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Abstract

Protein quality control is essential for clearing misfolded and aggregated proteins from the

cell, and its failure is associated with many neurodegenerative disorders. Here, we identify

two genes, ufd-2 and spr-5, that when inactivated, synergistically and robustly suppress

neurotoxicity associated with misfolded proteins in Caenorhabditis elegans. Loss of human

orthologs ubiquitination factor E4 B (UBE4B) and lysine-specific demethylase 1 (LSD1), re-

spectively encoding a ubiquitin ligase and a lysine-specific demethylase, promotes the

clearance of misfolded proteins in mammalian cells by activating both proteasomal and

autophagic degradation machineries. An unbiased search in this pathway reveals a down-

stream effector as the transcription factor p53, a shared substrate of UBE4B and LSD1 that

functions as a key regulator of protein quality control to protect against proteotoxicity. These

studies identify a new protein quality control pathway via regulation of transcription factors

and point to the augmentation of protein quality control as a wide-spectrum

antiproteotoxicity strategy.

Author Summary

To function properly, proteins must assume their correct three-dimensional shapes.

There are numerous mechanisms within the cell, collectively referred to as protein quality

control (PQC), that verify proper folding. If abnormal folding is detected, PQC can either

help the protein to refold or target it for degradation. Failures in protein folding and PQC

lead to the accumulation of misfolded proteins, which often self-associate into large ag-

gregations that are thought to be the underlying cause of several neurodegenerative dis-

eases. In this study, we use the roundworm Caenorhabditis elegans as a model to

understand how cells handle disease-associated misfolded proteins. In a large-scale
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genetic screen, we discovered two suppressor genes, ufd-2 and spr-5, which encode a ubi-

quitin ligase and a lysine-specific demethylase, respectively. When these two proteins are

inactivated, we observe a marked reduction in the toxicity of several misfolded proteins.

ufd-2 and spr-5 are conserved in humans (UBE4B and LSD1, respectively), as are their ef-

fects on misfolded proteins. We show that UBE4B and LSD1 regulate the activity of pro-

tein degradation machineries including the proteasome and autophagosomes. Using

microarrays and biochemical analyses, we identify p53 as a key downstream transcription

factor that mediates the action of UBE4B and LSD1 on protein clearance. This work es-

tablishes p53 as a regulator of proteome integrity and uncovers a new protein quality con-

trol pathway that could potentially be exploited to increase the degradation of misfolded

proteins in diseased cells.

Introduction

Living organisms endure environmental stress and metabolic errors that inflict damage on

macromolecules, including DNA and protein, which are either repaired or removed by quality

control programs in the cell. Toxicity resulting from protein misfolding and aggregation,

known as proteotoxicity, underlies many degenerative diseases, including those affecting the

nervous system, such as Creutzfeldt-Jakob disease, Alzheimer disease, Parkinson disease, Hun-

tington disease, frontotemporal dementia (FTD), and amyotrophic lateral sclerosis (ALS) [1,2].

To guard against proteotoxicity, the cell coordinates several major quality control systems, in-

cluding molecular chaperones, the ubiquitin-proteasome system, and autophagy [3–6]. The

regulation of these systems occurs on different scales, from individual proteins to the whole or-

ganism [7]. It is tantalizing to envisage enhancing the protein quality control systems to defend

against proteotoxicity associated with neurodegenerative diseases. However, how the protein

quality control might be harnessed in the cell to alleviate proteotoxicity-associated neurode-

generation is not yet fully understood.

Mutant Cu/Zn superoxide dismutase (SOD1), linked to ~20% of familial ALS, represents a

simple molecular model for protein misfolding and aggregation. The wild-type (WT) SOD1

protein has a stable β-barrel structure with a two-state folding process, whereas mutant SOD1

proteins show a heightened propensity to aggregate in vitro and in vivo [8–10]. There is in-

creasing evidence that heightened propensity to misfold and aggregate is a common feature of

ALS/FTD-associated proteins, including TAR DNA binding protein 43 (TDP-43) and fused in

sarcoma (FUS) [11–13]. Identifying mechanisms that suppress the toxicity of protein misfold-

ing and aggregation may help elucidate the pathogenesis of neurodegenerative diseases and

provide potential targets for correction.

Here we took advantage of a Caenorhabditis elegansmodel that expresses neuronal ALS-

linked SOD1 mutant proteins and develops robust movement defects to perform an unbiased

genetic screen for potent suppressors of the behavioral defects. We identified mutations in two

genes, ufd-2, encoding a ubiquitin ligase, and spr-5, encoding a lysine-specific demethylase,

that synergistically attenuate the neurotoxicity of mutant human SOD1 proteins. The actions

of the suppressor genes are conserved in Drosophila, and they protect against proteotoxicity

initiated by diverse mutant proteins, including TDP-43, FUS, and the polyglutamine (polyQ)

tract. Furthermore, we found human orthologs of these modifiers to be part of a pathway regu-

lating protein quality control in mammalian cells. Further analysis showed that this pathway

acts through the transcription factor p53, which mediates cellular stress responses. Together,
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these results identify a new mechanism involving previously unrecognized players, which the

cell utilizes to augment protein quality control.

Results

Isolation of Suppressors of Mutant SOD1-Induced Neurotoxicity in C.
elegans

To better understand the regulatory mechanisms that mitigate an increased load of misfolded

proteins, we conducted a forward genetic screen for cellular factors that alleviate such stress

and relieve cells from proteotoxic insults. This screen took advantage of a C. elegansmodel of

ALS, in which the neuron-directed expression of the ALS-linked, G85R mutant human SOD1

(SOD1G85R) protein leads to its aggregation into misfolded soluble oligomers and larger insolu-

ble aggregates [14,15]. Misfolded SOD1G85R protein is highly toxic, leading to age-dependent

synaptic dysfunction, neurodegeneration, and severely impaired movement in the worms [14].

This severe locomotor defect allowed us to perform a large-scale screen for genes that suppress

neurodegeneration and improve worm locomotion. In these experiments, we treated homozy-

gous transgenic SOD1G85R C. elegans with ethyl methanesulfonate (EMS) to induce genomic

mutations, and the mutagenized P0 hermaphrodites were allowed to self-reproduce for two

generations (Fig. 1A). Next, in the F2 offspring, which contain both heterozygous and homozy-

gous suppressor mutations, we selected individual C. elegans based on a salient improvement

in the locomotion on a background of poorly moving populations. The potential suppressor

clones were bred through until 100% of progeny showed phenotypic improvements and were

then subjected to further analysis (Fig. 1A).

After screening>105 haploid genomes, we isolated hundreds of independent strains with

markedly improved locomotion. Most of these strains were dismissed upon closer examina-

tion because they showed a reduction in the expression of a green fluorescent protein (GFP)

reporter gene that had been coinjected as an internal reference and expressed independently

in the pharynx, suggesting silencing of the transgene cassette. Among the few remaining sup-

pressor strains that survived this test, one designated M1 showed potent suppression of the lo-

comotion defect when compared with the parental SOD1G85R line, reaching ~76% of the

locomotion robustness of the SOD1-WT transgenic line (Fig. 1B and S1 Movie). Such strong

recovery of locomotion was apparently not a consequence of diminished SOD1G85R transgene

expression because SOD1G85R mRNA and protein levels were unchanged between the paren-

tal and M1 mutant strains (Fig. 1C). Further segregation analysis of M1 indicated that more

than one genetic locus, in addition to the SOD1 transgene on chromosome IV, was linked to

the suppressor phenotype, suggesting a rare multigenic suppressor underlying the

suppressor phenotype.

To map and identify genes responsible for the suppression of the locomotor defect, we car-

ried out single-nucleotide polymorphism (SNP) mapping [16]. SNP mapping localized the M1

suppressor mutations to two linkage regions: a 2.2-Mb interval on chromosome I and an 8-Mb

interval on chromosome II (Fig. 1D). Next, we performed two rounds of deep sequencing on

the M1 strain genomic DNA [17], attaining a 27-fold coverage. When the M1 genomic DNA

sequencing data was aligned with the C. elegans reference genome, we found over 200 variants

in the two linkage regions. Next, we performed deep sequencing of the parental strain carrying

only the SOD1G85R transgene, with 7.5-fold coverage. Comparison of the parental and M1 ge-

nomic sequences indicated that most of the nonreference variants existed prior to the EMS mu-

tagenesis and thus were not responsible for the suppressor phenotype. Our analysis pinpointed

two variants as likely candidates for the suppressor mutations in M1: in the chromosome I

linkage region, there is only one missense mutation, G1937A, resulting in a single amino acid

A New Pathway That Regulates Protein Quality Control
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Fig 1. Identification and characterization of a robust suppressor that ameliorates the locomotion defects in theC. elegansmodel of
SOD1-associated ALS. (A) Workflow of the suppressor screen identifying mutant C. elegans (red) with saliently improved movement. (B) Locomotor
behavior, measured by thrashing rates in liquid medium, in theC. elegans strains with neuronal expression of humanWT SOD1 or ALS-linked mutant
SOD1G85R, in the presence (M1/M1) or absence (+/+) of the suppressor mutation (n = 16). (C) Northern (top panel) and western (middle, bottom panels) blot
analyses of total RNA and protein from SOD1G85R strains, with (M1/M1) or without (+/+) suppressor mutations, demonstrating that the levels of SOD1G85R

mRNA and total protein are not changed by the suppressor mutation (M1/M1). The western blot lanes are from the same gel and exposure. (D) Sequence
analysis of the M1 strain, revealing that independent mutations in two genes, a lysine-specific demethylase, spr-5 (R646Q), and a ubiquitin ligase, ufd-2
(W824X), are required for the full suppressor phenotype. (E) C. elegans SPR-5 and UFD-2 and their mammalian homologs lysine-specific demethylase 1
(LSD1) and ubiquitination factor E4 B (UBE4B) share all major protein domains. These include the Swi3-Rsc8-Moira (SWIRM), amine oxidase-like (AOL),
and TOWER domains in LSD1/SPR-5 and the Ufd2 Core and U-box domains in UBE4B/UFD-2. Positions of the missense, nonsense, and deletion
mutations in mutantC. elegans are indicated. (F) Locomotor behavior, measured by thrashing rates, of the C. elegans carrying the SOD1G85R transgene on
the normal background (WT), with the null mutation of either ufd-2(tm1380) or spr-5(by134), the double mutation ufd-2(tm1380);spr-5(by134), or the M1
suppressor ufd-2(W824X);spr-5(R646Q) (n = 16). (G) Western blotting of the supernatant (S) and pellet (P) protein fractions from theC. elegans carrying the
SOD1G85R transgene with the double mutation ufd-2(tm1380);spr-5(by134) compared with controls. While SOD1G85R protein levels are unchanged in the S
fraction, those in the P fraction are decreased in the double suppressor mutant. The P fraction represents only about 1.7% of total SOD1G85R in theWT
sample; therefore, a higher ratio of the P fraction relative to the S fraction (approximately 2:1) is used for the western analysis. (H) The overexpression (OE) of
WT UFD-2 or SPR-5 in theC. elegans nervous system blocks the protection conferred by the double mutation ufd-2(tm1380);spr-5(by134) (n = 16). Data
represent means ± SEM. The numerical data used to make this figure can be found in S1 Data.

doi:10.1371/journal.pbio.1002114.g001
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change (R646Q) in the gene suppressor of presenilin 5 (spr-5); and on chromosome II, among

the few remaining variants is one nonsense mutation, G2472A, which results in a premature

stop (W824X) in the gene ubiquitin fusion degradation 2 (ufd-2) (Fig. 1D and 1E).

To examine the role of the double mutations ufd-2(W824X) and spr-5(R646Q) in the sup-

pression of mutant SOD1-mediated neurotoxicity, we performed a series of genetic, biochemi-

cal, and behavioral analyses. ufd-2 encodes a U-box type ubiquitin ligase, and the W824X

mutation results in a truncated protein lacking the C-terminal U-box (Fig. 1E). spr-5 encodes a

lysine-specific demethylase, and the R646Q substitution occurs at a highly conserved residue

in the C-terminal portion of an amine oxidase-like (AOL) domain (Fig. 1E). While either ufd-2

(W824X) or spr-5(R646Q) alone did not lead to the strong locomotor defect-suppressing phe-

notype in the M1 strain, the double mutation ufd-2(W824X) and spr-5(R646Q) segregated per-

fectly with the M1 phenotype, recapitulating the full rescuing effect of the suppressor.

To confirm ufd-2 and spr-5 as the suppressor genes, we obtained independent null alleles of

the two genes: a deletion mutation, ufd-2(tm1380), that lacks 80% of the protein at the C-termi-

nus [18] and a nonsense mutation, spr-5(by134), that lacks the C-terminal half of the protein

(Fig. 1E) [19]. When crossed to the mutant SOD1 strain, the single allele of ufd-2(tm1380) pro-

vided a moderate, 2-fold locomotor improvement, and less improvement was seen for the sin-

gle allele of spr-5(by134) (Fig. 1F). However, combining the alleles of spr-5(by134) and ufd-2

(tm1380) completely recapitulated the strong locomotor-defect-suppressing phenotype ob-

served in the M1 strain (Fig. 1F). Total levels of SOD1G85R protein were similar among the

WT, single-, and double-mutant strains (S1B Fig.). However, further analysis after fractionation

by solubility revealed that the insoluble level of SOD1G85R, which accounts for less than 2% of

total proteins, was decreased by the spr-5(by134);ufd-2(tm1380)mutations, while the soluble

level of SOD1G85R remained unchanged (Fig. 1G). Finally, we found that restoring the function

of either ufd-2 or spr-5 alone by expressing transgenic wild-type ufd-2 or spr-5 under a neuron-

specific promoter from the synaptobrevin (snb-1) gene completely blocked the protection in the

M1 strain (Fig. 1H), indicating that it was the loss of function in these two genes and not any

other background mutation that was responsible for the suppressor phenotype. Taken together,

these results establish that the synergistic loss of ufd-2 and spr-5 creates a potent novel suppres-

sor of the neurodegenerative phenotypes in the SOD1 C. elegansmodel of ALS, which we have

termed the spr-5– and ufd-2–dependent neurodegeneration suppressor (SUNS).

Loss of ufd-2 and spr-5 Suppresses Neurotoxicity of Diverse
Proteotoxic Stressors in Invertebrate Models

Next, we asked whether the SUNS suppressor genes affect the aggregation and toxicity of other

misfolded proteins. In transparent C. elegansmodels, yellow fluorescent protein (YFP) fusions

of several disease-relevant, aggregation-prone proteins, such as SOD1G85R-YFP [14], TDP-

43c25-YFP [20], and PolyQ-YFP [21], have been used to facilitate the visualization of their pro-

tein aggregation. These fusion proteins form fluorescent protein aggregates readily visible in

live C. elegans, and, when present in neurons, these protein aggregates correlate with the toxici-

ty to the animals as manifested in their locomotor defects [14,20,21]. To determine whether

the SUNS mutant reduces the toxicity associated with these protein aggregates, we introduced

the double-null mutations ufd-2(tm1380);spr-5(by134) into the strains that pan-neuronally ex-

press SOD1G85R-YFP, TDP-43c25-YFP, or PolyQ-YFP. Indeed, loss of ufd-2 and spr-5 function

resulted in a marked reduction in the neuronal protein aggregation when compared with con-

trols. Reduction in the number and intensity of protein aggregates was evident in the change in

the fluorescent inclusions in the head and ventral cord regions of the SUNS-mutant C. elegans

(Fig. 2A–2C). Consistently, the locomotor phenotypes in these C. elegans strains were

A New Pathway That Regulates Protein Quality Control
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Fig 2. Suppression of neurodegeneration associated with diversemisfolded proteins in invertebrate models by ufd-2 and spr-5 loss-of-function
mutations. (A) Top: schematic drawing depicts pan-neuronal expression of YFP in head and ventral neurons in the context of theC. elegans body plan. Left:
micrographs show the SOD1G85R-YFP proteins expressed in WT or the spr-5(by134);ufd-2(tm1380)mutant background. The double-mutant worms show a
marked decrease in protein aggregation in neurons. Enlarged sections of head neurons (red framed) and ventral cord neurons (white framed) are shown.
Middle: quantification of locomotion in the spr-5(by134);ufd-2(tm1380) and the WT C. eleganswith neuronal expression of SOD1G85R-YFP (n = 30). Right: a
decrease in the protein levels of SOD1G85R-YFP in the presence of spr-5(by134);ufd-2(tm1380) is shown by western blots of the supernatant (S) and the

A New Pathway That Regulates Protein Quality Control
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significantly improved by the introduction of the SUNS mutations, ufd-2(tm1380);spr-5(by134)

(Fig. 2A–2C).

To investigate the biochemical states of the misfolded proteins in the C. elegansmodels, we

performed a protein solubility assay by differentially extracting and sedimenting worm lysates

into soluble supernatants and insoluble pellets. The worm pellet fraction is enriched with sedi-

mentable large SOD1 protein aggregates, whereas the supernatant fraction contains smaller ag-

gregates and oligomeric species (S1A Fig.) [14,15]. Western blot analysis of both supernatant

and pellet fractions displayed a significant decrease in the levels of misfolded SOD1G85R-YFP,

TDP-43c25-YFP, and PolyQ-YFP in the ufd-2(tm1380);spr-5(by134) double mutant when com-

pared with controls (Fig. 2A–2C). Compared with the untagged SOD1G85R (the soluble level of

which was unchanged, S1B Fig.), SOD1G85R-YFP was significantly reduced in its soluble frac-

tion by ufd-2(tm1380);spr-5(by134). This suggests that soluble SOD1G85R-YFP proteins were

degraded more rapidly than the untagged SOD1G85R, consistent with the notion that the YFP

tag may increase the misfolding of fusion proteins and therefore decrease their total protein

levels (S1C Fig.). Taken together, these data indicate that the ufd-2;spr-5 double mutations are

capable of reducing the proteotoxicity of various misfolded proteins associated with neurode-

generation, suggesting a wide-spectrum effect of the suppressor.

To investigate whether this effect was evolutionarily conserved, we assessed the actions of

ufd-2 and spr-5 in transgenic Drosophilamodels expressing known ALS disease-causing

human TDP-43M337V or FUSR521C proteins. These models have been previously shown to

cause photoreceptor degeneration and rough-eye phenotypes [22,23]. We found that knock-

down of CG9934, a Drosophila homolog of C. elegans ufd-2 and human ubiquitination factor

E4 B (UBE4B), rescues the TDP-43M337V-induced degenerative rough-eye phenotype, resulting

in a smoother eye appearance (Fig. 2D, left) and restoration of pigmentation (Fig. 2E). Similar-

ly, knockdown of the ufd-2 homolog CG9934 corrected the ommatidial defects (Fig. 2D, mid-

dle) and pigmentation loss induced by FUSR521C (Fig. 2E). Additionally, we observed that

knockdown of Drosophila Su(Var)3-3, the homolog of C. elegans spr-5 and human lysine-spe-

cific demethylase 1 (LSD1), rescued the degenerating eye phenotypes induced by FUSR521C

(Fig. 2D, right, and Fig. 2E). Neither of the suppressors changed the protein expression levels

of TDP-43M337V or FUSR521C (S1D Fig.). Taken together, these results indicate that the loss of

ufd-2 and spr-5 homologs also suppresses proteotoxicity-related phenotypes in diverse

Drosophilamodels.

Knockdown of Mammalian UBE4B and LSD1 Enhances Clearance of
Misfolded Proteins

Homologs of ufd-2 and spr-5 are present in all eukaryotes. UBE4B and LSD1 are the human

orthologs of ufd-2 and spr-5, respectively. UBE4B and LSD1 share 32% and 29% sequence iden-

tity with ufd-2 and spr-5, respectively, and all the major protein domains are conserved

(Fig. 1E). To determine whether UBE4B and LSD1 affect protein aggregation in mammals, we

used a protein solubility assay that was established to characterize the aggregation of mutant

SOD1 in HEK293T cells (S2A Fig.) [9,24]. This assay utilizes the aggregation-prone SOD1G85R

pellet (P) fractions. (B and C) Analyses of the spr-5(by134);ufd-2(tm1380) and theWT C. eleganswith neuronal expression of TDP-43-c25-YFP (n = 30) or
PolyQ-YFP (n = 12) as in (A). (D) Neurodegenerative rough-eye phenotype in adults is alleviated by the knockdown of the Drosophila homologs of ufd-2/
UBE4B and spr-5/LSD1—CG9934 and Su(Var)3-3, respectively, compared to the control (CTRL). Eye-specific expression of TDP-43M337V, FUSR521C, and
RNA interference (RNAi) was driven by GMR-Gal4. (E) Drosophila eye pigment quantitation. Data represent means ± SEM. The numerical data used to
make this figure can be found in S1 Data.

doi:10.1371/journal.pbio.1002114.g002

A New Pathway That Regulates Protein Quality Control

PLOS Biology | DOI:10.1371/journal.pbio.1002114 April 2, 2015 7 / 29



protein, which migrates faster on SDS-PAGE than its WT counterpart, as a reporter of protein

aggregation, with WT SOD1 serving as an internal control. We knocked down UBE4B and/or

LSD1 with multiple RNA interference (RNAi) oligonucleotides and analyzed the levels and sol-

ubility of SOD1G85R protein in HEK293T cells. Cell lysates were subjected to ultracentrifuga-

tion to separate insoluble pellets, which contain large and sedimentable SOD1G85R aggregates,

from soluble supernatants, which contain correctly folded native proteins, misfolded proteins,

and small oligomeric aggregates (S1A Fig.). The WT SOD1 protein remained in the superna-

tant (S) in all tested conditions, but a significant portion of SOD1G85R protein (25%–30%) was

enriched in the insoluble pellet (P) fraction (Fig. 3A). Knockdown of both UBE4B and LSD1

significantly decreased levels of SOD1G85R in both supernatant and pellet fractions (Fig. 3B),

consistent with reduction of total SOD1G85R proteins (S2B Fig. and S2C Fig.). The UBE4B/

LSD1 knockdown did not affect the protein levels of WT SOD1. These results were consistent

with the notion that the mutant SOD1G85R had a much larger fraction of misfolded and aggre-

gated proteins that were sensitive to UBE4B- and LSD1-dependent clearance than the WT

SOD1 protein. In agreement with the observations in C. elegans and Drosophila, the effects of

UBE4B/LSD1 knockdown on enhanced protein clearance was not specific to mutant

SOD1G85R but also occurred with other aggregation-prone proteins, including TDP-43Q331K

(S2D Fig. and S2E Fig.), indicative of a general effect on protein quality control. Additionally,

single knockdown of either LSD1 or UBE4B also resulted in decreased steady-state levels of

SOD1G85R, with the UBE4B knockdown producing a stronger effect than LSD1 (Fig. 3B). How-

ever, the double knockdown produced an even more pronounced decrease in the SOD1G85R

levels, indicating an additive effect between UBE4B and LSD1.

To determine whether this decrease in the levels of misfolded and aggregated proteins was a

consequence of increased degradation of proteins, we performed cycloheximide chase experi-

ments. Cells were transfected with SOD1G85R together with either nontargeting control small

hairpin RNAs (shRNAs) or a mix of UBE4B and LSD1 shRNAs, and the clearance of the

SOD1G85R protein was quantified. Cycloheximide was used to block de novo translation, and

the amount of SOD1G85R protein remaining in the supernatant at the indicated time points

after the translation block was determined by SDS-PAGE and western blotting (Fig. 3C). The

UBE4B and LSD1 double knockdown decreased the half-life of SOD1G85R from 8.5 h to 5 h, in-

dicating that increased clearance of the mutant protein underlies the reduction of the protein

aggregates (Fig. 3D and 3E). Similarly, the reduction of TDP-43Q331K by knockdown of UBE4B

and LSD1 was also attributable to increased protein clearance, as shown by cycloheximide

chase experiments (S2F Fig. and S2G Fig.), further suggesting that a general enhancement of

protein quality control is the consequence of the loss of function of the suppressor genes.

Knockdown of UBE4B and LSD1 Activates p53-Mediated Transcription

To identify the downstream effectors of UBE4B and LSD1 in the antiproteotoxicity pathway, we

performed a comprehensive transcriptional analysis using the cell-based SOD1misfolding

model. We treated HEK293T cells with shRNAs targeting either UBE4B or LSD1 alone or

UBE4B and LSD1 simultaneously in the presence of SOD1G85R proteins. Upon confirmation of

reduction in UBE4B and LSD1 protein levels, total RNA was isolated and subjected to microar-

ray profiling of the whole human transcriptome (S3A Fig.). In triplicate samples of the three

knockdown conditions and nontargeting controls, differentially regulated genes and pathways

were analyzed in unbiased approaches to identify those that convey the UBE4B/LSD1-mediated

activation of protein quality control systems.

The most intriguing observation in our unbiased microarray analysis did not concern indi-

vidually regulated genes but instead related to the upstream regulators that elicited

A New Pathway That Regulates Protein Quality Control
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Fig 3. UBE4B and LSD1 double-knockdown accelerates SOD1G85R protein degradation. (A) Western blots of cell lysates derived frommock (CTRL),
single UBE4B or LSD1, or double UBE4B and LSD1 knockdowns. Supernatant (S) and pellet (P) fractions were probed with indicated antibodies. While the
LSD1 or UBE4B single-knockdown reduces the SOD1G85R aggregates in both supernatant and pellet fractions, the combined knockdown produces the
strongest reduction in the aggregates. (B) Quantification of SOD1G85R protein levels by western blotting (A). n = 3 (supernatant); n = 8 (pellet). (C) Western
blots of a representative cycloheximide chase experiment to determine SOD1 protein half-lives in the double UBE4B and LSD1 knockdown cells versus
controls. (D) Quantification of SOD1G85R clearance, as analyzed by western blotting in (C). The graph indicates the relative band intensity of SOD1G85R at
each chase time point. n = 5; Overall p = 0.02 (paired t test, CTRL versus UBE4B and LSD1 double knockdown). Individual p = 0.03 (3 h), p = 0.003 (6 h),
p = 0.06 (9 h), and p = 0.004 (12–21 h). (E) The half-life of SOD1G85R is reduced from 8.5 h to 5 h upon knockdown of UBE4B and LSD1. Data represent
means ± SEM. The numerical data used to make this figure can be found in S1 Data.

doi:10.1371/journal.pbio.1002114.g003
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characteristic pattern of mRNA level changes in a whole pathway or network. By employing

the Ingenuity Pathway Analysis (IPA) algorithm to compare the predicted pattern of changes

and the actual changes in these genes in our microarray profiles, we identified a number of up-

stream regulators whose downstream targets are significantly changed (z-score� 2.0) in

UBE4B and LSD1 single or double knockdowns (Fig. 4A). Among these upstream regulators,

only a few were shared by more than one experimental condition, and remarkably, p53 was

the only upstream regulator common to all three conditions (Fig. 4A and S1 Table). In the

UBE4B and LSD1 double-knockdown condition, a large number of p53 target genes were af-

fected, and importantly, a large fraction were changed in the directions that statistically suggest

an activation of the p53 transcription factor (Fig. 4B, S3B Fig., S3C Fig., S2 Table). We exam-

ined a sample of 11 p53 target genes in HEK293T cells and confirmed by reverse transcription-

quantitative polymerase chain reaction (RT-qPCR) that their expression levels were consistent

with the microarray dataset (Fig. 4C). Since UBE4B is a ubiquitin ligase that decreases the sta-

bility of p53 [25–27], we examined the total protein levels of p53 in the UBE4B and LSD1 dou-

ble-knockdown cells. We detected significantly increased p53 protein levels in the UBE4B and

LSD1 double-knockdown cells when compared with the mock-knockdown control, indicating

a stabilization of the p53 protein (Fig. 4D).

To further confirm that the single or double knockdowns of UBE4B and LSD1 were activat-

ing p53-mediated transcription, we used a firefly luciferase (p53RE-luc) reporter construct car-

rying p53-responsive elements in its promoter. Knockdown of either UBE4B or LSD1

increased p53 transcriptional activity. However, the simultaneous knockdown of both UBE4B

and LSD1 resulted in an even higher p53 transcriptional activity (Fig. 4E), consistent with the

synergistic antiproteotoxicity effects of knocking down both UBE4B and LSD1. To examine if

the increased luciferase activity reflected p53-dependent transcriptional activation, we express-

ed MDM2, an E3 ubiquitin ligase and negative regulator of p53, or β-galactosidase as a control,

together with the p53 activity reporter. The introduction of MDM2 significantly reduced

p53-dependent transcriptional activation of the luciferase reporter under the UBE4B and LSD1

double-knockdown condition (S4A Fig.), confirming the specificity of the regulation of p53 by

UBE4B and LSD1.

LSD1 demethylates the p53 protein, and loss of LSD1 increases K370-p53 dimethylation, an

activating post-translational modification specifically recognized by 53BP1 [28]. To determine

whether the activation of p53 resulted partially from its enhanced interaction with 53BP1, we

co-immunoprecipitated p53 and 53BP1 from HEK293T cells in which LSD1 and UBE4B were

previously knocked down. An increased amount of 53BP1 was pulled down by an equal

amount of p53 protein in the double-knockdown cells when compared with the control, indi-

cating an increased interaction between p53 and its coactivator, 53BP1 (Fig. 4F). To confirm

directly that the dimethylation on the p53 protein is increased, we performed western blotting

using a dimethyl K370-p53-specific antibody, and detected an increase in the level of dimethy-

lated p53 in the double-knockdown samples compared with the control and compared with

the total p53 (S4B Fig.). In sum, these data demonstrate that p53, as a transcription factor, is

significantly elevated and activated by the knockdown of UBE4B and LSD1.

Among the genes that were up-regulated by the UBE4B and LSD1 double knockdown in

our microarray data set, there were a few that had been reported to be important for protein

quality control, including forkhead box O3 (FOXO3a), FOXO4, and proteasome 26S subunit

non-ATPase11 (PSMD11) (S3C Fig. and S2 Table). FOXOs are a family of transcription factors

invoked in protein quality control [20,29,30], and the 19S proteasome component PSMD11 is

a critical regulator of proteasome activity [31,32]. It is notable that FOXO3a is transcriptionally

up-regulated by p53 [33], and PSMD11 is transcriptionally induced by FOXOs [31,32]. We

confirmed through RT-qPCR that FOXO3a, FOXO4, and PSMD11 were all transcriptionally
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Fig 4. UBE4B and LSD1 knockdown activates transcription mediated by p53. (A) Venn diagram of upstream activators (z-score� 2) that are
differentially activated in single—UBE4B or LSD1—knockdowns and double UBE4B and LSD1 knockdowns, compared with the control. Activation state of
an upstream regulator is predicted from differential mRNA levels of its downstream target genes. (B) The volcano scatter plot indicates fold changes in the
levels of gene transcripts affected differentially by the UBE4B and LSD1 double knockdown versus control shRNA. Gray spots represent 22,148 annotated
transcripts. Red spots are predicted p53-activated targets, and blue spots are predicted p53-inhibited targets. The enrichment of red spots in the up-regulated
genes (right upper quadrant,>1.2-fold change, p� 0.04) and blue spots in the down-regulated genes (left upper quadrant) indicates that the p53-mediated
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up-regulated when UBE4B and LSD1 were knocked down (Fig. 4G), linking these positive reg-

ulators of protein quality control downstream of p53 to the UBE4B- and LSD1-dependent

antiproteotoxicity activity.

Since FOXO3a is a transcription factor downstream of p53 and positively regulates protein

quality control, we examined the FOXO3a-mediated transcriptional activity by employing a pre-

viously established luciferase reporter that is driven by the forkhead-responsive element (FHRE)

[34]. A constitutively active form of FOXO3a, FOXO3a-TM, was co-expressed with the FHRE-

luciferase reporter in HEK293T cells to measure the transcriptional activity of this particular

FOXOmember. Consistent with the p53 activation, we found that the FOXO3a activity is in-

duced most strongly when both UBE4B and LSD1 are simultaneously knocked down (Fig. 4H).

Similar results were observed with another FOXO-family member, FOXO1 (S4C Fig.). The daf-

16 gene is the sole C. elegans ortholog of the mammalian FOXO family [35,36]. To examine a

role of daf-16/FOXO in the SUNS pathway in C. elegans, we built a quadruple mutant strain car-

rying the SOD1G85R transgene, the SUNSmutations spr-5(by134) and ufd-2(tm1380), and loss-

of-function mutation daf-16(mu86). In C. elegans locomotor assays, daf-16(mu86) partially

blocked the rescuing effect of the SUNSmutations on SOD1G85R toxicity, suggesting that the

daf-16 gene activity is partially required for the suppressor activity (S4D Fig.).

Knockdown of UBE4B and LSD1 Activates Proteasomal Degradation
and Autophagy

To determine whether the enhanced clearance of SOD1G85R upon the knockdown of UBE4B

and LSD1 reflects an increase in proteasome-mediated degradation, we examined abundance

of several proteasomal subunits. Consistent with our transcriptome analysis that demonstrated

an increase in the level of PSMD11 RNA, the PSMD11 protein level was significantly increased

in the double-knockdown cells (Fig. 5A). Both PSMD11 and PSMD4 (proteasome 26S subunit,

non-ATPase, 4) are resident to the 19S regulatory proteasome particle, and we found that the

PSMD4 protein level was also significantly increased. Moreover, components of the 20S core

proteasome particle, including 20Sα3, 20Sβ1, and 20Sβ5, were also significantly increased.

To determine whether the increase in the quantities of proteasome subunits corresponds to

augmented proteasomal activity, we measured the chymotrypsin-like proteasome activity in ly-

sates derived from HEK293T cells with single or double knockdown of UBE4B and LSD1 using

a luciferase assay (S5A Fig.). The proteasomal activity was increased in LSD1 or UBE4B single-

knockdown cells, but the highest activity was observed in double-knockdown cells (Fig. 5B).

This finding is consistent with the results of C. elegans suppressor studies and protein solubility

assays in mammalian cells, in which both UBE4B and LSD1 are required for the maximal ef-

fects of the suppressors. Consistent with the activation of proteasomal activity by the double

knockdown of UBE4B and LSD1, inhibition of the proteasome by treating cells with MG132

blocked the degradation of SOD1G85R conferred by the UBE4B and LSD1 knockdown

transcription is activated by the UBE4B and LSD1 double knockdown. (C) RT-qPCR validation of the expression levels of representative p53 target genes in
the UBE4B and LSD1 double-knockdown samples. n = (2 to 6), p� 0.04. (D) The p53 protein level is significantly increased by UBE4B and LSD1 double
knockdown. Left: representative western blots showing p53 levels, the knockdown of UBE4B and LSD1, and the actin control in HEK293T cells. Right:
quantification of the p53 protein levels normalized against actin (n = 3). (E) The p53-mediated transcriptional activity is measured by a luciferase reporter
under the control of a p53-response element promoter, which was transfected into HEK293T cells 72–96 h after the initiation of the UBE4B and LSD1 single
or double knockdowns (n = 6). (F) Increased interaction of p53 with its activating partner 53BP1 in response to UBE4B and LSD1 knockdown. Left:
representative western blots of 53BP1 co-immunoprecipitation. Right: quantification of the 53BP1 co-immunoprecipitation (n = 2). Data represent
means ± SEM. (G) RT-qPCR validation of the expression levels of FOXO3a, FOXO4, and PSMD11 (n = 6). (H) The FOXO3a-mediated transcriptional activity
was measured with a luciferase reporter under the control of a FOXO-response element promoter. HEK293T cells were transfected with shRNAs for control,
LSD1, UBE4B, or both LSD1 and UBE4B, followed by transfection of the luciferase reporter together with a constitutively active form of FOXO3a (TM) 72–96
h later (n = 6). Data represent means ± SEM. The numerical data used to make this figure can be found in S1 Data.

doi:10.1371/journal.pbio.1002114.g004
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Fig 5. UBE4B and LSD1 double knockdown activates both proteasomes and autophagy. (A) Increased protein levels of proteasome subunits upon the
UBE4B and LSD1 double knockdown in HEK293T cells. (B) The UBE4B and LSD1 single or double knockdowns increase the proteasomal degradation of a
reporter substrate, Suc-LLVY-Luciferin, whose degradation is measured in a luciferase release assay. The double knockdown shows synergistic
proteasomal activation when compared with the individual knockdowns (n = 6). (C) The autophagy activity is significantly increased in cells with the UBE4B
and LSD1 double knockdown. The in vivo activity of the ATG4B protease, which cleaves LC3 precursors, was quantified via aGaussia luciferase release
assay (see S5D Fig., S5E Fig., and Materials and Methods for details). The HCT116 cells were analyzed 48 h after the initiation of the knockdown. (D)
Quantification of LC3-II levels in HEK293T cells with the UBE4B and LSD1 double knockdown or the mock control. The cells were treated with or without 10
mM 3-methyladenine (3-MA) for 48h before lysis. Western blots indicate an increase in LC3 levels (top panels) in the double UBE4B and LSD1 knockdown
cells (middle panels), while the actin control is unchanged (bottom panels). The graph shows the quantification of LC3-II levels as normalized to actin levels
(n = 3). A one-way ANOVA test with matchedmultiple comparisons and Tukey correction was used for statistics. Data represent means ± SEM. The
numerical data used to make this figure can be found in S1 Data.

doi:10.1371/journal.pbio.1002114.g005
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(S5B Fig. and S5C Fig.). Thus, the knockdown of UBE4B and LSD1 significantly increases both

the subunit quantity and the activity of proteasomes.

In addition to the activation of the proteasome, we asked whether autophagy is also up-

regulated in the UBE4B and LSD1 double-knockdown cells. To measure autophagic activity,

we employed a Gaussia luciferase (GLuc) release assay [37,38] that reports the autophagy-

dependent ATG4B cleavage of an actin-tethered actin-LC3-GLuc-fusion protein and its subse-

quent release from the cell into the medium (S5D Fig. and S5E Fig.). HCT116 cells, which are

amenable to this assay, were transfected with shRNA constructs to knock down UBE4B and

LSD1, with the LC3-GLuc plasmid used to measure the cleavage of LC3 and the constitutively

secreted control (cytomegalovirus-secreted embryonic alkaline phosphatase [CMV-SEAP]) for

transfection/secretion normalization (S5D Fig. and S5E Fig.). The LC3-dependent GLuc activi-

ty, measured over a period of 72 h, showed a 2-fold increase in ATG4B proteolytic activity at

the end of the time course demonstrating the activation of autophagy by the knockdown of

UBE4B and LSD1 (Fig. 5C). The cells transfected with the noncleavable, LC3-less fusion, the

Act-GLuc construct, showed only background levels of Gluc activity, similar to the levels ob-

served in nontransfected cells.

To confirm that autophagy was activated by the UBE4B and LSD1 double knockdown, we

measured LC3-II accumulation by western blotting in cells. Double knockdown samples

showed increased levels of LC3-II compared with controls, even when LC3-II was elevated

by treatment with 3-MA (Fig. 5D). Together, these data demonstrate that a UBE4B- and

LSD1-dependent protein quality control pathway similar to that in C. elegans also operates

in mammalian cells, since a reduction in these two enzymes promotes the removal of aggregat-

ing proteins through enhanced post-translational quality control systems involving the protea-

some and autophagy.

p53 Regulates Protein Quality Control

Until now, p53 has not been associated with antiproteotoxicity activity. p53 has been shown to

regulate autophagy, but in opposing directions [39]. Our microarray analysis and subsequent

studies establish a correlation between the activation of p53-mediated transcription and en-

hanced protein quality control conferred by the knockdown of UBE4B and LSD1 (Fig. 5). It

has been demonstrated that p53 is a target of polyubiquitination by UBE4B and demethylation

by LSD1, and each of these functions decreases the p53 activity [25,28]. Thus, p53 has emerged

as a potential effector that mediates the synergistic action of UBE4B and LSD1 in the

antiproteotoxicity pathway.

To determine whether p53 directly protects against proteotoxicity, we first used small mole-

cule activators of p53 in the cell-based SOD1G85R protein aggregation assay. Tenovin-1 acti-

vates p53 by inhibiting the SIRT1/2 deacetylase and therefore promoting p53 acetylation,

thereby increasing its stability and activity [40]. CP-31398 is another drug that activates p53 by

stabilizing the p53 DNA-binding domain in an active conformation and inhibiting its ubiquiti-

nation [41,42]. Both p53 activators significantly reduced the amount of SOD1G85R protein in

the supernatant and pellet fractions (Fig. 6A, S6A Fig., and S6D Fig.) at various concentrations

of Tenovin-1 (0.4–1.2 μM) and CP-31398 (2–4 μg/ml). Furthermore, to confirm that Tenovin-

1 and CP-31398 acted through the activation of p53, we reduced p53 levels via shRNAs while

testing the clearance of SOD1G85R protein with the drug treatment. The p53 reduction blocked

the effect of either Tenovin-1 or CP-31398 on promoting SOD1G85R clearance, indicating that

the drugs act through p53 (S6G Fig.).

To investigate the mechanism by which the activation of p53 by Tenovin-1 and CP-31398

reduced the levels of SOD1G85R proteins, we asked whether autophagy was activated by these
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Fig 6. p53 promotes the clearance of misfolded SOD1mutant proteins. (A) p53 small molecule
activators Tenovin-1 and CP-31398 reduce the levels of misfolded SOD1 proteins, as determined by the
SOD1G85R solubility assay in HEK293 cells. Increasing concentrations of the p53 activators significantly
decrease the levels of SOD1G85R but not the endogenousWT SOD1 proteins in western blots of both
supernatant and pellet fractions. (B) A decrease in p53 as the result of shRNA knockdown increases the
levels of SOD1G85R but not WT SOD1 proteins in the SOD1G85R aggregation assay, as shown by western
blots of both supernatant (S) (n = 2) and pellet (P) (n = 3) fractions. (C) A complete absence of p53 increases
the accumulation of SOD1G85Rmutant proteins in p53–/– HCT116 cells when compared with controls.
Representative western blots (left panels) and quantification of SOD1G85R levels in the supernatant lysates
are shown. The middle graph indicates the ratio of G85R toWT SOD1 proteins in the presence or absence of
p53 with varying amounts of transfected mutant SOD1. The right graph panel shows the same data as shown
in the middle panel, but normalized to the average SOD1G85R level for each amount of the transfected
plasmid. Data represent means ± SEM. The numerical data used to make this figure can be found in S1 Data.

doi:10.1371/journal.pbio.1002114.g006
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drug treatments. In agreement with a previous report that CP-31398 activates autophagy [43],

we observed that increasing concentrations of either Tenovin-1 or CP-31398 up-regulated

LC-II protein levels (S6H Fig.), consistent with the activation of autophagy. To further validate

that Tenovin-1 and CP-31398 act post-translationally to promote the clearance of SOD1G85R

proteins, we performed cycloheximide chase experiments and confirmed the increase in the

degradation of SOD1G85R proteins upon treatment of either of the p53 activator drugs (S6B

Fig., S6C Fig., S6E Fig., and S6F Fig.).

Conversely, we asked whether reducing p53 activity would negatively affect the clearance of

SOD1G85R proteins. First, we performed the SOD1G85R protein solubility assay in cells in which

p53 was reduced by RNAi. We found that partial removal of p53 in HEK293T increased

SOD1G85R protein levels in both the supernatant and pellet fractions (Fig. 6B). Next, using a

human HCT116 cell line in which p53 was knocked out, we asked how the complete removal

of p53 affected the clearance of misfolded SOD1G85R. Unlike the WT SOD1 protein, whose

level was not affected by the absence of p53, the SOD1G85R mutant protein was significantly in-

creased in the p53 knockout cells when compared with the controls, indicating that endoge-

nous p53 promotes the clearance of misfolded proteins (Fig. 6C).

To determine whether p53 mediates the UBE4B- and LSD1-dependent clearance of the

SOD1G85R proteins, we knocked down UBE4B and LSD1 with or without the removal of p53

and then examined the levels of SOD1G85R. We applied both transient and stable shRNA

knockdown by creating an inducible, stable HEK293T cell line expressing tetracycline-

regulated shRNAs against UBE4B, LSD1, and p53. Both transient and stable knockdown of

p53 significantly reversed the SOD1G85R protein clearance conferred by the UBE4B and LSD1

knockdown (Fig. 7A and S7A Fig.). This result was confirmed with an independent set of

shRNAs against UBE4B and LSD1 (S7B Fig.) and by knockdown of UBE4B and LSD1 in

HCT116 cells with or without the p53 gene knocked out (S7C Fig.). Notably, unlike HEK293T

cells, HCT116 cells do not express SV40 large T-antigen (LT-Ag), a regulator of p53 stability

[44], suggesting that the action of UBE4B and LSD1 does not require LT-Ag. Taken together,

these results demonstrate that p53 is required for the UBE4B- and LSD1-dependent clearance

of the SOD1G85R proteins, and it acts downstream of UBE4B and LSD1 to positively regulate

the clearance of misfolded proteins.

To confirm that p53 can modulate proteotoxicity in vivo, we used the Drosophila TDP-

43M337V neurodegeneration model as described earlier (Fig. 2D) [22]. Either knockdown of

p53 by RNAi or expression of a dominant negative form of Drosophila p53 (p53.R155H) [45]

with the GMR-Gal4 driver exacerbated the TDP-43M337V-induced eye phenotype (Fig. 7B).

This aggravation of the phenotype was evident in increased loss of pigmented ommatidia and,

in p53 RNAi flies, the appearance of necrotic patches, which were observed at low penetrance

(Fig. 7B). Expression of the dominant negative p53.R155H transgene on its own, in a wild-type

background, did not cause any eye phenotype. Together, these results indicate that endogenous

p53 plays a role in reducing TDP-43M337V proteotoxicity in the Drosophila eye.

We further tested whether p53 activation would alleviate SOD1G85R-induced neurotoxicity.

We employed a previously characterized SOD1 neurotoxicity assay [46], in which spinal cord

primary motor neurons were prepared from rat embryos, maintained on astrocyte monolayers

supplemented with neurotrophic factors, and stained with a mature motor neuron marker, the

neurofilament H (NF-H) antibody SMI-32. Expression of SOD1G85R via a neuron-specific her-

pes simplex virus (HSV) vector reduced the survival of motor neurons significantly by approxi-

mately 50% in contrast to the HSV-LacZ control over 5 days (Fig. 7C). When treated with the

p53 activator Tenovin-1, the motor neurons showed protection from SOD1G85R-induced pro-

teotoxicity, as compared with the vehicle control. Among the various concentrations tested,

0.8 μM of Tenovin-1 completely blocked the neurotoxicity of SOD1G85R, with minimal toxicity
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Fig 7. Enhanced protein quality control by the knockdown of UBE4B and LSD1 depends on p53.
(A) Left: p53 knockdown reverses the enhanced clearance of SOD1G85R proteins conferred by the UBE4B
and LSD1 double knockdown. Total amounts of shRNAs were adjusted to be equal with nontargeting CTRL
shRNAs. Right: quantification of insoluble aggregated SOD1G85R in pellet fractions from HEK293T cells
transfected with control, double (UBE4B/LSD1), or triple (UBE4B/LSD1/p53) shRNAs (n = 2). (B) The
degenerative TDP-43M337V eye phenotype is exacerbated by the knockdown of the Drosophila homolog of
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from the drug itself (Fig. 7C). These results confirm that the activation of p53 provides protec-

tion against the toxicity of misfolded proteins in neurons.

Discussion

This study uncovers a previously unknown pathway that mitigates the toxicity of misfolded

proteins by boosting protein quality control systems. Using a C. elegans genetic screen for sup-

pressors of neurotoxicity induced by mutant SOD1, we have identified the SUNS pathway,

which is mediated by two conserved genes, ufd-2/UBE4B and spr-5/LSD1. From C. elegans to

human cells, inactivation of the highly conserved lysine-modifying enzymes ufd-2/UBE4B and

spr-5/LSD1 is shown to enhance the clearance of misfolded proteins. In mammalian cells, the

pathway mediated by UBE4B and LSD1 acts to improve the cellular protein quality control by

increasing proteasomal and autophagic activities (Fig. 7D). Although it was initially surprising

that loss of ubiquitin ligase UBE4B and lysine-specific demethylase LSD1 protects against pro-

teotoxicity, further results reveal positive downstream effectors, including transcription factors,

with a novel implication of p53 in antiproteotoxicity activities. Together, these results demon-

strate the capacity of a cell to reprogram its protein quality control through transcriptional reg-

ulation to defend against proteotoxicity.

A Protein Quality Control Pathway Regulated by the Lysine-Modifying
Enzymes UBE4B and LSD1

We isolated the SUNS C. elegansmutant based on the potent suppression of SOD1-induced

neurotoxicity. The suppressor was found to significantly enhance the removal of misfolded

proteins, underscoring the critical role of protein misfolding in SOD1-mediated neurodegen-

eration. The enhanced clearance also applies to other misfolded proteins, such as TDP-43,

FUS, and polyglutamine-containing proteins, indicating a general improvement in protein

quality control. This rare but strong suppressor requires modulation of only two genes, sug-

gesting that it provides a major protein quality control program with a readily accessible

switch. Furthermore, the synergistic cooperation of two genes, ufd-2 and spr-5, points to a com-

mon downstream pathway with integrative regulation.

Consistent with the observation that the loss of function of C. elegans ufd-2 and spr-5 pro-

motes the clearance of misfolded proteins, inactivation of their Drosophila and mammalian

orthologs reduces the toxicity of aggregation-prone proteins, indicating the existence of a pro-

tein quality control regulatory mechanism that is functionally conserved across species. Inter-

estingly, both mammalian genes encode lysine-modifying enzymes: UBE4B is a U-box type

ubiquitin ligase, and LSD1 is a lysine-specific protein demethylase. Both UBE4B and LSD1 are

highly expressed in neurons and essential for early development in mammals [47–50].

p53 (p53 RNAi), or by the overexpression of a dominant-negative p53 mutant (p53.R155H). Expression of
p53 RNAi, p53.R155H, and TDP-43M337V are driven by GMR-Gal4. (C) The p53-activating drug Tenovin-1
(TEN1) protects spinal cord motor neurons from SOD1G85R-induced proteotoxicity. Rat spinal cord cultures
were grown as described in Materials and Methods and treated with 0.8 μM TEN1 or vehicle (VEH) DMSO,
followed by infection of HSV-SOD1G85R or the HSV-LacZ control after 24 h. At day 5 post-infection, cells were
fixed and stained with a motor neuron-specific anti-neurofilament H (NF-H) antibody. Left: representative
images of motor neurons in each condition. Scale bar = 50 μm. Right: quantification of motor neuron survival
(one-way ANOVA with multiple comparisons and Tukey correction). Data represent means ± SEM.
(D) Schematic of the SUNS pathway. A reduction in UBE4B and LSD1 function synergistically activates the
p53-mediated transcriptional program, promoting clearance of misfolded and aggregated proteins via
increased proteasomal and autophagic clearance. The numerical data used to make this figure can be found
in S1 Data.

doi:10.1371/journal.pbio.1002114.g007
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In contrast to the conventional notion that ubiquitin ligase promotes protein degradation, our

studies indicate that UBE4B negatively affects the clearance of misfolded proteins, and its down-

regulation protects against severe proteotoxicity. In line with our observation that the down-

regulation of UBE4B protects against proteotoxicity in the nervous systems of C. elegans andDro-

sophila, mice with elevated levels of UBE4B show autophagy defects with accumulation of

ubiquitin- and p62-positive aggregates in the brain [51]. UBE4B forms a complex with an

AAA-ATPase p97/VCP to ubiquitinate and degrade specific client proteins [47,52]. p97/VCP

plays an essential role in handling unfolded proteins, such as in endoplasmic-reticulum-associated

protein degradation [53], and it was recently linked to familial ALS [54]. Our findings thus pro-

vide a new link between p97/VCP and protein quality control, which is regulated by UBE4B.

The fact that both UBE4B and LSD1 are enzymes catalyzing post-translational modifica-

tions suggests that their effects on protein quality control can be timely, energy-efficient, and

integrative. The synergistic interaction between the two lysine-modifying enzymes, UBE4B

and LSD1, also suggests that their downstream pathways converge to influence protein quality

control. Consistent with recent studies showing enhancement of protein quality control

[20,55–57], the identification of the strong antiproteotoxic effects mediated by UBE4B and

LSD1 demonstrates that plasticity of the cellular protein quality control programs can be sub-

stantially augmented to yield overall protection to an organism.

p53 as a Key Switch in Protein Quality Control

Unbiased transcriptome analysis points to p53 as a central regulator of the transcriptional re-

programing that mediates the effects of UBE4B and LSD1 on protein quality control. Consis-

tent with this observation, p53 has been found to have a number of direct transcriptional

targets functioning in protein quality control and neuroprotection, and it also activates addi-

tional stress-response transcription factors such as FOXOs [33]. Interestingly, p53 is elevated

in the central nervous system of patients with neurodegenerative conditions such as Alzheimer

disease and ALS [58,59]. Our observation that the transcription factors mediate the effects of

this strong suppressor is reminiscent of other signaling pathways governing protein homeosta-

sis. For example, the heat shock response activates the expression of molecular chaperones and

other protein quality control machinery via the master transcription regulators, the heat shock

factors [60]. Also, the unfolded protein response promotes the endoplasmic reticulum (ER)

quality control programs through the activation of a set of the transcription factors, including

XBP1, ATF4, and ATF6 [61]. In recurring themes, the post-translational regulation by UBE4B

and LSD1 activates the p53 transcription factor, which is then capable of eliciting a systematic

protective program against proteotoxic stress.

p53 has a well-established role in regulating responses to DNA damage [62,63], and recent-

ly, a neuroprotective role of an activated DNA damage checkpoint has been demonstrated in a

tau-dependent neurodegeneration model [64]. Here we propose that p53 is a versatile tran-

scriptional switch that guards against both genotoxicity and proteotoxicity. The specific activity

of p53 may be fine-tuned at the post-translational level by upstream regulators such as UBE4B

and LSD1. In addition, it is known that p53 promotes apoptosis in cells with irreversible geno-

toxic damage [65]. p53 may also function as a dual regulator in proteotoxicity: it promotes the

repair and survival of moderately damaged cells but turns on cell death pathways in cells

whose damage is irreparable. Such duality has been observed for other protein quality control

systems, such as the ER stress responses [61]. Thus, p53 could serve as a critical regulator of

cellular responses to proteotoxicity by repairing or removing damaged cells.

Taken together, these findings reveal a previously unrecognized pathway that systematically

antagonizes the proteotoxicity associated with neurodegenerative diseases, and they point to
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potential targets for harnessing the protective capacity of the cells’ reprogrammed protein qual-

ity control to develop a wide-spectrum antiproteotoxicity therapeutic strategy.

Materials and Methods

Ethics Statement

The pregnant rat dams were euthanized by overdosing with nembutal. The Children’s Hospital

of Philadelphia IACUC approved these procedures (protocol #597).

DNA Plasmids

For mammalian expression, SOD1 and TDP-43 were expressed in pEF-BOS and pRK5-Myc,

respectively, as previously described [9,20]. The UBE4B (TF308519) and LSD1 shRNA

(TF316984) plasmids and the scrambled control (TR30015) were from Origene. The p53

shRNA plasmid pLVTH-sip53 and control pLVTH were from D. Trono (Addgene #12239)

[66]. The p53 transcriptional reporter PG13-Luc was a generous gift from B. Vogelstein [67].

The autophagy luciferase release plasmids Act-LC3-Gluc and Act-Gluc were kindly provided

by B. Seed [37], and the control pCMV-SEAP was from A. Cochrane (Addgene #24595). For

transgenic C. elegans, ufd-2 and spr-5 complementary DNAs (cDNAs) were cloned into a vec-

tor under the control of an snb-1 promoter, as previously described [20]. Additional informa-

tion on the shRNA targeting sequences and vectors is given in the Supporting Information

Materials and Methods (S1 Text).

C. elegans Strains, Suppressor Screen, and Mutation Identification

The Bristol N2 C. elegans strain was used in all experiments unless otherwise specified. A list of

C. elegans strains is given in the Supporting Information Materials and Methods (S1 Text).

Transgenic lines were generated according to standard procedures by injecting 20 μg/ml of ex-

pression plasmid DNA into hermaphrodite gonads. For the suppressor screen, worms were

mutagenized with 47 mM ethyl methanesulfonate, and a semiclonal strategy was used with five

P0 worms in one plate. Suppressors were visually selected based on strong recovery in the

movement phenotype in the F2 generation. The suppressor mutations were mapped by using

single-nucleotide polymorphism markers in the Hawaiian strain and then identified by whole-

genome deep sequencing, followed by Sanger sequencing validations (see Supporting Informa-

tion Materials and Methods [S1 Text]).

C. elegans Locomotor Assay and Microscopy

The C. elegans strains were observed stereoscopically, and their motility was quantified by the

thrashing assay [20]. Animals were transferred from the feeding plate into M9 buffer (3 mg/ml

KH2PO4, 6 mg/ml Na2HPO4, 5 mg/ml NaCl and 1 mMMgSO4). After 1 min of adaptation, the

number of body bends or thrashes was counted for 1 min as an index of the locomotor pheno-

type. A thrash was counted when both the head and the tail bent away from the anteroposterior

axis by more than 45°. Videos of C. elegans locomotion were recorded using a Leica M165 fluo-

rescence stereoscope. High-magnification imaging was performed on a Zeiss AxioObserver Z1

with Apotome, with C. elegans immobilized by 10 mM levamisole.

Drosophila Strains and Assays

See Supporting Information Materials and Methods (S1 Text).
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Mammalian Cell Lines, Transfections, Antibodies, and Drug Treatments

See Supporting Information Materials and Methods (S1 Text).

Protein Solubility Assay

The protein solubility assay to measure aggregate proteins in C. elegans and mammalian cells

was modified from a previously described protocol [9] (see Supporting Information Materials

and Methods [S1 Text]).

Transcriptional Activity Luciferase Assay

After a 72-h knockdown, cells were detached and transfected with firefly luciferase p53 reporter

plasmid (PG13-luc), together with a thymidine kinase promoter Renilla luciferase (tk-Rluc) re-

porter for normalization. Cells were lysed in passive lysis buffer (Promega) 24 h after transfec-

tion and analyzed with the Dual Luciferase Reporter System according to the manufacturer’s

recommendations (Promega) using an injector-equipped Synergy H1 microplate reader

(Bio-Tek).

Proteasome Activity Assay

Proteasome assays were performed as described previously [68], using the Suc-LLVY-Luciferin

substrate for chymotrypsin-like activity of the proteasome (the Proteasome Glo kit, Promega).

In brief, cells were detached and washed in DMEM/10, followed by several washes in cold PBS.

Proteasome lysis buffer (50 mM Tris-HCl, pH 7.5, 0.025% digitonin, 250 mM sucrose, 5 mM

MgCl2, 0.5 mM EDTA, 2 mM ATP, and 1 mM DTT) was added to the cells and incubated on

ice for 5–10 min. The lysates were then centrifuged for 15 min at 20,000 g to isolate the cyto-

plasm containing the proteasomes. The supernatant was transferred to a fresh tube, and equal

amounts of protein were used in each assay.

Autophagy Assays

Autophagy was quantified with a Gaussia luciferase release assay [37,38], which is based on the

ATG4B-induced proteolytic cleavage of an actin-anchored fusion LC3-Gluc fusion protein

(S5D Fig. and S5E Fig.). ATG4B-induced proteolytic cleavage of LC3 releases the Gluc frag-

ment and enables its secretion into the cell medium. The activity of the released Gluc in the me-

dium (together with constitutively secreted SEAP) was measured by the Secrete-Pair Dual

Luminescence Assay kit (GeneCopoeia). Cells, plated in 12-well dishes, were transfected with

the Act-LC3-Gluc or control Act-Gluc plasmid together with the normalization control,

CMV-SEAP. At 24 h after transfection, the DMEM/10 medium was replaced, and 100 μl of cell

growth medium was withdrawn at 24 h, 48 h, and 72 h. The medium was centrifuged at 6,000 g

for 5 min to remove detached cells, followed by the luciferase analysis according to the manu-

facturer’s recommendations (GeneCopoeia) using a microplate reader (Synergy H1, Bio-Tek).

For LC3 western blot analysis, cells were lysed in LC3 buffer (50 mM Tris-Cl, pH 8.0, with

1% SDS, 0.5% NP40, 150 mMNaCl, and 5 mM EDTA) and sonicated with a Diagenode Bior-

uptor device (set on high, 30-sec pulse, 30-sec pause, 7.5 min total).

Microarray Transcriptional Profiling and Quantitative RT-qPCR

Total RNA was isolated from HEK293T cells with the RNeasy Mini kit and analyzed using the

Affymetrix human GENE 1.0ST array. The microarray data were managed using the Partek

Genomic Suite (Partek, St. Louis) and Spotfire DecisionSite software (TIBCO Software, Palo

Alto, California) and analyzed using Ingenuity Pathways Analysis software (IPA, Ingenuity
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Systems). In addition to RNA, total protein was isolated from the same samples by acetone pre-

cipitation and resolubilizing the flow-through lysates to verify the reduction of the UBE4B and

LSD1 proteins. For quantitative RT-qPCR validations, cDNAs were synthesized with the

QuantiTect reverse transcription kit (Qiagen). Primers for quantitative RT-qPCR were from

PrimerBank (S3 Table) [69]. RT-qPCRs were performed on a BioRad thermal cycler with iQ

SYBER Green PCR mix (BioRad).

Spinal Motor Neuron Survival Assay

Embryonic Sprague Dawley rat spinal cord cultures and neuronal survival assays were previ-

ously described [46] (see Supporting Information Materials and Methods [S1 Text]).

Statistical Analysis

The p-values for all analyses were obtained using Student’s t tests performed in Excel or Graph-

Pad Prism 6, unless otherwise indicated. For the microarray data, Student’s t test was used to

analyze the gene expressions. For the Upstream Regulator Ingenuity Pathway Analysis, Fisher’s

exact test was used. For the LC3-II western blotting analysis and the spinal cord motor neuron

toxicity assay, a one-way ANOVA with multiple comparison test was used.

Supporting Information

S1 Data. Numerical data used in figure preparation.

(XLSX)

S1 Fig. The levels of misfolded proteins in C. elegans and Drosophilamodels. (A) A sche-

matic for protein misfolding and aggregation in relation to protein solubility and quality con-

trol. For an aggregation-prone protein, there is a dynamic equilibrium among correctly folded

native proteins, its misfolded forms, oligomeric aggregates, and large aggregates. The relative

proportion of these species depends on the intrinsic folding properties of the protein and the

cellular environment of protein quality control. In a protein solubility assay, large aggregates

can be sedimented into the insoluble fraction via extraction and centrifugation, while smaller

oligomeric aggregates and other misfolded proteins are retained in the soluble fraction. The

misfolded and aggregated proteins are targets of cellular protein quality control machineries in-

cluding molecular chaperones, the ubiquitin-proteasome system, and autophagy. (B) Western

blotting analyses of C. elegans indicate that the ufd-2 and spr-5mutations do not substantially

alter the total protein levels of untagged SOD1G85R. The western blot lanes are from the same

gel and exposure. (C) Total protein levels of YFP-tagged SOD1G85R, TDP-43c25, or PolyQ pro-

teins are reduced in double ufd-2 and spr-5mutant strains, suggesting that larger fractions of

YFP-tagged misfolded proteins are removed in the mutant strains. (D) Total protein levels of

untagged TDP-43M337V or FUSR521C are not substantially altered in Drosophila with the knock-

down of ufd-2/UBE4B (CG9934) or spr-5/LSD1 (Su(Var)3-3).

(TIF)

S2 Fig. Knockdown of UBE4B and LSD1 promotes the degradation of SOD1G85R and TDP-

43Q331K proteins in mammalian cells. (A) The flow chart of the mammalian cell-based pro-

tein solubility assay as described in the Materials and Methods. (B) A representative western

blot of total SOD1G85R protein in HEK293T cells treated with UBE4B and LSD1 shRNAs.

(C) Quantification of total SOD1G85R protein and its corresponding supernatant (S) and pellet

(P) fractions. The quantification is based on the band intensities and the relative amounts of S

and P fractions as parts of the total lysate that were loaded on the gel. The percentage of insolu-

ble SOD1G85R protein in the total SOD1G85R protein remains relatively stable at 25%–30%.
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(D) A representative western blot of the TDP-43Q331K protein solubility assay. HEK293T cells

were transfected with a TDP-43Q331K expression plasmid, together with a control shRNA

(CTRL) or mixed UBE4B and LSD1 shRNA plasmids. Following cell lysis and fractionation, S

and P fractions were run on 15% SDS-PAGE gels. The western blot lanes are from the same gel

and exposure. (E) Quantification of TDP-43Q331K in the S and P fractions, containing smaller

and larger aggregates, respectively, shows a significant reduction in protein levels caused by the

UBE4B and LSD1 knockdown (n = 2 for S, n = 3 for P). (F) Western blot analyses of cyclohexi-

mide chase show that TDP-43Q331K protein is degraded faster in double UBE4B and LSD1

knockdown cells than in the nontargeting shRNA control cells. (G) Quantification of chase ex-

periments in (F) (n = 2). Data represent means ± SEM. The numerical data used to make this

figure can be found in S1 Data.

(TIF)

S3 Fig. The transcriptional profiling and network analysis. (A) The heat map of microarray

signals of differentially regulated genes (p< 0.05) upon the knockdown of LSD1 alone, UBE4B

alone, or both, in triplicates. Hierarchical clustering of the samples indicates that the single

UBE4B knockdown induces similar transcriptional changes as the double knockdown, consis-

tent with the pattern of antiproteotoxic activities shown in Fig. 3A and 3B. (B) The heat map of

p53 transcriptional targets. The hierarchical clustering of the samples demonstrates the same

pattern as shown above for all differentially regulated genes. (C) The p53 network is activated

in the UBE4B and LSD1 double-knockdown cells (p53: z-score = 2.0; p-value of overlap = 2.49

x 10-2). The transcriptional targets with changes consistent with p53 activation are shown, with

up-regulated genes in red and down-regulated genes in green.

(TIF)

S4 Fig. UBE4B and LSD1 regulate p53 and its downstream factor FOXO. (A) Elevation of

MDM2, the p53-targeting ubiquitin ligase, significantly reduced the p53 response element-

mediated activity that was induced by the UBE4B and LSD1 knockdown (n = 5). MDM2 is co-

transfected with the p53 reporter upon knockdown of UBE4B and/or LSD1. (B) The dimethy-

lation at the K370 residue of the p53 protein (Me2-K370-p53) is increased in double UBE4B

and LSD1 knockdown cells. In HEK293T cells treated with UBE4B and LSD1 shRNAs, there is

an increase of Me2-K370-p53 relative to the total p53 protein in the nucleus-enriched fraction

as shown in the western blots (left) and quantification chart (right, n = 3). (C) A constitutively

active forkhead responsive element luciferase reporter (FOXO1-AAA) was used to demon-

strate that the knockdown of UBE4B and LSD1 specifically induces the FOXO1 transcriptional

activity (n = 3). (D) C. elegans locomotion assays indicate the rescuing effects of loss-of-

function mutations spr-5(by134);ufd-2(tm1380) (indicated by-/-) on the neurotoxicity of trans-

genic SOD1G85R protein. Loss-of-function mutation daf-16(mu86) partially reversed locomo-

tion rescue of spr-5(by134);ufd-2(tm1380)mutations (n> 40). Data represent means ± SEM.

The numerical data used to make this figure can be found in S1 Data.

(TIF)

S5 Fig. The proteasomal and autophagic activity assays. (A) A schematic of a luciferase-

based proteasomal activity assay. Isolated cytosol is mixed with a peptide substrate, Suc-LLVY-

luciferin. The chymotrypsin-like activity of proteasomes cleaves off the Suc-LLVY peptide, re-

leasing the amino-luciferin, which produces strong chemiluminescence in the presence of lucif-

erase and ATP. The detected chemiluminescence is used to quantify the proteasomal activity.

(B) Inhibition of the proteasomal activity reverses the reduction of insoluble SOD1G85R protein

in the pellet fraction induced by the UBE4B and LSD1 knockdown. Western blots are shown

for insoluble SOD1G85R proteins fromMG132-treated (20 μM) or untreated (DMSO)

A New Pathway That Regulates Protein Quality Control

PLOS Biology | DOI:10.1371/journal.pbio.1002114 April 2, 2015 23 / 29

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pbio.1002114.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pbio.1002114.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pbio.1002114.s006


HEK293T cells with knockdown of UBE4B and LSD1 or nontargeting shRNA controls. Cells

were treated with MG132 for 48 h and lysed 72 h post-transfection. (C) Quantification of

SOD1G85R levels from western blots as shown in (B), n = 2. Data represent means ± SEM.

(D) The flow chart of an autophagic activity assay to measure LC3 cleavage based on a lucifer-

ase (GLuc) reporter. Cells were transfected with a set of plasmids to knockdown LSD1 and

UBE4B (or nontargeting shRNA, CTRL) and to express the GLuc reporters and SEAP (secreted

embryonic alkaline phosphatase). SEAP is constitutively secreted and serves as a transfection

normalization control. SOD1G85R is expressed concurrently to match the condition with the in-

creased burden of misfolded proteins, as described earlier (Fig. 3). (E) A schematic of the LC3

cleavage and Gluc release assay. A cleavable fusion protein, Actin(Act)-LC3-GLuc, or its

uncleavable negative control, Act-GLuc, is anchored to the actin cytoskeleton inside the cell.

When Act-LC3-GLuc is cleaved by the autophagy-associated protease ATG4B, the GLuc frag-

ment is released from its actin anchor and rapidly secreted out of the cell. The activity of GLuc

in the cell medium is assayed over a period of several days using the Dual Luminescence Assay

kit. The numerical data used to make this figure can be found in S1 Data.

(TIF)

S6 Fig. p53-activating drugs enhance the clearance of misfolded mutant SOD1 proteins.

(A) The p53 small molecule activator, Tenovin-1 (TEN1, 2 μM), significantly decreased the lev-

els of misfolded SOD1G85R but not WT SOD1 proteins in both supernatant and pellet fractions

as compared with vehicle-treated controls (VEH) (n = 4). Representative western blots are

shown in Fig. 6A. The SOD1G85R solubility assay in HEK293T cells is described in Materials

and Methods. (B) Western blots of cycloheximide chase experiments with Tenovin-1-treated

or untreated HEK293T cells. (C) Quantification of the chase experiments shows increased

SOD1G85R degradation in Tenovin-1-treated cells (n = 2). (D) Another p53 small molecule ac-

tivator, CP-31398 (4 μg/ml), also significantly decreased the levels of misfolded SOD1G85R pro-

teins but not WT SOD1 proteins in both supernatant and pellet fractions (n = 3).

Representative western blots are shown in Fig. 6A. (E) Western blots of cycloheximide chase

experiments with CP31398-treated or untreated HEK293T cells. (F) Quantification of the

chase experiments shows increased SOD1G85R degradation in CP31398-treated cells (n = 2).

Data represent means ± SEM. (G) Knockdown of p53 blocked the improved clearance of mis-

folded SOD1G85R proteins by Tenovin-1 or CP-31398. HEK393T cells were transfected with

SOD1G85R and treated with p53-activating drugs Tenovin-1 or CP31398. Protein aggregation

assays were performed to evaluate the levels of SOD1G85R proteins in the supernatant (S) and

pellet (P) fractions. The reduction of SOD1G85R aggregation in cells treated with Tenovin-1 or

CP-31398 is dependent on p53, as the knockdown of p53 abolishes the ability of the drugs to

remove aggregates. (H) p53-activating drugs activate autophagy as indicated by LC3 protein

levels. HEK293T cells treated with Tenovin-1 or CP-31398 for 24 h were lysed in 1% SDS buff-

er, and LC3-I and LC-II levels were analyzed by western blots. For both Tenovin-1 and CP-

31398, the LC-II levels are augmented with increasing drug concentrations. Both panels were

from the same gel and western blot with identical imaging settings. The numerical data used to

make this figure can be found in S1 Data.

(TIF)

S7 Fig. p53 mediates improved protein clearance induced by the knockdown of UBE4B and

LSD1. (A) Stable knockdown of p53 partially blocks the improved clearance of SOD1G85R pro-

teins conferred by the knockdown of UBE4B and LSD1. A stable cell line with inducible knock-

down of p53 via an integrated shRNA (in a pR4R3-TET-PURO vector) is used to conditionally

remove p53 upon the induction of doxycycline (DOX). The protein solubility assay was used to

analyze the SOD1G85R protein levels in supernatant (S) and pellet (P) fractions. The knockdown
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of UBE4B and LSD1 substantially enhances the clearance of misfolded SOD1G85R proteins, but

this effect is partially reversed by the DOX-induced knockdown of p53 (+DOX). The western

blots for the S and P fractions are from the same gels. (B) Transient knockdown of p53 blocks

the improved clearance of SOD1G85R proteins conferred by the knockdown of UBE4B and LSD1.

The protein solubility assay was performed as in (A), except with the knockdown of p53 achieved

through shRNA transient transfection and with LSD1 and UBE4B shRNAs in a pR4R3-NEO

vector targeting their respective 30 UTRs (see Materials and Methods). (C) Loss of p53 blocks in-

creased SOD1G85R protein clearance conferred by the knockdown of UBE4B and LSD1 in

HCT116 cells. HCT116 cells with either the p53 knockout or WT genotype were treated with the

UBE4B and LSD1 shRNAs or nontargeting controls. Left: western blot analyses of the insoluble

SOD1G85R proteins show that loss of p53 increases the levels of the mutant SOD1 proteins, and

GAPDH is a loading control. Right: quantification of the western blots indicates that p53 is re-

quired for the effect of UBE4B and LSD1 on SOD1G85R protein clearance (n = 3). Data represent

means ± SEM. The numerical data used to make this figure can be found in S1 Data.

(TIF)

S1 Movie. The SUNS mutant M1 significantly suppresses severe locomotor defects in the C.

elegansmodel of ALS expressing SOD1G85R in neurons. An SOD1G85R-expressing C. elegans

with severe locomotor defects is shown side by side with an isolated suppressor mutant (M1)

that exhibits significantly improved movement. The animals were age matched and videotaped

as day 1 adults.

(MP4)

S1 Table. Upstream regulator analysis of microarray transcriptional profiles upon LSD1

and UBE4B single or double knockdowns. The human transcriptome microarray analysis was

carried out in triplicates of four conditions, control shRNA (CTRL), LSD1 knockdown alone,

UBE4B knockdown alone, and UBE4B+LSD1 double knockdown, all in the presence of mis-

folded SOD1G85R, as described in the Results and the Materials and Methods. This table con-

tains six sheets (A–F) that summarize the upstream regulator analysis. (A) Activated upstream

regulators with z-score� 2.0 for each of the three knockdown conditions, LSD1 alone, UBE4B

alone, and (UBE4B+LSD1), as compared with the control. A z-score over 2.0 indicates that the

particular upstream regulator is significantly activated because its target genes are differentially

regulated accordingly in the experimental dataset. Note that the expression levels of the up-

stream regulators are often not changed. (B) Upstream regulators in the double UBE4B+LSD1

knockdown cells, with stringent p-values of overlap (p< 0.005) but any z-score. Activation/

inhibition of upstream regulators with z-score between −2.0 and +2.0 is considered statistically

nonsignificant and therefore not predicted. Upstream regulators with z scores�2.0 and�–2.0

are considered in an “activated” or “inhibited” state, respectively. (C) Expression analysis of 130

p53 target genes that are differentially regulated in the UBE4B and LSD1 double knockdown

compared with the control. 49 “activated” genes are those whose actual changes are in agree-

ment with the predicted direction in the event of p53 activation. 35 “inhibited” genes are those

whose actual changes are opposite to the predicted direction in the event of p53 activation. An-

other 44 “affected” genes are those that are differentially regulated in the experiment but without

IPA-predicted directions. (D, E, F) Lists of all upstream regulators in each of the three knock-

down conditions, LSD1 alone, UBE4B alone, and both, as compared with the control.

(XLSX)

S2 Table. The full microarray datasets comparing control with LSD1 and UBE4B single or

double knockdowns.

(XLSX)
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S3 Table. Primer sequences for RT-qPCR reactions.

(XLSX)

S1 Text. Supporting Information Materials and Methods.

(DOC)

Acknowledgments

We are grateful to Arthur Horwich for providing critical support for the C. elegans screen and

analysis, Krystyna Furtak for assisting in the C. elegans screen and the initial mutation map-

ping, Elaine Mardis for helping with the first round of C. elegans genome sequencing, Murim

Choi and Richard Lifton for analyzing the first round of sequencing data, John Shea and

George Farr for technical assistance, Richard Morimoto for polyQ transgenic C. elegans, Paul

Taylor and Brian Freibaum for TDP-43 transgenic Drosophila, Udai Panday for FUS transgen-

ic Drosophila, Douglas Dimlich, Marianthi Kiparaki, and Spyros Artavanis-Tsakonas for the

Drosophila strains containing GMR-GAL4 with TDP-43 or FUS, Bert Vogelstein for p53

knockout cell lines, Geraldine Seydoux for plasmids, Patrick Mullane for assisting in the

human cell microarray studies, Ho-Yon Hwang for assisting in C. elegans genome deep se-

quencing and data analysis and Conover Talbot Jr. for microarray data analysis. We thank

Mike Matunis for critically reading the manuscript and members of the Wang laboratory, espe-

cially Eric Simko, for discussion.

Author Contributions

Conceived and designed the experiments: GP JW. Performed the experiments: GP JL TZ

MWK AMJ JW. Analyzed the data: GP JL TZ MWK AMJ RK AM JW. Wrote the paper: GP

JW.

References
1. Prusiner SB (2012) Cell biology. A unifying role for prions in neurodegenerative diseases. Science

336: 1511–1513. doi: 10.1126/science.1222951 PMID: 22723400

2. BalchWE, Morimoto RI, Dillin A, Kelly JW (2008) Adapting proteostasis for disease intervention. Sci-
ence 319: 916–919. doi: 10.1126/science.1141448 PMID: 18276881

3. Bukau B, Horwich AL (1998) The Hsp70 and Hsp60 chaperone machines. Cell 92: 351–366. PMID:
9476895

4. Hartl FU, Bracher A, Hayer-Hartl M (2011) Molecular chaperones in protein folding and proteostasis.
Nature 475: 324–332. doi: 10.1038/nature10317 PMID: 21776078

5. Ciechanover A, Brundin P (2003) The ubiquitin proteasome system in neurodegenerative diseases:
sometimes the chicken, sometimes the egg. Neuron 40: 427–446. PMID: 14556719

6. Mizushima N, Levine B, Cuervo AM, Klionsky DJ (2008) Autophagy fights disease through cellular self-
digestion. Nature 451: 1069–1075. doi: 10.1038/nature06639 PMID: 18305538

7. Wolff S, Weissman JS, Dillin A (2014) Differential scales of protein quality control. Cell 157: 52–64. doi:
10.1016/j.cell.2014.03.007 PMID: 24679526

8. Wang J, Xu G, Borchelt DR (2002) High molecular weight complexes of mutant superoxide dismutase
1: age-dependent and tissue-specific accumulation. Neurobiol Dis 9: 139–148. PMID: 11895367

9. Wang J, Slunt H, Gonzales V, Fromholt D, Coonfield M, et al. (2003) Copper-binding-site-null SOD1
causes ALS in transgenic mice: aggregates of non-native SOD1 delineate a common feature. HumMol
Genet 12: 2753–2764. PMID: 12966034

10. Lindberg MJ, Byström R, Boknäs N, Andersen PM, Oliveberg M (2005) Systematically perturbed fold-
ing patterns of amyotrophic lateral sclerosis (ALS)-associated SOD1mutants. Proc Natl Acad Sci USA
102: 9754–9759. PMID: 15987780

11. NeumannM, Sampathu DM, Kwong LK, Truax AC, Micsenyi MC, et al. (2006) Ubiquitinated TDP-43 in
frontotemporal lobar degeneration and amyotrophic lateral sclerosis. Science 314: 130–133. PMID:
17023659

A New Pathway That Regulates Protein Quality Control

PLOS Biology | DOI:10.1371/journal.pbio.1002114 April 2, 2015 26 / 29

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pbio.1002114.s012
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pbio.1002114.s013
http://dx.doi.org/10.1126/science.1222951
http://www.ncbi.nlm.nih.gov/pubmed/22723400
http://dx.doi.org/10.1126/science.1141448
http://www.ncbi.nlm.nih.gov/pubmed/18276881
http://www.ncbi.nlm.nih.gov/pubmed/9476895
http://dx.doi.org/10.1038/nature10317
http://www.ncbi.nlm.nih.gov/pubmed/21776078
http://www.ncbi.nlm.nih.gov/pubmed/14556719
http://dx.doi.org/10.1038/nature06639
http://www.ncbi.nlm.nih.gov/pubmed/18305538
http://dx.doi.org/10.1016/j.cell.2014.03.007
http://www.ncbi.nlm.nih.gov/pubmed/24679526
http://www.ncbi.nlm.nih.gov/pubmed/11895367
http://www.ncbi.nlm.nih.gov/pubmed/12966034
http://www.ncbi.nlm.nih.gov/pubmed/15987780
http://www.ncbi.nlm.nih.gov/pubmed/17023659


12. Kwiatkowski TJ, Bosco DA, LeClerc AL, Tamrazian E, Vanderburg CR, et al. (2009) Mutations in the
FUS/TLS gene on chromosome 16 cause familial amyotrophic lateral sclerosis. Science 323: 1205–
1208. doi: 10.1126/science.1166066 PMID: 19251627

13. Vance C, Rogelj B, Hortobagyi T, De Vos KJ, Nishimura AL, et al. (2009) Mutations in FUS, an RNA
Processing Protein, Cause Familial Amyotrophic Lateral Sclerosis Type 6. Science 323: 1208–1211.
doi: 10.1126/science.1165942 PMID: 19251628

14. Wang J, Farr GW, Hall DH, Li F, Furtak K, et al. (2009) An ALS-linked mutant SOD1 produces a loco-
motor defect associated with aggregation and synaptic dysfunction when expressed in neurons of Cae-
norhabditis elegans. PLoS Genet 5: e1000350–e1000350. doi: 10.1371/journal.pgen.1000350 PMID:
19165329

15. Wang J, Farr GW, Zeiss CJ, Rodriguez-Gil DJ, Wilson JH, et al. (2009) Progressive aggregation de-
spite chaperone associations of a mutant SOD1-YFP in transgenic mice that develop ALS. Proc Natl
Acad Sci USA 106: 1392–1397. doi: 10.1073/pnas.0813045106 PMID: 19171884

16. Davis MW, Hammarlund M, Harrach T, Hullett P, Olsen S, et al. (2005) Rapid single nucleotide poly-
morphismmapping in C. elegans. BMCGenomics 6: 118. PMID: 16156901

17. Sarin S, Prabhu S, O'Meara MM, Pe'er I, Hobert O (2008) Caenorhabditis elegans mutant allele identifi-
cation by whole-genome sequencing. Nat Meth 5: 865–867.

18. Janiesch PC, Kim J, Mouysset J, Barikbin R, Lochmüller H, et al. (2007) The ubiquitin-selective chaper-
one CDC-48/p97 links myosin assembly to human myopathy. Nat Cell Biol 9: 379–390. PMID:
17369820

19. Eimer S, Lakowski B, Donhauser R, Baumeister R (2002) Loss of spr-5 bypasses the requirement for
the C.elegans presenilin sel-12 by derepressing hop-1. EMBO J 21: 5787–5796. PMID: 12411496

20. Zhang T, Mullane PC, Periz G, Wang J (2011) TDP-43 neurotoxicity and protein aggregation modulat-
ed by heat shock factor and insulin/IGF-1 signaling. HumMol Genet 20: 1952–1965. doi: 10.1093/
hmg/ddr076 PMID: 21355045

21. Brignull HR, Morley JF, Garcia SM, Morimoto RI (2006) Modeling polyglutamine pathogenesis in C. ele-
gans. Meth Enzymol 412: 256–282. PMID: 17046663

22. Lanson NA, Maltare A, King H, Smith R, Kim JH, et al. (2011) A Drosophila model of FUS-related neuro-
degeneration reveals genetic interaction between FUS and TDP-43. HumMol Genet 20: 2510–2523.
doi: 10.1093/hmg/ddr150 PMID: 21487023

23. Ritson GP, Custer SK, Freibaum BD, Guinto JB, Geffel D, et al. (2010) TDP-43 mediates degeneration
in a novel Drosophila model of disease caused by mutations in VCP/p97. J Neurosci 30: 7729–7739.
doi: 10.1523/JNEUROSCI.5894-09.2010 PMID: 20519548

24. Wang J, Xu G, Borchelt DR (2006) Mapping superoxide dismutase 1 domains of non-native interaction:
roles of intra- and intermolecular disulfide bonding in aggregation. J Neurochem 96: 1277–1288.
PMID: 16441516

25. WuH, Pomeroy SL, Ferreira M, Teider N, Mariani J, et al. (2011) UBE4B promotes Hdm2-mediated
degradation of the tumor suppressor p53. Nat Med 17: 347–355. doi: 10.1038/nm0111-1 PMID:
21217648

26. WuH, Leng RP (2011) UBE4B, a ubiquitin chain assembly factor, is required for MDM2-mediated p53
polyubiquitination and degradation. Cell Cycle 10: 1912–1915. PMID: 21558803

27. Zhang Y, Lv Y, Zhang Y, Gao H (2014) Regulation of p53 level by UBE4B in breast cancer. PLoS ONE
9: e90154. doi: 10.1371/journal.pone.0090154 PMID: 24587254

28. Huang J, Sengupta R, Espejo AB, Lee MG, Dorsey JA, et al. (2007) p53 is regulated by the lysine
demethylase LSD1. Nature 449: 105–108. PMID: 17805299

29. Mojsilovic-Petrovic J, Nedelsky N, Boccitto M, Mano I, Georgiades SN, et al. (2009) FOXO3a is broadly
neuroprotective in vitro and in vivo against insults implicated in motor neuron diseases. J Neurosci 29:
8236–8247. doi: 10.1523/JNEUROSCI.1805-09.2009 PMID: 19553463

30. Zhao J, Brault JJ, Schild A, Cao P, Sandri M, et al. (2007) FoxO3 coordinately activates protein degra-
dation by the autophagic/lysosomal and proteasomal pathways in atrophying muscle cells. Cell Metab
6: 472–483. PMID: 18054316

31. Vilchez D, Boyer L, Morantte I, Lutz M, Merkwirth C, et al. (2012) Increased proteasome activity in
human embryonic stem cells is regulated by PSMD11. Nature 489: 304–308. doi: 10.1038/
nature11468 PMID: 22972301

32. Vilchez D, Morantte I, Liu Z, Douglas PM, Merkwirth C, et al. (2012) RPN-6 determines C. elegans lon-
gevity under proteotoxic stress conditions. Nature 489: 263–268. doi: 10.1038/nature11315 PMID:
22922647

A New Pathway That Regulates Protein Quality Control

PLOS Biology | DOI:10.1371/journal.pbio.1002114 April 2, 2015 27 / 29

http://dx.doi.org/10.1126/science.1166066
http://www.ncbi.nlm.nih.gov/pubmed/19251627
http://dx.doi.org/10.1126/science.1165942
http://www.ncbi.nlm.nih.gov/pubmed/19251628
http://dx.doi.org/10.1371/journal.pgen.1000350
http://www.ncbi.nlm.nih.gov/pubmed/19165329
http://dx.doi.org/10.1073/pnas.0813045106
http://www.ncbi.nlm.nih.gov/pubmed/19171884
http://www.ncbi.nlm.nih.gov/pubmed/16156901
http://www.ncbi.nlm.nih.gov/pubmed/17369820
http://www.ncbi.nlm.nih.gov/pubmed/12411496
http://dx.doi.org/10.1093/hmg/ddr076
http://dx.doi.org/10.1093/hmg/ddr076
http://www.ncbi.nlm.nih.gov/pubmed/21355045
http://www.ncbi.nlm.nih.gov/pubmed/17046663
http://dx.doi.org/10.1093/hmg/ddr150
http://www.ncbi.nlm.nih.gov/pubmed/21487023
http://dx.doi.org/10.1523/JNEUROSCI.5894-09.2010
http://www.ncbi.nlm.nih.gov/pubmed/20519548
http://www.ncbi.nlm.nih.gov/pubmed/16441516
http://dx.doi.org/10.1038/nm0111-1
http://www.ncbi.nlm.nih.gov/pubmed/21217648
http://www.ncbi.nlm.nih.gov/pubmed/21558803
http://dx.doi.org/10.1371/journal.pone.0090154
http://www.ncbi.nlm.nih.gov/pubmed/24587254
http://www.ncbi.nlm.nih.gov/pubmed/17805299
http://dx.doi.org/10.1523/JNEUROSCI.1805-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/19553463
http://www.ncbi.nlm.nih.gov/pubmed/18054316
http://dx.doi.org/10.1038/nature11468
http://dx.doi.org/10.1038/nature11468
http://www.ncbi.nlm.nih.gov/pubmed/22972301
http://dx.doi.org/10.1038/nature11315
http://www.ncbi.nlm.nih.gov/pubmed/22922647


33. Renault VM, Thekkat PU, Hoang KL, White JL, Brady CA, et al. (2011) The pro-longevity gene FoxO3
is a direct target of the p53 tumor suppressor. Oncogene 30: 3207–3221. doi: 10.1038/onc.2011.35
PMID: 21423206

34. Brunet A, Bonni A, Zigmond MJ, Lin MZ, Juo P, et al. (1999) Akt promotes cell survival by phosphorylat-
ing and inhibiting a Forkhead transcription factor. Cell 96: 857–868. PMID: 10102273

35. Lin K, Dorman JB, Rodan A, Kenyon C (1997) daf-16: An HNF-3/forkhead family member that can func-
tion to double the life-span of Caenorhabditis elegans. Science 278: 1319–1322. PMID: 9360933

36. Ogg S, Paradis S, Gottlieb S, Patterson GI, Lee L, et al. (1997) The Fork head transcription factor DAF-
16 transduces insulin-like metabolic and longevity signals in C. elegans. Nature 389: 994–999. PMID:
9353126

37. Ketteler R, Seed B (2008) Quantitation of autophagy by luciferase release assay. Autophagy 4: 801–806.
PMID: 18641457

38. Ketteler R, Sun Z, Kovacs KF, HeW-W, Seed B (2008) A pathway sensor for genome-wide screens of
intracellular proteolytic cleavage. Genome Biol 9: R64–R64. doi: 10.1186/gb-2008-9-4-r64 PMID:
18387192

39. Levine B, Abrams J (2008) p53: The Janus of autophagy? Nat Cell Biol 10: 637–639. doi: 10.1038/
ncb0608-637 PMID: 18521069

40. Lain S, Hollick JJ, Campbell J, Staples OD, Higgins M, et al. (2008) Discovery, in vivo activity, and
mechanism of action of a small-molecule p53 activator. Cancer Cell 13: 454–463. doi: 10.1016/j.ccr.
2008.03.004 PMID: 18455128

41. WangW, Takimoto R, Rastinejad F, El-Deiry WS (2003) Stabilization of p53 by CP-31398 inhibits ubi-
quitination without altering phosphorylation at serine 15 or 20 or MDM2 binding. Mol Cell Biol 23:
2171–2181. PMID: 12612087

42. Foster BA, Coffey HA, Morin MJ, Rastinejad F (1999) Pharmacological rescue of mutant p53 conforma-
tion and function. Science 286: 2507–2510. PMID: 10617466

43. Fiorini C, Menegazzi M, Padroni C, Dando I, Dalla Pozza E, et al. (2012) Autophagy induced by p53-
reactivating molecules protects pancreatic cancer cells from apoptosis. Apoptosis 18: 337–346.

44. Linzer DIH, Levine AJ (1979) Characterization of a 54K Dalton cellular SV40 tumor antigen present in
SV40-transformed cells and uninfected embryonal carcinoma cells. Cell 17: 43–52. PMID: 222475

45. Ollmann M, Young LM, Di Como CJ, Karim F, Belvin M, et al. (2000) Drosophila p53 is a structural and
functional homolog of the tumor suppressor p53. Cell 101: 91–101. PMID: 10778859

46. Mojsilovic-Petrovic J, Jeong G-B, Crocker A, Arneja A, David S, et al. (2006) Protecting motor neurons
from toxic insult by antagonism of adenosine A2a and Trk receptors. J Neurosci 26: 9250–9263. PMID:
16957081

47. Kaneko C, Hatakeyama S, Matsumoto M, Yada M, Nakayama K, et al. (2003) Characterization of the
mouse gene for the U-box-type ubiquitin ligase UFD2a. Biochem Biophys Res Commun 300: 297–304.
PMID: 12504083

48. Kaneko-Oshikawa C, Nakagawa T, Yamada M, Yoshikawa H, Matsumoto M, et al. (2005) Mammalian
E4 is required for cardiac development and maintenance of the nervous system. Mol Cell Biol 25:
10953–10964. PMID: 16314518

49. Wang J, Scully K, Zhu X, Cai L, Zhang J, et al. (2007) Opposing LSD1 complexes function in develop-
mental gene activation and repression programmes. Nature 446: 882–887. PMID: 17392792

50. Zibetti C, Adamo A, Binda C, Forneris F, Toffolo E, et al. (2010) Alternative splicing of the histone
demethylase LSD1/KDM1 contributes to the modulation of neurite morphogenesis in the mammalian
nervous system. J Neurosci 30: 2521–2532. doi: 10.1523/JNEUROSCI.5500-09.2010 PMID:
20164337

51. Susaki E, Kaneko-Oshikawa C, Miyata K, Tabata M, Yamada T, et al. (2010) Increased E4 activity in
mice leads to ubiquitin-containing aggregates and degeneration of hypothalamic neurons resulting in
obesity. J Biol Chem 285: 15538–15547. doi: 10.1074/jbc.M110.105841 PMID: 20190229

52. Morreale G, Conforti L, Coadwell J, Wilbrey AL, ColemanMP (2009) Evolutionary divergence of valo-
sin-containing protein/cell division cycle protein 48 binding interactions among endoplasmic reticu-
lum-associated degradation proteins. FEBS Journal 276: 1208–1220. doi: 10.1111/j.1742-4658.2008.
06858.x PMID: 19175675

53. Ye Y, Meyer HH, Rapoport TA (2001) The AAA ATPase Cdc48/p97 and its partners transport proteins
from the ER into the cytosol. Nature 414: 652–656. http://www.nature.com/nature/journal/v414/n6864/
abs/414652a.html. PMID: 11740563

54. Johnson JO, Mandrioli J, Benatar M, Abramzon Y, Van Deerlin VM, et al. (2010) Exome Sequencing
Reveals VCPMutations as a Cause of Familial ALS. Neuron 68: 857–864. doi: 10.1016/j.neuron.2010.
11.036 PMID: 21145000

A New Pathway That Regulates Protein Quality Control

PLOS Biology | DOI:10.1371/journal.pbio.1002114 April 2, 2015 28 / 29

http://dx.doi.org/10.1038/onc.2011.35
http://www.ncbi.nlm.nih.gov/pubmed/21423206
http://www.ncbi.nlm.nih.gov/pubmed/10102273
http://www.ncbi.nlm.nih.gov/pubmed/9360933
http://www.ncbi.nlm.nih.gov/pubmed/9353126
http://www.ncbi.nlm.nih.gov/pubmed/18641457
http://dx.doi.org/10.1186/gb-2008-9-4-r64
http://www.ncbi.nlm.nih.gov/pubmed/18387192
http://dx.doi.org/10.1038/ncb0608-637
http://dx.doi.org/10.1038/ncb0608-637
http://www.ncbi.nlm.nih.gov/pubmed/18521069
http://dx.doi.org/10.1016/j.ccr.2008.03.004
http://dx.doi.org/10.1016/j.ccr.2008.03.004
http://www.ncbi.nlm.nih.gov/pubmed/18455128
http://www.ncbi.nlm.nih.gov/pubmed/12612087
http://www.ncbi.nlm.nih.gov/pubmed/10617466
http://www.ncbi.nlm.nih.gov/pubmed/222475
http://www.ncbi.nlm.nih.gov/pubmed/10778859
http://www.ncbi.nlm.nih.gov/pubmed/16957081
http://www.ncbi.nlm.nih.gov/pubmed/12504083
http://www.ncbi.nlm.nih.gov/pubmed/16314518
http://www.ncbi.nlm.nih.gov/pubmed/17392792
http://dx.doi.org/10.1523/JNEUROSCI.5500-09.2010
http://www.ncbi.nlm.nih.gov/pubmed/20164337
http://dx.doi.org/10.1074/jbc.M110.105841
http://www.ncbi.nlm.nih.gov/pubmed/20190229
http://dx.doi.org/10.1111/j.1742-4658.2008.06858.x
http://dx.doi.org/10.1111/j.1742-4658.2008.06858.x
http://www.ncbi.nlm.nih.gov/pubmed/19175675
http://www.nature.com/nature/journal/v414/n6864/abs/414652a.html
http://www.nature.com/nature/journal/v414/n6864/abs/414652a.html
http://www.ncbi.nlm.nih.gov/pubmed/11740563
http://dx.doi.org/10.1016/j.neuron.2010.11.036
http://dx.doi.org/10.1016/j.neuron.2010.11.036
http://www.ncbi.nlm.nih.gov/pubmed/21145000


55. van Ham TJ, Holmberg MA, van der Goot AT, Teuling E, Garcia-Arencibia M, et al. (2010) Identification
of MOAG-4/SERF as a Regulator of Age-Related Proteotoxicity. Cell 142: 601–612. doi: 10.1016/j.cell.
2010.07.020 PMID: 20723760

56. Jackrel ME, DeSantis ME, Martinez BA, Castellano LM, Stewart RM, et al. (2014) Potentiated Hsp104
Variants Antagonize Diverse Proteotoxic Misfolding Events. Cell 156: 170–182. doi: 10.1016/j.cell.
2013.11.047 PMID: 24439375

57. Denzel MS, Storm NJ, Gutschmidt A, Baddi R, Hinze Y, et al. (2014) Hexosamine Pathway Metabolites
Enhance Protein Quality Control and Prolong Life. Cell 156: 1167–1178. doi: 10.1016/j.cell.2014.01.
061 PMID: 24630720

58. Kitamura Y, Shimohama S, KamoshimaW, Matsuoka Y, Nomura Y, et al. (1997) Changes of p53 in the
brains of patients with Alzheimer's disease. Biochem Biophys Res Commun 232: 418–421. PMID:
9125193

59. Martin L (2000) p53 Is Abnormally Elevated and Active in the CNS of Patients with Amyotrophic Lateral
Sclerosis. Neurobiol Dis 7: 613–622. PMID: 11114260

60. Morimoto RI (1998) Regulation of the heat shock transcriptional response: cross talk between a family
of heat shock factors, molecular chaperones, and negative regulators. Genes Dev 12: 3788–3796.

61. Walter P, Ron D (2011) The unfolded protein response: from stress pathway to homeostatic regulation.
Science 334: 1081–1086. doi: 10.1126/science.1209038 PMID: 22116877

62. Liu Y, Kulesz-Martin M (2001) p53 protein at the hub of cellular DNA damage response pathways
through sequence-specific and non-sequence-specific DNA binding. Carcinogenesis 22: 851–860.
PMID: 11375889

63. Smith M, Chen I, Zhan Q, Bae I, Chen C, et al. (1994) Interaction of the p53-regulated protein Gadd45
with proliferating cell nuclear antigen. Science 266: 1376–1380. PMID: 7973727

64. Khurana V, Merlo P, DuBoff B, Fulga TA, Sharp KA, et al. (2012) A neuroprotective role for the DNA
damage checkpoint in tauopathy. Aging Cell 11: 360–362. doi: 10.1111/j.1474-9726.2011.00778.x
PMID: 22181010

65. Vousden KH, Prives C (2009) Blinded by the Light: The Growing Complexity of p53. Cell 137: 413–431.
doi: 10.1016/j.cell.2009.04.037 PMID: 19410540

66. Wiznerowicz M, Trono D (2003) Conditional suppression of cellular genes: lentivirus vector-mediated
drug-inducible RNA interference. J Virol 77: 8957–8961. PMID: 12885912

67. El-Deiry WS, Tokino T, Velculescu VE, Levy DB, Parsons R, et al. (1993) WAF1, a potential mediator
of p53 tumor suppression. Cell 75: 817–825. PMID: 8242752

68. Kisselev AF, Goldberg AL (2005) Monitoring activity and inhibition of 26S proteasomes with fluorogenic
peptide substrates. Meth Enzymol 398: 364–378. PMID: 16275343

69. Spandidos A, Wang X, Wang H, Seed B (2010) PrimerBank: a resource of human and mouse PCR
primer pairs for gene expression detection and quantification. Nucleic Acids Res 38: D792–D799. doi:
10.1093/nar/gkp1005 PMID: 19906719

A New Pathway That Regulates Protein Quality Control

PLOS Biology | DOI:10.1371/journal.pbio.1002114 April 2, 2015 29 / 29

http://dx.doi.org/10.1016/j.cell.2010.07.020
http://dx.doi.org/10.1016/j.cell.2010.07.020
http://www.ncbi.nlm.nih.gov/pubmed/20723760
http://dx.doi.org/10.1016/j.cell.2013.11.047
http://dx.doi.org/10.1016/j.cell.2013.11.047
http://www.ncbi.nlm.nih.gov/pubmed/24439375
http://dx.doi.org/10.1016/j.cell.2014.01.061
http://dx.doi.org/10.1016/j.cell.2014.01.061
http://www.ncbi.nlm.nih.gov/pubmed/24630720
http://www.ncbi.nlm.nih.gov/pubmed/9125193
http://www.ncbi.nlm.nih.gov/pubmed/11114260
http://dx.doi.org/10.1126/science.1209038
http://www.ncbi.nlm.nih.gov/pubmed/22116877
http://www.ncbi.nlm.nih.gov/pubmed/11375889
http://www.ncbi.nlm.nih.gov/pubmed/7973727
http://dx.doi.org/10.1111/j.1474-9726.2011.00778.x
http://www.ncbi.nlm.nih.gov/pubmed/22181010
http://dx.doi.org/10.1016/j.cell.2009.04.037
http://www.ncbi.nlm.nih.gov/pubmed/19410540
http://www.ncbi.nlm.nih.gov/pubmed/12885912
http://www.ncbi.nlm.nih.gov/pubmed/8242752
http://www.ncbi.nlm.nih.gov/pubmed/16275343
http://dx.doi.org/10.1093/nar/gkp1005
http://www.ncbi.nlm.nih.gov/pubmed/19906719

