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Genome-wide siRNA screening reveals that DCAF4-mediated
ubiquitination of optineurin stimulates autophagic
degradation of Cu,Zn-superoxide dismutase
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Cu, Zn superoxide dismutase (SOD1) is one of the genes impli-
cated in the devastating neurodegenerative disorder amyo-
trophic lateral sclerosis (ALS). Although the precise mech-
anisms of SODI mutant (SOD1™"Y-induced motoneuron
toxicity are still unclear, defects in SOD1 proteostasis are known
to have a critical role in ALS pathogenesis. We previously
reported that the SOD1™"* adopts a conformation that exposes a
Derlin-1-binding region (DBR) and that DBR-exposed SOD1
interacts with Derlin-1, leading to motoneuron death. We also
found that an environmental change, i.e. zinc depletion, induces
a conformational change in WT SOD1 (SOD1%7) to the DBR-
exposed conformation, suggesting the presence of an equilib-
rium state between the DBR-masked and DBR-exposed states
even with SOD1YT, Here, we conducted a high-throughput
screening based on time-resolved FRET to further investigate
the SOD1YT conformational change, and we used a genome-
wide siRNA screen to search for regulators of SOD1 proteosta-
sis. This screen yielded 30 candidate genes that maintained an
absence of the DBR-exposed SOD1Y¥" conformation. Among
these genes was one encoding DDB1- and CUL4-associated fac-
tor 4 (DCAF4), a substrate receptor of the E3 ubiquitin—protein
ligase complex. Of note, we found that DCAF4 mediates the
ubiquitination of an ALS-associated protein and autophagy
receptor, optineurin (OPTN), and facilitates autophagic degra-
dation of DBR-exposed SOD1. In summary, our screen identi-
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fies DCAF4 as being required for proper proteostasis of DBR-
exposed SOD1, which may have potential relevance for the
development of therapies for managing ALS.

Amyotrophic lateral sclerosis (ALS)? is a late-onset and fatal
motoneuron disease in which upper and lower motoneurons
are specifically affected. More than 20 genes have been reported
to cause ALS (1); however, the common molecular mechanism
of ALS pathogenesis is still unclear, and there is no effective
treatment. Cu, Zn superoxide dismutas (SODI) is one of the
ALS causative genes, and over 160 mutations in the SODI gene
have been identified in ALS patients (2, 3). It is now widely
accepted that mutant SOD1 (SOD1™") exerts motoneuron
toxicity through gain—of-toxic function mechanisms rather
than changes in superoxide dismutase activity (4-9). Several
hypotheses have been proposed for the toxicity of SOD1™",
including mitochondria abnormality, endoplasmic reticulum
(ER) stress, and excitotoxicity (10).

We previously reported that more than 100 different ver-
sions of SOD1™"* interact with Derlin-1, which is a component
of the ER-associated degradation (ERAD) machinery (11-14).
This interaction causes a defect in the ERAD system, resulting
in the induction of ER stress and eventually motoneuron death
(11). Moreover, inhibition of the SOD1-Derlin-1 interaction
with a small-molecule compound ameliorated the ALS pathol-
ogy in an in vitro model using patient-derived iPS motoneurons
with SODI mutation and an in vivo model using ALS model
mice expressing human SOD1™"* (15). These data indicated the
importance of the SOD1-Derlin-1 interaction in ALS pathol-
ogy. We also revealed the molecular mechanism of the interac-
tion between SOD1 and Derlin-1. WT SOD1 (SOD1%") pos-
sesses a Derlin-1-binding region (DBR) in its N-terminal
region, which is masked in the stationary state. Mutation in
SOD1I causes a conformational change and exposure of the
DBR, resulting in interaction of SOD1™"" with Derlin-1 (12).

2 The abbreviations used are: ALS, amyotrophic lateral sclerosis; DBR, Derlin-
1-binding region; OPTN, optineurin; ER, endoplasmic reticulum; ERAD, ER-
associated degradation; SALS, sporadic ALS; TR-FRET, time-resolved FRET;
TPEN, N,N,N’,N’-tetrakis(2-pyridylmethyl)ethylenediamine; DMEM, Dul-
becco’s modified Eagle’s medium; FBS, fetal bovine serum; ANOVA, analy-
sis of variance; IP-IB, immunoprecipitation-immunoblotting; CFP, cyan
fluorescent protein.
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Figure 1. Screens of the genes involved in SOD1 proteostasis. A, immunoprecipitation-immunoblotting (IP-IB) assay. HeLa cells transfected with the
indicated constructs were treated with 15 um TPEN for 5 h. The cell lysates were analyzed with an IP-IB assay using the indicated antibodies. The amount of
DBR-exposed SOD1 was analyzed. MS Abs: mixture of MS785 antibody and MS27 antibody. B, model of the TR-FRET-based conformational change assay
showing the case of the Eu-labeled anti-tag antibody and the d,-labeled MS785 antibody. C, FRET signals of HeLa cells stably expressing SOD1""—Flag with
Flag—-Eu and MS785-d, are shown as fold changes relative to nonstimulated cells. The cells were stimulated with 10 um TPEN for 4 h. The data are shown as the

mean = S.D. (n = 8). D, flow chart of the screens.

Several reports have indicated the involvement of SOD1%™*
in the pathogenesis of SODI mutation-negative ALS. Confor-
mationally-disordered SOD1%™ was observed in SODI muta-
tion-negative sporadic ALS (SALS) patients (16). The noncell
autonomous motoneuron toxicity of SOD1¥™ has also been
shown in astrocytes or oligodendrocytes derived from SALS
patients (17, 18). In addition, we previously reported that zinc
deficiency induces a conformational change and DBR exposure
even in SOD1YT through the loss of a coordinated zincion (19).
These data suggest that the defect in SOD1¥™ proteostasis
under certain conditions, including genetic and environmental
factors, might contribute to ALS pathogenesis through disrup-
tion of SOD1¥T proteostasis. However, the molecular mecha-
nism by which the proteostasis of DBR-exposed (mutant-like)
SOD1 is regulated is still unclear, and the factors required to
sequester DBR-exposed SOD1 have not been identified. Thus,
the elucidation of the regulatory mechanisms of SOD1 proteo-
stasis that would lead to an understanding of the underlying
molecular mechanism of ALS is a crucial issue.

In this study, we performed genome-wide small interfering
RNA (siRNA) screens to identify the factors required to elimi-
nate DBR-exposed SOD1. As a result, DCAF4, an assumed sub-
strate receptor of the E3-ligase complex, was identified as an
indirect but critical regulator of SOD1 proteostasis (20). We

SASBMB

found that DCAF4 mediated the ubiquitination of OPTN, an
ALS causative gene product, and facilitated autophagic degra-
dation of DBR-exposed SOD1.

Results

TR-FRET-based genome-wide siRNA screen for the regulators
of SOD1 proteostasis

We have previously generated two antibodies that can spe-
cifically recognize DBR-exposed SOD1 in the immunoprecipi-
tation assay (MS785 and MS27) (12, 21). During the analysis of
the conformational change of SOD1%" with these antibodies
(MS antibodies), we noticed that a portion of the SOD1% ™ pop-
ulation took the DBR-exposed conformation even in the
absence of zinc deficiency (Fig. 1A, see long exposure panel).
Previously, we have reported that even endogenous SOD1
adopted the DBR-exposed conformation during zinc defi-
ciency, and several reports have indicated the involvement of
conformationally-disordered SOD1%" in SODI mutation-neg-
ative sporadic ALS (SALS). Taken together, we assumed the
presence of an equilibrium state between the DBR-masked and
DBR-exposed conformation even in SOD1YT. Because
SOD1Y¥" mainly takes the DBR-masked conformation and
unknown factors appear to be required for the zinc deficiency—

J. Biol. Chem. (2020) 295(10) 3148-3158 3149



DCAF4 regulates SOD1 proteostasis

dependent conformational change, there should be a regula-
tor(s) of SOD1 proteostasis. To reveal the molecular mecha-
nism of SOD1 proteostasis, we attempted to identify the factors
that were required for sequestering DBR-exposed SOD1%™
through a genome-wide siRNA screen.

The high-throughput assay system used to detect the SOD1
conformational change was established by utilizing time-re-
solved FRET (TR-FRET) technology (Fig. 1B). Here, an anti-tag
antibody and anti-mutant SOD1-specific antibody (MS785)
labeled with either a donor fluorophore (europium cryptate:
Eu) or an acceptor fluorophore (d,) were used (12). We
searched the SODIY" construct that efficiently generates
FRET signal in a zinc depletion-dependent manner. HEK293A
cells were transfected with several SOD1Y™" constructs and
stimulated with the cell-permeable zinc chelator N,N,N',N"-
tetrakis(2-pyridylmethyl)ethylenediamine (TPEN). Then, the
cell lysates were mixed with the fluorophore-labeled antibodies
(Fig. S14). The combination of SOD1%¥T—Flag, an anti—Flag
antibody labeled with Eu (Flag-Eu), and MS785 labeled with d,
(MS785-d,) efficiently generated a TPEN-dependent FRET sig-
nal (Fig. S1B).

Next, we established HeLa cells stably expressing SOD
Flag and checked the induction of a FRET signal with TPEN
stimulation. By using these HeLa cells, we could obtain a robust
signal increase in a high-throughput manner, which was suffi-
cient for siRNA screens (Z'-factor >0.7) (Fig. 1C). Using this
assay system, we carried out a genome-wide siRNA screen to
identify factors required for depleting DBR-exposed SOD1%™,
In our screen, we explored genes whose suppression caused an
increase in the FRET signal, indicating accumulation of DBR-
exposed SOD1¥™ even in the absence of zinc deficiency. In the
1st screening, we selected the genes that showed a score higher
than 1.96 either in the robust Z-score or B-score as positive
genes (Fig. 1D and Fig. S1C). In the 2nd screen, we reassessed
these positive genes in duplicate. To narrow down the candi-
date genes, genes that showed a Z-score higher than 2.58 in
duplicate were regarded as positive (Fig. 24 and Fig. S1D).
Finally, we obtained 30 candidate genes that may be regulators
of SOD1 proteostasis (Fig. 1D and Table S1).

IWT—

DCAF4 specifically interacts with DBR-exposed SOD1 through
DBR

The Z score of the hit gene is relatively low in the screen, and
we focused on the genes with high Z score (Table S1). There
were genes related to the nucleotide metabolism, transcription,
and cytoskeleton. However, we estimated that it is unlikely that
these gene products directly regulate SOD1 proteostasis. The
cullin—-RING E3 ubiquitin ligases (CRLs) are the largest E3
ligase family and regulate many physiological processes, includ-
ing proteostasis. Thus, among the candidate genes, we focused
on damage-specific DNA-binding protein 1 (DDB1)—Cullin4
(CUL4)-associated factor 4 (DCAF4), which is speculated to
function as a cellular substrate receptor of the CRL4 complex
(Fig. 2A4) (20). Suppression of DCAF4 with two independent
siRNAs that differ from those used in the screens caused an
accumulation of DBR-exposed SOD1%" even in the absence of
zinc deficiency, confirming the result of the screens (Fig. 2B and
Fig. S2, A and B). To evaluate the involvement of DCAF4 in
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endogenous SOD1 proteostasis, the amount of zinc deficiency—
induced DBR-exposed endogenous SOD1 was investigated in
DCAF4 knockdown cells (Fig. 2C and Fig. S2C). Suppression of
DCAF4 induced an enhanced accumulation of DBR-exposed
SOD1. These results demonstrate that DCAF4 is required to
inhibit the accumulation of DBR-exposed SODI1. Because
DCAF4 is predicted to be a substrate receptor of the CRL4
complex, we also investigated the involvement of CUL4A and
CUL4B. Suppression of both CUL4A and CUL4B also induced
accumulation of DBR-exposed SOD1YT, suggesting the
involvement of the CRL4 complex (Fig. S2D).

To reveal the molecular mechanisms by which DCAF4 medi-
ated the reduction in DBR-exposed SOD1, we first investigated
their interaction. DCAF4 specifically interacts with SOD1™"*
but not with SOD1¥™" (Fig. 2D). This interaction was dimin-
ished with DBR-deleted SOD1%34(21-153) (Fig. 2E). In addi-
tion, SOD1(1-20), which includes the DBR, was sufficient for
interaction with DCAF4. Because SOD1 %™ possesses a masked
DBR, which is exposed under zinc deficiency, we investigated
the interaction between SOD1Y" and DCAF4 during zinc
depletion. As expected, zinc deficiency induced the association
of DCAF4 with SOD1¥T (Fig. S2E). These data indicate that
DCAF4 specifically recognizes and interacts with DBR-exposed
SOD1.

DCAF4 facilitates autophagic degradation of DBR-exposed
SoD1

We next investigated the possibility that DCAF4 facilitates
the degradation of DBR-exposed SODL1. To reveal the degrada-
tion pathway of DBR-exposed SOD1, we assessed the effect of
MG132, a proteasome inhibitor, wortmannin and bafilomycin
A1, autophagy inhibitors, on the amount of DBR-exposed
SOD1. Treatment with wortmannin and bafilomycin Al
increased the amount of DBR-exposed SOD1 in both SOD1%™
and SOD19%*4, although there was little effect with MG132
treatment (Fig. 34 and Fig. S3A). These data indicate that DBR-
exposed SOD1 was predominantly degraded through the
autophagic pathway, as suggested previously in studies using
SOD1™ut (22, 23).

To further evaluate the involvement of DCAF4 in autophagic
degradation of DBR-exposed SOD1, we assessed the effect of
autophagy inhibition in DCAF4 knockdown cells. Wortmannin
treatment failed to increase the level of DBR-exposed
SOD1%%3** and DBR-exposed SOD1¥™" in DCAF4 knockdown
cells compared with control cells (Fig. 3, Band C, and Fig. S3, B
and C). To confirm that DCAF4 contributes to the degradation
of DBR-exposed SOD1, the degradation rate of DBR-exposed
SOD1 was assessed with a pulse—chase experiment. The
DCAF4-suppressed cells showed an attenuated rate of DBR-
exposed SOD1™"* degradation compared with the control cells
(Fig. 3, D and E). Collectively, these data indicate that DCAF4
contributes to autophagic degradation of DBR-exposed SODL1.

OPTN is involved in degradation of DBR-exposed SOD1

We speculated that DCAF4 mediates the ubiquitination of
SOD1™" that leads to the autophagic degradation of DBR-ex-
posed SOD1. However, the accumulation of ubiquitinated
SOD1 could not be detected even in the presence of wortman-
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Figure 2. DCAF4 specifically interacts with DBR-exposed SOD1 through the DBR. A, results of the 2nd screen. The dots indicate the Z-score of the duplicate.
The replicates that showed a higher Z-score are described as replicate 1. Gray dots indicate negative genes; black dots indicate positive genes; red dot indicates
DCAF4. Red lines indicate 2.58. B—E, IP-IB analysis of each cell lysate with the indicated antibodies is shown. B, HeLa cells stably expressing SOD1""-Flag were
transfected with the indicated siRNAs. The amount of DBR-exposed SOD1 was analyzed. C, HelLa cells were transfected with siRNAs and treated with 10 um
TPEN for 5 h. The amount of DBR-exposed endogenous SOD1 was analyzed. D, HEK293A cells were transfected with the indicated constructs. The interaction
between SOD1 and DCAF4 was analyzed. E, HEK293A cells were transfected with the indicated constructs and treated with 5 um MG132 to stabilize SOD1

fragments for 8 h. The interaction between SOD1 and DCAF4 was analyzed.

nin (Fig. S4A4). Thus, we assumed that the substrate of DCAF4 is
not DBR-exposed SOD1 itself. One of the candidate substrates
was the autophagic receptor. Among the autophagic receptors,
OPTN and SQSTM1I1/p62 are reported to be ALS-causative
genes (24, 25). Therefore, we investigated their potential
involvement in the DBR-exposed SOD1 degradation.

First, we examined the interaction of these receptors
with SOD1 and found that OPTN preferentially interacted with
SOD19%* and TPEN-stimulated SOD1%" rather than
SOD1¥?T, whereas the interaction between SOD1™** and p62
could not be detected under the tested conditions (Fig. 4, A and
B, and Fig. S4B). Next, we tested whether OPTN also recognizes
and interacts with the exposed DBR. In contrast with DCAF4,
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DBR-deleted SOD1%934(21-153) showed a weak but substan-
tial interaction with OPTN even though its expression level was
modest (Fig. 4C). In addition, the SOD1(1-20) fragment did not
interact with OPTN (comparison of Flag—SOD1(1-20)-CFP
with Flag—CFP). Thus, it is unlikely that OPTN interacts with
the exposed DBR. OPTN may recognize the other region of
conformationally disordered SOD1 (see “Discussion”).

To examine the contribution of OPTN to SOD1 proteostasis,
we suppressed the expression of OPTN and assessed the
amount of DBR-exposed SOD1%™. The suppression of OPTN
expression induced accumulation of DBR-exposed SOD1%7,
suggesting that OPTN is required for autophagic degradation
of DBR-exposed SOD1 (Fig. 4D and Fig. S4C). Several OPTN
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Figure 3. DCAF4 facilitates autophagic degradation of DBR-exposed SOD1. A-C, IP-IB analysis of each cell lysate with the indicated antibodies. A, HeLa
cells were transfected with Flag-SOD 1" or Flag-SOD1°°*# and treated with MG132 (5 um, 9 h), wortmannin (1 um, 9 h), or bafilomycin (50 nm, 3 h). The amount
of DBR-exposed SOD1 and p62 was analyzed. B, Hela cells were transfected with the indicated siRNAs and Flag-SOD1%9** and then treated with 1 um
wortmannin. The amount of DBR-exposed SOD1 was analyzed. C, Hela cells stably expressing SOD1""-Flag were transfected with the indicated siRNAs. Then,
the cells were treated with 2 um wortmannin for 9 h. The amount of DBR-exposed SOD1 was analyzed. D and E, pulse- chase assay of DBR-exposed SOD1. HelLa
cells were transfected with the indicated siRNAs and Flag-SOD 1™ and then were metabolically labeled with [**S]methionine and -cysteine and chased in
HBSS (+). The cell lysates were immunoprecipitated with MS785 and MS27. The relative level of radioactivity in each sample was calculated. The decrease is
shown as a percentage of the intensity observed at 0 h. The data are the mean = S.D,; *, p < 0.05; n = 3 (ANOVA with a post hoc Dunnett’s test).
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Figure 4. OPTN is involved in degradation of DBR-exposed SOD1. A-E, IP-IB analysis of each of the cell lysates with the indicated antibodies. A, HeLa cells
were transfected with the indicated constructs. The interaction between SOD1 and endogenous OPTN or p62 was analyzed. B, HelLa cells stably expressing
SOD1VT-Flag were stimulated with 10 um TPEN for 5 h. The interaction with endogenous OPTN was analyzed. C, HeLa cells were transfected with the indicated
constructs, and the interaction with endogenous OPTN was analyzed. D, Hel a cells stably expressing SOD1""-Flag were transfected with the indicated siRNAs.
The amount of DBR-exposed SOD1 was analyzed. £, HeLa cells were transfected with the indicated constructs. The amount of DBR-exposed SOD1 was analyzed.

mutants have been reported to be associated with ALS (26). We
speculated that these mutants lost the ability to maintain SOD1
proteostasis. Although the interactions between SOD1%934
and two representative ALS-related OPTN mutants
(OPTN8X and OPTNF*8%) were preserved (Fig. S4D), they
failed to reduce the amount of DBR-exposed SOD19*4 by co-
expression, suggesting that they were inactive in terms of
autophagic degradation of DBR-exposed SOD1 (Fig. 4E and
Fig. S4E).

DCAF4-mediated ubiquitination of OPTN facilitates
degradation of DBR-exposed SOD1

Because OPTN contributed to the degradation of DBR-ex-
posed SOD1 and an interaction between DCAF4 and OPTN
could be observed (Fig. 54), we now assumed that DCAF4-
mediated OPTN ubiquitination could be involved in the
autophagic degradation of DBR-exposed SOD1. Thus, we first
examined whether OPTN is ubiquitinated or not by the immu-
noprecipitation analysis of OPTN in a denatured condition to
prevent a contamination of ubiquitinated substrates of OPTN
followed by the detection of ubiquitinated proteins. Ubiquiti-

SASBMB

nated OPTN was clearly observed (Fig. 5B). Then, the ubiquiti-
nation of OPTN was assessed in the DCAF4 knockdown cells.
Suppression of DCAF4 partially but significantly attenuated the
ubiquitination of OPTN, suggesting that the CRL4 complex,
including DCAF4, ubiquitinates OPTN (Fig. 5B and Fig. S5).
Next, we aimed to identify the ubiquitination site in OPTN.
Because we found that the OPTN?¥X mutant was at least less
ubiquitinated compared with the OPTNYT (Fig. 5C), all the
lysine residues after 399 were mutated to arginine. Among
these mutants, OPTN**°'® showed resistance to ubiquitina-
tion (Fig. 5C). This is consistent with a previous report that
identified the lysine 501 residue as a ubiquitination site in
OPTN via MS (27). Notably, ubiquitination was also absent in
the OPTN®*"8¢ mutant (Fig. 5D). These data demonstrate that
DCAF4-including CRL4 complex mediates OPTN ubiquitina-
tion at lysine 501, and this ubiquitination is absent in the ALS-
related OPTN™",

To evaluate the functional importance of this ubiquitination
in SOD1 proteostasis, the ability of OPTN**°'® to reduce the
amount of DBR-exposed SOD1 was assessed. Exogenous
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expression of OPTNYT but not OPTN**°'® reduced the
amount of DBR-exposed SOD1%** and SOD1%*"® (Fig. 5F),
demonstrating a requirement of the ubiquitination for facilitat-
ing the degradation of DBR-exposed SOD1.

Discussion

In this study, we carried out a genome-wide siRNA screen to
elucidate the molecular mechanisms of SOD1 proteostasis. As a
result, we obtained 30 candidate genes that were required to
maintain the absence of DBR-exposed SOD1%" (Fig. 1D and
Table S1). Among them, we focused on DCAF4, a substrate
receptor of the CRL4 complex. DCAF4 was found to interact
with DBR-exposed SOD1 through the DBR (Fig. 2, D and E) and
was involved in autophagic degradation of DBR-exposed SOD1
(Fig. 3, A—E). OPTN, an ALS-causative gene product that is
reported to act as an autophagy receptor, was identified as a
ubiquitination substrate of DCAF4, and ubiquitination-resist-
ant OPTN was unable to facilitate autophagic degradation (Fig.
5,Band E). These data indicate that DCAF4-mediated ubiquiti-
nation of OPTN is required for autophagic degradation of
DBR-exposed SOD1 (Fig. S4).

Although the precise function is still unclear, some potential
nucleotide metabolism proteins and transcription regulators
(e.g. KT112, CDKN2AIPL, SP1, and ZNF581) were included in
the 30 candidate genes that were positive in the screen (Table
S1). Because our screen could be affected by the expression
level of SOD1Y", we estimated that it is unlikely that these gene
products directly regulate SOD1 proteostasis. Of note, the
mutation in one hit gene, DCNT, was reported to be related to
motor neuron disease and SALS (28). We are now investigating
the molecular mechanisms of this gene in SOD1 proteostasis
regulation. Further study may provide the molecular link
between SOD1 and DCNT1.

Among the candidate genes identified in the screen, ATG
family genes that are essential for autophagy were not included.
Moreover, OPTN, CUL4A, and CUL4B were not included in the
list. There could be several potential reasons for the absence of
these genes. In our screen, siRNAs that exhibited toxicity
became negative due to the reduction in DBR-exposed SOD1 as
well as total SOD1%T, Redundancy also affects the results of the
screen. Similar to CUL4A and CUL4B, which share high
sequence similarity, single knockdown of redundant genes
might not lead to a positive score. Another possibility is the
limitation of our screen system. We used TPEN as the positive
control in the present screen. Because chemically-induced
accumulation of DBR-exposed SOD1 would be stronger than
gene silencing—mediated accumulation, it is possible that the
sensitivity of the screen was not sufficient to discover weakly-
positive genes. Consistent with this, most of the positive genes
had a relatively low Z-score in absolute value (<5) (Fig. 24).
Here, we identified DCAF4 and OPTN as critical genes for
maintaining the absence of DBR-exposed SOD1%". Further
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improvement of the screen system, with these genes as the pos-
itive controls, may lead to the discovery of all of the involved
genes.

Here, we showed that DCAF4 and OPTN preferentially
interact with SOD1™* compared with SOD1%" (Figs. 2E and
4C). Although DCAF4 interacted with SOD1 through the
exposed DBR, OPTN appears to recognize other difference(s)
in DBR-exposed SOD1. Of note, the UBAN domain is absent in
OPTN®R*8Xand its function was lost in OPTNF478S (29),
Thus, the ubiquitination of SOD1 would not be required for the
recognition of SOD1™““by OPTN (Fig. S3B). This is consistent
with the observation that the wortmannin treatment failed to
enhance the accumulation of ubiquitinated SOD1 (Fig. S3A)
and the previous report that showed that OPTN recognizes
mutant SOD1 in the ubiquitination-independent manner (30).
Although the precise mechanism how OPTN recognizes
SOD1™" is unclear, one of the candidate regions that OPTN
bound is SOD1(32-40), which is adjacent to DBR and is also
exposed in the SOD1™"* (21). Because DCAF4 and OPTN
interact with SOD1 through different sites, it is possible that
SOD1 gathers DCAF4 and OPTN in close, enhancing the
DCAF4-mediated ubiquitination of OPTN (Fig. S4). Notably,
the phosphorylation of OPTN by TANK-binding kinase 1
(TBK1), another ALS-causative gene, has also been shown to
facilitate the degradation of SOD1 aggregates (30, 31).
Although OPTN interacts with soluble DBR-exposed SOD1
and the involvement of TBK1 is not evaluated in our system, the
disturbance of SOD1 proteostasis could be the common feature
of some ALS cases.

The amount of DCAF4 interacting with SOD193"® was less
compared with other mutants (A4V, G85R, and G93A) (Fig.
2D). One possibility is that because the ratio of DBR exposed to
total SOD1 was smaller in SOD19%’® (Fig, 5E), a lesser amount
of SOD1-DCAF4 complex was formed. It would also be possi-
ble that the DBR exposure is partial or the steric hindrance
between DBR and DCAF4 exists in G37R mutant

Throughout this study, we revealed in part the molecular
mechanism of SOD1 proteostasis. Although the accumulation
of DBR-exposed SOD1 was not drastic here, the cumulation
during the decades before the onset of ALS could lead to the
motoneuron toxicity. Further studies would elucidate whether
a defect in SOD1 proteostasis is involved in the pathogenesis of
SODI mutation-negative ALS, including ALS caused by OPTN
mutation.

Experimental procedures
Antibodies

Anti-tag antibodies labeled with either Eu or d, (Fig. S1A)
were purchased from Cisbio. The antibodies against Flag tag

(Wako, 012-22384), HA tag (Roche Applied Science, 1867431),
SOD1 (Enzo Life Science, ADI-SOD-100), ubiquitin (Santa

Figure 5. DCAF4-mediated ubiquitination of OPTN facilitates the degradation of DBR-exposed SOD1. A-£, IP-IB analysis of each of the cell lysates with
theindicated antibodies. A, HeLa cells were transfected with the indicated constructs, and the interaction between OPTN and DCAF4 was analyzed. B, HeLa cells
were transfected with the indicated siRNAs and Flag-OPTN. The ubiquitination of OPTN was evaluated. Cand D, HeLa cells were transfected with the indicated
Flag—OPTN constructs. The ubiquitination of OPTN was evaluated. E, left, HelLa cells were transfected with the indicated constructs. The amount of DBR-
exposed SOD1 was analyzed. Right, DBR-exposed/total SOD1 ratios are shown as the mean * S.D. (fold to nontreated SOD1°%*A, n = 3).**, p < 0.01 (ANOVA

with a post hoc Bonferroni). ¥, nonspecific band.
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Cruz Biotechnology, sc-8017), OPTN (Proteintech, 10837-1-
AP), Cullin4 (Abcam, ab76470), and p62 (Progen Biotechnik,
GP62-C) were purchased from the indicated suppliers. Control
rat immunoglobulin G1 mAb was purchased from BioGenesis.
MS785 and MS27 were prepared as described previously (12,
21). The purified MS785 was labeled with either Eu or d, using
a d,-labeling kit or europium cryptate labeling kit (Cisbio)
according to the manufacturer’s instructions.

Cell culture

HEK293A cells were purchased from Invitrogen and cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM) con-
taining 4.5 mg/ml glucose (Sigma, D5796), 10% FBS, and 100
units/ml penicillin (Meiji Seika, 6111400D2039). HeLa cells
were purchased from ATCC and cultured in DMEM containing
1.0 mg/ml glucose (Sigma, D6046) supplemented with 10% FBS
and 100 units/ml penicillin G. HeLa cells stably-expressing
SOD1¥T C-terminally tagged with Flag (SOD1%"Flag stable
HeLa cells) were previously generated (21) and cultured in
DMEM containing 1.0 mg/ml glucose, 10% FBS, 100 units/ml
penicillin, and 2 pug/ml puromycin (Gibco) in 5% CO, at 37 °C.
All cells were cultured in 5% CO, at 37 °C and verified to be
negative for mycoplasma.

Plasmids and transfection

The cDNAs encoding SOD1YT, OPTNYT, OPTN™", and
DCAF4 were cloned into a pcDNA3.0 plasmid (Invitrogen)
using standard molecular biology techniques, and all
constructs  were  verified by sequencing. The
pcDNA3.0-Flag-SOD1Y", pcDNA3.0-Flag-SOD1™", Flag—
SOD1%%4(21-153), pcDNA3.0-Flag-CFP, and pcDNA3.0-
Flag—-SOD1(1-20)-CFP plasmids have been previously con-
structed (11, 12, 21).

Transfection was performed using polyethyleneimine-Max
(Polysciences, 24765) according to the manufacturer’s instruc-
tions. Transfections with siRNA were carried out by forward or
reverse transfection using Lipofectamine RNAiMAX (Invitro-
gen, 133778-150) according to the manufacturer’s instructions.
When cells were transfected with both plasmid and siRNA, the
transfection with siRNA was performed 12-24 h before the
transfection with plasmid. The siRNAs used are listed in
Table S2.

Immunoblotting analysis

Cells were lysed on ice in a lysis buffer (20 mm Tris-HCI, pH
7.5,150 mm NaCl, 10 mm EDTA, 1% sodium deoxycholate, and
1% Triton X-100) supplemented with 1 mm phenylmethylsul-
fonyl fluoride, and 5 g/ml leupeptin. After centrifugation,
supernatants were sampled by adding 2X SDS sample buffer
(80 mm Tris-HCI, pH 8.8, 80 ng/ml bromphenol blue, 28.8%
glycerol, 4% SDS, and 10 mm DTT). The samples were resolved
by SDS-PAGE and electroblotted onto polyvinylidene difluo-
ride membranes. After blocking with 5% skim milk in TBS-T
(50 mMm Tris-HCI, pH 8.0, 150 mm NaCl, and 0.05% Tween 20),
the membranes were probed with each primary antibody. After
incubation with the appropriate secondary antibodies, the pro-
teins were detected in an ECL system using a ChemiDoc imag-
ing system and Image Lab software (Bio-Rad). All immunoblot-
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ting analyses were repeated at least three times, and almost the
same results were obtained.

Immunoprecipitation analysis

The supernatants of centrifuged cell lysates were immuno-
precipitated with anti-Flag antibody (Sigma, A2220, or Wako
Pure Chemicals Industries, 016-22784), MS785, MS27, or con-
trol rat immunoglobulin G1 mAb (BioGenesis) using protein
G-Sepharose (GE Healthcare, 17061802). The beads were
washed with washing buffer 1 (20 mm Tris-HCI, pH 7.5, 500 mm
NaCl, 5 mm EGTA, and 1% Triton X-100) and washing buffer 2
(20 mMm Tris-HCL, pH 7.5, 150 mm NaCl, and 5 mm EGTA) or
with lysis buffer. The proteins were eluted with 2X SDS sample
buffer or 3X Flag peptide (Sigma) in lysis buffer.

Preparation of assay plate for siRNA screen

The genome-wide siRNA library used in the primary screen
consisted of siRNAs targeting 18,023 human genes (Dharma-
con siGENOME SMARTpool collections: human genome
(G-005005-E2), human drug targets (G-004655-E2), and
human druggable subsets (G-004675-E2)). The assay plates
(Greiner, 784086) for the 1st screen were prepared as reported
previously with minor modification in layout and the amount of
siRNA by using Biomek FX” (Beckman Coulter), POD automa-
tion (LABCYTE), and Echo liquid handler (LABCYTE) (32). In
the 2nd screen, the siRNAs targeting positive genes in the 1st
screen were spotted onto a 384-well plate with POD automa-
tion and Echo liquid handler. The individual siRNAs targeting
the same gene were placed on the same plate.

TR-FRET-based siRNA screen

Lipofectamine RNAIMAX in Opti-MEM (Invitrogen) was
added at 3 ul/well to the assay plates using a Multidrop Combi.
After 15 min, 3.33 X 10° cells/ml of HeLa cells expressing
SOD1%¥"-Flag were seeded at 15 pul/well using the Multidrop
Combi, and the final siRNA concentration was set at 30 nm.
After 48 h of incubation, DMSO or TPEN (final 10 uM in refer-
ence well) was overlaid using the Multidrop Combi and manu-
ally, respectively. After 4.5 h of stimulation, the medium was
eliminated by centrifugation. Then, the fluorophore-labeled
antibodies and MS27 antibody (for stabilization of the DBR-
exposed SOD1 (21)) in FRET buffer (25 mm phosphate buffer,
pH 7.0, 400 mm KF, 0.1% BSA, 0.5% Triton X-100, 10 mMm
EDTA, 5 pug/ml leupeptin, 1 mm phenylmethylsulfonyl fluo-
ride) were added with the Multidrop Combi. After 1 h of incu-
bation at room temperature, the FRET intensity (337-nm exci-
tation filter/665-nm emission filter) and donor intensity
(337-nm excitation filter/620-nm emission filter) were mea-
sured using PHERAstar (BMG Labtech), and the FRET ratio
was calculated as FRET intensity/donor intensity. FRET signal
was the FRET ratio of the samples divided by that of the DMSO-
treated samples. The Z'-factor between the DMSO- and TPEN-
treated reference groups in each plate was set at over 0.2 (1st
screen) or 0.5 (2nd screen). Unsatisfactory plates were dis-
carded and recreated. To compare between plates, the FRET
ratio was normalized with a sample-based robust Z-score and
B-score (1st screen) or a reference-based Z-score (2nd screen)
(33-35).
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Quantitative RT-PCR (qRT-PCR)

Total RNA was isolated from cells using Isogen reagent
(Wako) and reverse-transcribed using ReverTra Ace qPCR RT
Master Mix with gDNA Remover (Toyobo). Primers were
designed using the Universal Probe Library Assay Design Cen-
ter (Roche Applied Science). Quantitative RT-PCR was carried
out using SYBR Green PCR Master Mix and a LightCycler 96
(Roche Applied Science). The levels were normalized to the S18
mRNA level. The primer sequences are listed in Table S3.

Pulse- chase analysis

HeLa cells were labeled with 1-[**S]Met and vL-[**S]Cys
(PerkinElmer Life Sciences) for 1 h in medium lacking methio-
nine and cysteine. After washing with PBS, the cells were
chased in HBSS(+). Cells were lysed on ice in lysis buffer, and
the supernatants of centrifuged cell lysates were immunopre-
cipitated with MS785 and MS27. The beads were washed with
washing buffer 1 and washing buffer 2. Immunoprecipitated
samples were eluted with 2X SDS sample buffer, resolved by
SDS-PAGE, and analyzed with an image analyzer (Storm 840,
GE Healthcare). Quantification was performed using Image]J
software.

Ubiquitination assay

Cells were lysed in PBS containing 0.5% SDS, 5 ug/ml leu-
peptin, and 1 mm phenylmethylsulfonyl fluoride. The lysates
were diluted with PBS and sonicated. The supernatants of cell
lysates were immunoprecipitated with anti—Flag antibody. The
beads were washed with washing buffer 1 and washing buffer 2.
The proteins were eluted with 2X SDS sample buffer or 3X Flag
peptide in washing buffer 2.

Statistical analysis

Statistical analyses were performed via ANOVA with a post
hoc Dunnett’s test. The values are the mean * S.D. calculated
from at least three different experiments. Significance was
assumed with *, p < 0.05.

Materials and data availability

The materials and data that support the findings of this study
are available from the corresponding author on reasonable
request.
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