced in P497S animals compared to the control
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genotypes. The expression of the subunit was slightly decreased in
both the hippocampus and SC tissues of P497S mice compared to
non-Tg, but was decreased even more when compared to WT
UBQLN2 Tg mice. The reason for the greater difference was because
expression of the subunit was slightly increased in WT356 animals
compared to non-Tg animals. To confirm the changes, we probed
hippocampal and SC lysates of 8-mo-old animals of all three geno-
types for changes in the subunit. The blots were also probed for
ATP6v1b2, another V-ATPase subunit whose expression was calcu-
lated to be faintly altered by proteomic analysis (Fig. 5A). The im-
munoblot results for SC closely matched the proteomics data, showing
P497S mutant mice have reduced ATP6v1g1 subunit expression
compared to age matched non-Tg and WT UBQLN2 Tg animals. In
contrast, expression of the ATP6v1b2 subunit in the same lysates was
not altered. However, the blots for the hippocampal lysates for the
same set of animals failed to show any significant change in expression
of the ATP6v1g1 subunit, although we noticed large fluctuations in
expression of the subunit in lysates of different mice (Fig. 5 A and B).

To confirm that expression of ATP6v1g1 is reduced in P497S
animals, we immunoblotted SC lysates made from 14 non-Tg and 14
P497S animals, all at 6 mo of age, for the subunit as well as for
ATP6v0a1, another subunit of the V-ATPase pump (SI Appendix,
Fig. S16B). Expression of the ATP6v0a1 subunit, particularly frag-
ments of it, were reported to increase following ubqln protein
knockdown (23). The blots revealed, after normalizing for protein
loading, a 50% reduction in ATP6v1g1 levels in P497S animals
compared to the non-Tg animals (SI Appendix, Fig. S16C). By con-
trast, ATP6v0a1 subunit levels were similar in the two genotypes,
including no major difference in fragments of the subunit.

Inactivation of UBQLN2 in Cells Leads to a Reduction in ATP6v1g1
Subunit Accumulation. We next investigated the reason for the re-
ciprocal change in ATP6v1g1 subunit expression in WT vs. P497S
UBQLN2 Tg animals. We reasoned that it could have arisen from
functional differences in the properties of WT and mutant UBQLN2
proteins, predicting that WT UBQLN2 may support expression of
the subunit, whereas the mutant may have lost this function. To
examine this possibility, we immunoblotted equal amounts of pro-
teins from the UBQLN2 KO lines to determine whether loss of
UBQLN2 expression affects ATP6v1g1 accumulation (Fig. 5 C and
D). Indeed, the immunoblots showed KO of UBQLN2 in both HeLa
and NSC34 cells results in reduced accumulation of ATP6v1g1 levels
(Fig. 5 E and F). We also examined whether ATP6v1g1 levels were
changed in UBQLN2 KO animals and found only a slight reduction in

animals at 12 mo of age compared to non-Tg animals, although not
significant, matched the trend seen in the KO cells (Fig. 2 C andD and
SI Appendix, Fig. S16 D and E).

UBQLN2 and ATP6v1g1 Bind One Another in a Complex: Modulation of
ATP6v1g1 Accumulation by Coexpression of WT but Not ALS/FTD
Mutant UBQLN2 Proteins. To determine the mechanism by which
UBQLN2 regulates ATP6v1g1 subunit accumulation, we in-
vestigated two chief possibilities based on known functions of
UBQLN proteins (3): UBQLN2 regulates turnover of the ATP6v1g1
subunit and it functions as a chaperone for the protein. Another
possibility was that P497S inclusions may sequester ATP6v1g1, but it
was discounted because immunostaining suggested little colocaliza-
tion of the two proteins in P497S animals (SI Appendix, Fig. S17).

To examine the first possibility, we measured the turnover of
ATP6v1g1 in normal HeLa and UBQLN2 KO8 cells by cyclohexi-
mide chase experiments (SI Appendix, Fig. S18 A and B). Paradoxically,
the results revealed loss of UBQLN2 slows ATP6v1g1 turnover, sug-
gesting UBQLN2 directly or indirectly facilitates ATP6v1g1 degrada-
tion. One possibility by which it could regulate ATP6v1g1 stability is
through decreased consumption of the subunit from reduced autopha-
gic flux in the line.

To examine the second possibility, we immunoprecipitated
UBQLN2 from NSC34 cells and found endogenous ATP6v1g1
protein was coimmunoprecipitated (Fig. 6A). To confirm their in-
teraction, we coexpressed Myc-tagged ATP6v1g1 with HA-tagged
WT UBQLN2 expression constructs in HeLa cells and then immuno-
precipitated each of the expressed proteins with antibodies specific for
their respective tags (Fig. 6 B and C). The precipitates were then exam-
ined for recovery of both proteins by immunoblotting. Immunoprecipi-
tation controls were also performed of cells transfected with neither
construct or with cDNAs encoding only the tags. The controls demon-
strated the specificity of the antibodies in only precipitating the correct
tagged protein. Importantly, analysis of the two precipitates from cells
transfected with both constructs revealed coimmunoprecipitation of
both proteins, irrespective of the antibody used for the immunopre-
cipitation (Fig. 6 B and C). These data prove both UBQLN2 and
ATP6v1g1 can bind together in cells forming a complex.

We next examined whether ALS/FTD mutant UBQLN2 proteins
have altered interaction with ATP6v1g1 using this same assay. Ac-
cordingly, HeLa cells were cotransfected with expression constructs
encoding ATP6v1g1-Myc and either WT UBQLN2-HA or mutants
carrying each of the five different ALS/FTD mutations described by
Deng et al. (1). However, immunoblot analysis showed that cells

Fig. 4. Defect in rescue of autophagosome acidification by ALS/FTD mutant UBQLN2 proteins. (A) Representative images of the combined YFP, mCherry, and
DAPI fluorescent signal in HeLa UBQLN2 KO8 cells cotransfected with CVenus-mCherry-LC3B and either WT or ALS mutant NVenus-UBQLN2 constructs. (B)
Quantification of autophagosome acidification. ****P < 0.0001.
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transfected with each of the UBQLN2 mutants had reduced
UBQLN2 accumulation compared with cells transfected with WT
UBQLN2. Because of this variability, we could not assess changes in
binding between the proteins by immunoprecipitation. Instead, we
investigated the reason for the variability in expression of ATP6v1g1,
predicting that it may stem from differences in chaperone function of
WT and mutant UBQLN2 proteins. To investigate this possibility,
we transfected HeLa KO8 cells with a constant amount of
ATP6v1g1-Myc expression construct (1 μg) and varying amounts (1
and 5 μg) of either WT UBQLN2-HA or a P497S mutant expression
construct. A constant amount of a GFP expression construct was
included as a control. The immunoblots from these transfections
revealed WT-UBQLN2 induced a dose-dependent increase in
ATP6v1g1-Myc expression, which was not seen with the P497S
mutant (Fig. 6 D and E). Unlike ATP6v1g1-Myc, GFP expression
was not changed by transfection of either UBQLN2 construct.

To rule out the possibility that UBQLN2-induced increase in
ATP6v1g1-Myc accumulation stems from interference of degrada-
tion of the subunit through the proteasome or autophagy pathways,
we conducted parallel transfections of the UBQLN2 titrations, but
this time treated one set of the cultures with either MG132 or
Bafilomycin A1 to inhibit the proteasome or autophagy, respectively.
The effectiveness of these treatments was verified by increased accu-
mulation of ubiquitinated proteins and LC3II proteins (SI Appendix,
Fig. S18C). Measurement of ATP6v1g1 levels in the treated cultures
revealed a 30% increase in the subunit after proteasome inhibition,
irrespective of the amount of UBQLN2 transfected (SI Appendix,
Fig. S18D). Inhibition of autophagy did not substantially alter
ATP6v1g1 levels. These results reveal that the ATP6v1g1 subunit is
principally degraded through the proteasome pathway and that the
dose-dependent increase of the subunit by UBQLN2 is unlikely to be
stem from simple inhibition of the proteasome.

Evidence for Direct Binding between UBQLN2 and ATP6v1g1 Proteins.
To determine if UBQLN2 and ATP6v1g1 bind directly to one an-
other, we conducted GST-pulldown assays assessing binding of His-
tagged ATP6v1g1 protein with fixed amounts of WT or mutant GST-

UBQLN2 fusion proteins (SI Appendix, Fig. S18E). A negative
control examining binding of ATP6v1g1 with GST alone was also
conducted. Quantification of the pulldown results (SI Appendix, Fig.
S18F), after normalizing for the amount of GST protein that was
pulled down, showed ATP6v1g1-His binds stronger with GST-WT
UBQLN2 than with any of the five ALS/FTD mutant UBQLN2 pro-
teins. In contrast, binding of ATP6v1g1 with GST alone was negligible.

Knockdown of ATP6v1g1 Expression Reduces Autophagosome Acidification.
To determine whether a reduction of ATP6v1g1 levels could affect
autophagosome acidification, we silenced its expression in HeLa cells and
quantified autophagosome acidification. Accordingly, a pool of HeLa cells
stably expressing the traditional GFP-mCherry-LC3B reporter were
transfected with small interfering RNAs (siRNAs) to specifically knock-
down ATP6v1g1 expression. Immunoblots revealed that the siRNAs were
effective in reducing ATP6v1g1 levels by over 95% over a 72-h period
(Fig. 6F). By contrast, ATP6v1g1 levels were relatively unchanged in the
cultures transfected with the scrambled siRNAs. Importantly, autophago-
some acidification was dramatically reduced only in the cultures in which
ATP6v1g1 subunit was knocked down (Fig. 6 G and H and SI Appendix,
Fig. S19). These results demonstrate the important requirement of the
ATP6v1g1 subunit for autophagosome acidification.

Overexpression of ATP6v1g1 Rescues the Acidification Defect in
UBQLN2 KO Cells. Finally, we tested whether overexpression of
ATP6v1g1 is sufficient to rescue the acidification defect in HeLa
UBQLN2 KO8 cells. Indeed, we found overexpression of Myc-tagged
ATP6v1g1 increased the percentage of acidified autophagosomes
compared to cells not transfected with the plasmid (Fig. 6 I and J).

Discussion
Here we show UBQLN2 is required for proper regulation of auto-
phagy and that UBQLN2 proteins carrying ALS/FTD mutations
block this function by impeding autophagosome acidification, most
likely through a dominant-negative loss-of-function mechanism.
These conclusions are based on the major alterations in autophagy
that we observed upon KO of UBQLN2 and overexpression of WT

Fig. 5. Reduction of ATP6v1g1 in P497S mutant mice and UBQLN2 KO cells. (A) Immunoblots of hippocampus and SC lysates of 8-mo-old mice for the three
mouse genotypes (three independent mice for each genotype) and probed for the proteins shown. (B) Quantification of protein changes of two different
V-ATPase subunits from the blots shown in B. *P < 0.05. (C and D) Immunoblots of HeLa and NSC34 parental and UBQLN2 KO lines for the proteins shown and
(E and F) corresponding quantification of the protein levels for the two V-ATPase subunits in the cell lines. *P < 0.05, **P < 0.01.
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and ALS mutant UBQLN2 proteins in cells and animals. Further
evidence was found by the abnormal distribution and accumulation
of key autophagic proteins in human ALS/FTD UBQLN2 cases and
in the P497S UBQLN2 mouse model of ALS/FTD.

KO of UBQLN2 in two independent HeLa cell lines reduced
autophagic flux, the number and acidification of autophagosomes,
and the levels of ATP6v1g1, a key subunit of the V-ATPase proton
pump. In contrast, overexpression of UBQLN2 carrying ALS/FTD
mutations in both cells and animals perturbed autophagy, as exemplified
by a build-up of p62 and ubiquitin chains, a reduction in autophagosome
acidification, and reduction of ATP6v1g1 levels. Mechanistic insight into

the underlying reason for the reduction in ATP6v1g1 levels suggests a
likely role of UBQLN2 as a chaperone in binding and facilitating
ATP6v1g1 biosynthesis. Importantly, this function was abrogated by
ALS/FTD mutations in UBQLN2. Indication that disturbances in
autophagy may underlie pathogenesis caused by UBQLN2 mutations
was evident by the disruption in normal colocalization of LC3 and
LAMP1 with p62 and UBQLN2 in a human UBQLN2 case and in the
P497S mouse model of ALS/FTD.

Our evidence showing that UBQLN2 is required for proper reg-
ulation of autophagy is consistent with prior studies implicating
UBQLN proteins function in autophagy, including a recent study

Fig. 6. Function and interaction of ATP6v1g1 and UBQLN2. (A) Immunoprecipitation of endogenous proteins from NSC34 cells with either an anti-UBQLN2
antibody or IgG control antibody, and subsequent immunoblots for the proteins shown. (B and C) Immunoprecipitation analysis of proteins from HeLa cells
transfected with the constructs shown on the top with either anti-HA (B) or anti-Myc (C) antibodies. The arrowheads show the IgG bands and the arrows
indicate the respective proteins that were immunoprecipitated (Upper) and coimmunoprecipitated (Lower). (D) Demonstration that UBQLN2 stimulates
biogenesis of ATP6v1g1. HeLa cell cultures were cotransfected with identical amounts of total plasmid cDNAs (μg) shown on the top. The next day lysates
were prepared from the cultures and immunoblotted for the proteins shown. (E) Quantification of the expressed proteins shows ATPv1g1 expression is
increased by UBQLN2 in a dose-dependent manner. (F) Immunoblots of cultures after transfection for different days to knockdown ATP6v1g1. (G) Coverslips
showing the different number of autolysosomes (red) collected from the same cultures shown in F. (H) Quantification of autophagososme acidification in the three
transfected cultures. ****P < 0.0001. (I) Fluorescent images of HeLa UBQLN2 KO8 cells transfected with GFP-mCherry-LC3B alone (a–d) or cotransfected with
ATP6v1g1-myc cDNA (e–h). (J) Quantification showing acidification of HeLa KO8 cells is increased in cells transfected with ATP6v1g1-myc cDNA. **P < 0.01.
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showing KO of the sole Drosophila ubqln gene impedes autopha-
gosome acidification (21–24). However, our findings differ from
those studies in a number of important ways. First, prior studies
showing the importance of UBQLN proteins in autophagy in
mammalian cells was demonstrated by KO of multiple UBQLN
genes, unlike our study showing KO of UBQLN2 alone is sufficient
to induce defects in autophagy. Second, while the defect in auto-
phagosome acidification that we uncovered shares parallels with
those reported in Drosophila (23), it differs in two important ways:
The identity and nature of the change of the V-ATPase subunit. We
found levels of ATP6v1g1 were decreased upon KO of UBQLN2 in
two different cell types (HeLa and NSC34 cells) as well as in SC of
the P497S mouse model of ALS, whereas KO of ubqln in Drosophila
was linked to a toxic increase in expression of ATP6v0a1, a different
subunit of the V-ATPase pump (23). Furthermore, we found over-
expression of ATP6v1g1 cDNA in UBQLN2 KO8 HeLa cells in-
creased autophagosome acidification, strongly implicating reduction
of ATP6v1g1 levels as a key molecular defect. The reason for our
divergent findings remains unclear, but may stem from differences in
the cells and animals used in the studies. For example, Drosophila
has only one ubqln gene, unlike humans and mice, which possess
four UBQLN genes. Additionally, the Drosophila ubqln protein is
only 47% identical to human UBQLN2 and lacks the PXXP motif
where most ALS mutations map. This sequence divergence may
explain the functional difference in V-ATPase subunit regulation
uncovered in the two studies. It may also explain why expression of
human UBQLN2 in Drosophila is toxic (23).

Clear indication that UBQLN2 is required for autophagy was
evident by the dramatic reduction in both basal and adaptive auto-
phagy that we observed following KO of UBQLN2 in two different
HeLa cell lines. In one of these lines (KO12), UBQLN1 and 4
proteins were up-regulated, resulting in a 1.5-fold increase in the
total UBQLN protein pool, probably from pressure to compensate
for loss of UBQLN2 expression. Despite this increase, it was in-
sufficient to restore autophagic flux to normal levels. However, a
reduction in autophagic flux was not seen following KO of UBQLN2
in NSC34 cell lines, for unclear reasons. One possibility is cell type-
specific differences in the mechanisms used by HeLa and NSC34 to
compensate for UBQLN2 loss.

A molecule that we believe could be directly linked to dysregu-
lation of autophagy upon KO of UBQLN2 expression or from ex-
pression of ALS/FTD mutant UBQLN2 proteins is ATP6v1g1, a
critical subunit of the V-ATPase proton pump (54–56). The V-ATPase
pump is assembled from a number of subunits which are organized
into a membrane-anchored V0 sector and a cytoplasmic V1 sector.
V-ATPase activity is regulated by the assembly and disassembly of the
two sectors (57–59). The ATP6v1g1 subunit functions to “strap” the two
sectors together (57, 58). Thus, loss of the subunit could cause disas-
sembly of the complex and loss of V-ATPase function. Levels of the
subunit were reduced not only in UBQLN2 KO cells (both HeLa and
NSC34) and mice, but also in P497S UBQLN2 mutant Tg mice. In
contrast, slightly elevated levels of ATP6v1g1 were found in Tg mice
expressing WT UBQLN2, suggesting ATP6v1g1 levels may be directly
regulated by UBQLN2 expression. Indeed, GST-pulldown assays and
coexpression studies indicated WT UBQLN2 and ATP6v1g1 bind di-
rectly with one another and that biosynthesis of ATP6v1g1 is directly
regulated by the amount of UBQLN2 expression. Importantly, we
found that UBQLN2 proteins containing ALS/FTD mutations are de-
fective in both binding and stimulating ATP6v1g1 biogenesis. Based on
all of these findings we propose UBQLN2 functions as a chaperone, to
bind and facilitate ATP6v1g1 biogenesis. Interestingly, degradation of
ATP6v1g1 was also dependent on UBQLN2 expression, suggesting
multiple levels of regulation.

The idea that UBQLN2 could function as a chaperone coincides
with several other findings hinting of such a function. For example,
UBQLN proteins bind and are required for insertion of trans-
membrane proteins, including nuclear encoded mitochondrial proteins
(60, 61). An unusual property of this binding involves hydrophobic
segments in proteins, which typically need to be shielded from the
aqueous cellular environment following synthesis (60, 62). The hydro-
phobic binding sites in UBQLNs have been mapped to the central

domain of the protein, which is also the binding site for HSP chaperone
proteins (13, 62–64). It is therefore possible that binding of UBQLN2
with ATP6v1g1 shields the protein prior to assembly of the proton
pump. This shielding may not be unique for the ATP6v1g1 subunit,
based on the findings that several subunits of the V-ATPase proton
pump coimmunoprecipitate with UBQLNs (23). The stimulation of
ATP6v1g1 biogenesis by UBQLN2 may be directly or indirectly con-
nected to the shielding and chaperone function. This effect may not be
unique to UBQLN2 as a similar effect of binding and stimulating of
presenilin biogenesis was shown for UBQLN1 (8).

Strong indication that ALS/FTD mutations lead to failure in
autophagosome acidification was clearly evident using the tandem-
tag Venus-mCherry-LC3-UBQLN2 reporter system we generated.
The reporter system allowed us to directly visualize maturation of
UBQLN2-containing autophagosomes to autolysosomes. We con-
firmed the utility of the reporter system using double immunofluo-
rescent staining methods showing that UBQLN2, LC3, and p62 were
all present in autophagosomes decorated by the reporter. Further-
more, because reconstitution of Venus fluorescence in puncta of
NVenus-UBQLN2 and CVenus-LC3 (and CVenus-mCherry-LC3)
necessitates binding of the two split Venus components, it provided
visual demonstration that UBQLN2 and LC3 are capable of
interaction within autophagosomes.

A key observation uncovered from use of the Venus UBQLN2-
acidification reporter was the defect in acidification with ALS mu-
tant UBQLN2 proteins. The defect was evident upon expression of
the mutant proteins in both normal HeLa and UBQLN2 KO8 cells
with the effect in the KO8 cells being more potent. The obvious
difference between the two cell lines is one has, and the other lacks,
endogenous UBQLN2 expression, suggesting that the manifestation
of the defect may be influenced by UBQLN2 itself. Importantly, the
acidification defect was rescued by expression of WT UBQLN2, but
not by any of the five ALS/FTD mutants tested, strengthening the
case that the defect is a universal and underlying cause by which
UBQLN2 mutations drive pathogenesis. Based on these observa-
tions we propose that the ALS/FTD mutations in UBQLN2 are
loss-of-function mutations. Furthermore, we propose that this loss of
UBQLN2 function results in failure to maintain sufficient ATP6v1g1
subunit accumulation, depletion of which we and others have found
is critical for autophagosome acidification (54).

If the loss-of-function hypothesis is correct, the more potent
acidification defect seen in the KO8 cells compared to normal HeLa
cells may stem from endogenous UBQLN2 protein in normal HeLa
cells sustaining sufficient ATP6v1g1 subunit expression to maintain
some V-ATPase function, thereby partially obscuring the dominant-
negative effects of the mutants. However, we predict that prolonged
expression of the mutants in cells would eventually lead to depletion
of ATP6v1g1 levels from the normal turnover of the protein without
adequate replacement due to increased penetrance of the mutant
UBQLN2 protein over time. Although the mechanism by which
ALS/FTD mutations in UBQLN2 exert their dominant effects is not
known, it is likely to derive from inactivation of the endogenous WT
UBQLN2 protein through oligomerization and sequestration by the
mutant protein. Such a mechanism of inactivation is possible based
on the known properties of UBQLN proteins. For example, UBQLN
proteins have been shown to both homo- and hetero-oligomerize,
providing a mechanism by which mutant UBQLN2 proteins could
bind and deplete other UBQLN protein isoforms like WT UBQLN2
protein, from the functional pool in cells (65, 66). Such a mechanism
of coaggregation could also explain the age-dependent concomitant
accumulation of both endogenous and transgenic mutant UBQLN2
proteins that are seen in the P497S Tg mouse model of ALS (38).
Similar reasoning likely explains how transgenic expression of mu-
tant UBQLN2 proteins in rodents trigger disease. It could also ex-
plain the delayed onset of ALS/FTD that is frequently seen in female
carriers of UBQLN2 mutations (1, 3), where X-chromosome–linked ex-
pression of the mutant UBQLN2 allele could be titrated by that of the
normal WT UBQLN2 allele.

If our hypothesis that UBQLN2 is required for ATP6v1g1 bio-
genesis is correct, it implies that the reduction in ATP6v1g1 subunit
levels found in P497S mutant UBQLN2 animals stems from loss of
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normal UBQLN2 function. Interestingly the UBQLN2 KO mice do
not develop any signs of MN disease like the P497S Tg animals. One
possibility to explain the discrepancy is if the P497S UBQLN2 mu-
tation (and other ALS mutations in the protein) causes disease
through both loss- and gain-of-function mechanisms. Besides de-
pleting WT UBQLN2, the UBQLN2 inclusions could also bind and
interfere with the function of other important proteins. One such
protein is likely to be p62, a key autophagic protein, mutations in
which are also linked to ALS. Immunoblots of brain and SC lysates of
8-mo-old affected P497S mice revealed elevated levels of p62 com-
pared to WT356 and non-Tg mice, while immunostaining revealed
p62 localization predominantly in inclusions in the tissues, most of
which stained positive for UBQLN2. Similar aberrant mislocalization
of p62 with UBQLN2 inclusions was found in all three affected human
carriers of different UBQLN2 mutations that we examined. Although
the number of UBQLN2 inclusions in the three human cases varied
considerably, most of the UBQLN2 inclusions were also positive for
p62. The commonality of p62 mislocalization with UBQLN2 inclu-
sions provides further evidence of the validity of the P497S mouse
model in faithfully recapitulating important aspects of the human
disease.

The lack of LAMP1 staining of the UBQLN2 inclusions seen in
the human UBQLN2 case and P497S animals, but its positive
staining of puncta in HeLa cells formed by expression of the Venus
reporters for the P525S UBQLN2 mutant is especially instructive.
We propose that the explanation for the difference in staining is
because the puncta in cells are very different to those in the tissues.
In HeLa cells, our evidence strongly indicates the UBQLN2 puncta
are either autophagosomes or autolysosomes, and therefore would
be expected to recruit lysosomes and accordingly be positive for
LAMP1. In the case of the human and mouse tissues we propose
that the inclusions are most likely to be aggregates that accumulate
because of loss of UBQLN2 function in autophagy. We further
propose that this disruption of autophagy leads to accumulation of
UBQLN2 and p62 aggregates that cannot be packaged and cleared by
autophagosomes (consistent with lack of LC3 staining too) and accord-
ingly would not be expected to recruit lysosomes (since they are not
autophagosomes).

Our findings that disturbances in autophagy could be a key driver
of pathogenesis caused by UBQLN2 mutations add to growing

evidence that defects in this degradation pathway could play a cen-
tral role in triggering ALS (67–69). The impairment in autophago-
some acidification found in our studies is also noteworthy, as it adds
to growing evidence of similar defects in acidification that have been
found within the endosomal–lysosomal system of several neurode-
generative diseases, including Alzheimer’s disease and Down syn-
drome (53, 70, 71). Our findings may also have important clinical
implications for treating humans with UBQLN2 mutations, because
they suggest that efforts to stimulate this pathway would be ill-advised
as the block in autophagy is downstream of the whole process. Instead,
we suggest that efforts focusing on rectifying the acidification de-
fect may prove to be a better strategy to treat ALS and related
neurodegenerative disorders.

Materials and Methods
Transgenic mouse lines expressing either WT or ALS P497S mutant UBQLN2
together with human UBQLN2 ALS cases were used to examine the patho-
logic changes of autophagic proteins. All animal procedures were approved
by University of Maryland Baltimore (UBQLN2 Tg mice) and Harvard Uni-
versity (UBQLN2 KO mice) Animal Care and Use Committees and conducted
in full accordance with the NIH Guide for the Care and Use of Laboratory
Animals (72). We also studied the effects of overexpression of WT and five
different ALS mutant UBQLN2 proteins in HeLa cells either containing or
lacking UBQLN2 expression. NSC34 cells containing and lacking UBQLN2
expression were also used to evaluate whether loss of UBQLN2 affects
autophagy. The detailed experimental procedures and statistical analysis
used for all of the studies are provided in SI Appendix, SI Materials
and Methods

All of the data, materials, and protocols are described in the main text or
SI Appendix.
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