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RBM45 Modulates the Antioxidant Response in Amyotrophic Lateral
Sclerosis through Interactions with KEAP1
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Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease characterized by the selective loss of motor neurons.
Various factors contribute to the disease, including RNA binding protein dysregulation and oxidative stress, but their exact role
in pathogenic mechanisms remains unclear. We have recently linked another RNA binding protein, RBM45, to ALS via increased
levels of protein in the cerebrospinal fluid of ALS patients and its localization to cytoplasmic inclusions in ALS motor neurons.
Here we show RBM45 nuclear exit in ALS spinal cord motor neurons compared to controls, a phenotype recapitulated in vitro in
motor neurons treated with oxidative stressors. We find that RBM45 binds and stabilizes KEAP1, the inhibitor of the antioxi-
dant response transcription factor NRF2. ALS lumbar spinal cord lysates similarly show increased cytoplasmic binding of
KEAP1 and RBM45. Binding of RBM45 to KEAP1 impedes the protective antioxidant response, thus contributing to oxidative
stress-induced cellular toxicity. Our findings thus describe a novel link between a mislocalized RNA binding protein implicated
in ALS (RBM45) and dysregulation of the neuroprotective antioxidant response seen in the disease.

myotrophic lateral sclerosis (ALS) is a fatal idiopathic adult-
onset neurodegenerative disease characterized by a loss of
motor neurons in the brain, brain stem, and spinal cord, with
consequent atrophy of associated muscles (1, 2). Incidence rates
are 1 to 3 cases per 100,000 individuals per year. Pathogenic mech-
anisms underlying the disease are not fully understood. Approxi-
mately 5 to 10% of all ALS cases are familial (3), with the remain-
ing cases being termed sporadic, contributing to the clinical
heterogeneity within the patient population. Nevertheless, typical
hallmarks of ALS include neuronal atrophy, mitochondrial dys-
function, excitotoxicity, oxidative stress, and ubiquitinated cellu-
lar inclusions (4, 5). A growing number of genes with diverse
functions have been implicated in the disease etiology. Mutations
in a number of RNA binding proteins have been linked to ALS,
including TAR DNA binding protein 43 (TDP-43) and Fused in
Sarcoma (FUS) (6). Mutations in these genes result in reduced
levels in the nucleus and their accumulation in cytoplasmic
ubiquitin-positive inclusions (7). Both TDP-43 and FUS possess
prion-like domains and relocate to cytoplasmic stress granules
under stress conditions, suggesting potential pathology common-
alities (8). Genetic alterations in these and other RNA binding
proteins link RNA metabolism to the pathobiology of ALS.
Recently, we linked another RNA binding protein, RBM45, to
ALS using a proteomic screen of cerebrospinal fluid (CSF) from
ALS and control subjects (9). RBM45, also known as Drbl, was
first identified as a novel RNA binding protein that functions in
neural development (10). RBM45 possesses three RNA recogni-
tion motifs (RRMs) as well as a C-terminal nuclear localization
sequence (10). By using a large liquid chromatography-tandem
mass spectrometry (LC-MS/MS) unbiased proteomic analysis of
CSF from 250 subjects, RBM45 levels were found to be increased
in the CSF of ALS patients (9). ALS spinal cord motor neurons
exhibited RBM45-positive cytoplasmic inclusions bearing a strik-
ing resemblance to those seen with TDP-43 and FUS in ALS motor
neurons, and colocalization between TDP-43 and RBM45 in
cytoplasmic inclusions was observed (9). Extensive RBM45 pa-
thology was observed in patients with C9ORF72 repeat expan-
sions. RBM45 was subsequently found to bind and colocalize with
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the C-terminal fragment of TDP-43 implicated in ALS (11), con-
sistent with a role for RBM45 in ALS pathobiology.

Neurons are particularly susceptible to degeneration via redox
dysregulation, as the high oxygen consumption by the brain re-
sults in a significant production of reactive oxygen species (ROS)
(12), so itis no surprise that oxidative stress plays a significant role
in the pathogenesis of ALS and other neurodegenerative diseases.
Evidence for oxidative damage to proteins and lipids has been
detected in serum, fibroblasts, and the central nervous system
(CNS) of ALS patients as well as various organs in the G93A mu-
tant SODI transgenic murine model of ALS (13-20). A central
regulator of cellular responses to oxidative stress is the NRF2 (NF-
E2-related factor 2)/KEAP1 (Kelch-like ECH-associated protein
1) pathway. NRF2 is a basic-region leucine zipper transcription
factor with a transactivation domain in the N terminus and a DNA
binding region in the C terminus (21). NRF2 is negatively regu-
lated by the actin-binding cytosolic protein KEAP1. KEAP1
homodimers bind NRF2 through its C terminus, while through its
N-terminal end, it associates with Cullin 3 (Cul3) to form an E3
ubiquitin ligase complex, in which KEAP1 serves as a substrate
adaptor (22). Under normal basal conditions, NRF2 is constitu-
tively polyubiquitinated by this KEAP1-Cul3 ubiquitin ligase
complex, targeting it for proteasomal degradation. When the cell
is exposed to oxidative stress conditions, cysteine residues on
KEAP1 become oxidized, leading to its dissociation from NRF2
and the subsequent translocation of NRF2 to the nucleus to drive
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the expression of antioxidant response genes (23). More recently,
endogenous intracellular stress was shown to induce NRF2 activ-
ity through p62, a polyubiquitin binding protein that targets
substrates for autophagy. When intracellular stress impairs
autophagy, p62-containing protein aggregates accumulate as in-
clusion bodies containing KEAP1, thus releasing NRF2 for nu-
clear translocation and induction of cytoprotective genes (24).
NREF2 drives the expression of >200 genes involved in the cellular
antioxidant and anti-inflammatory defense, binding to a regula-
tory enhancer region called the antioxidant response element
(ARE) (25). ARE-containing genes include detoxification en-
zymes, extracellular superoxide dismutase, heat shock proteins, as
well as the pro- and anti-inflammatory cyclooxygenase 2 (COX-
2), heme oxygenase 1 (HO-1), and inducible nitric oxide synthase
(iNOS).

The NRF2/KEAP1 pathway is altered both in animal models of
ALS and in postmortem tissues from ALS patients. Mimoto et al.
observed dramatic increases in NRF2 immunoreactivity and total
protein levels in motor neurons and lumbar spinal cord of SOD1
mutant transgenic mice, with a concomitant decrease in KEAP1
protein levels, although downstream gene expression was only
modestly increased, suggesting an impairment of the NRF2/
KEAP1 pathway (26). By crossing ARE reporter mice with G93A
mutant SOD1 mice, NRF2 activation was observed in skeletal
muscles at postnatal day 60, prior to phenotypic disease onset,
with subsequent later activation in spinal cord motor neurons
(27). Knockout of Nrf2 in G93A mutant SOD1 mice accelerated
motor neuron loss and astrocytic proliferation (28). Selective
overexpression of Nrf2 in neurons or type II skeletal muscle fibers
delayed disease onset but failed to extend the survival of G93A
mutant SOD1 mice (29), while its overexpression in astrocytes
had beneficial effects on survival and decreased glial activation
(30), thus highlighting the complexity of this pathway in the var-
ious cell types involved in ALS.

ALS postmortem brain and spinal cord exhibited reduced
NRF2 RNA and protein levels, while KEAP1 mRNA but not pro-
tein levels increased, thus highlighting the deregulated antioxi-
dant response pathway in ALS (31). More recently, KEAP1 was
observed in p62-containing neuronal cytoplasmic inclusions in
various neurodegenerative diseases, including ALS (32). How-
ever, localization with other proteins that form cytoplasmic inclu-
sions during ALS was not investigated. Mutant TDP-43 has been
shown to induce oxidative stress and subsequent nuclear accumu-
lation of NRF2 in cell culture, while motor cortexes from TDP-43
A315T transgenic mice show significant increases in the levels of
the NRF2 target HO-1 (33, 34). These data indicated that there is
a deregulation of the linear KEAP1/NRF2/ARE pathway in ALS, a
deregulation associated with the sequestering of KEAP1 in ubiq-
uitinated pathological inclusions and poor induction of cytopro-
tective ARE gene products.

In this study, we have uncovered a role for RBM45 in modu-
lating cellular responses to oxidative stress. We show that oxida-
tive insults result in a redistribution of RBM45 from the nucleus to
the cytoplasm, accompanied by stress granule formation reminis-
cent of the phenotype in ALS patients described previously. In
addition, we demonstrate that RBM45 binds to and regulates
KEAP1 levels in various cell lines as well as the ALS spinal cord.
This RBM45/KEAP1 interaction impedes the antioxidant re-
sponse and contributes to increased cell death. Our findings thus
provide a novel mechanistic link between deregulated ALS inclu-
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TABLE 1 Primers used for real-time PCR analysis

Primer Sequence

p62-For AGC TGC CTT GTA CCCACATC
p62-Rev CAG AGA AGC CCATGG ACA G
HOI-For CCA GCA ACAAAG TGCAAGATT C
HOI-Rev TCA CAT GGC ATA AAG CCC TAC AG
NQOI1- For GTC ATT CTC TGG CCA ATT CAG AGT
NQOI1-Rev TTC CAG GAT TTG AAT TCG GG
GAPDH-For GAA ATC CCA TCA CCA TCT TCC AGG
GAPDH-Rev GAG CCC CAG CCT TCT CCA TG
Cyclophilin-For CCCCACCGTGTTCTTCGACA
Cyclophilin-Rev CCCAGTGCTCAGAGCACGAAA
ratRBM45-For GCTATCTCCAAACGCCTGTC
ratRBM45-Rev GGGACGATGTCAAAAATGCT

hNQO1-ARE-For
hNQO1-ARE-Rev

CCCTTTTAGCCTTGGCACGAAA
TGCACCCAGGGAAGTGTGTTGTAT

sion-forming RBM45 and the NRF2/KEAP1 oxidant stress re-
sponse.

MATERIALS AND METHODS

Antibodies and materials. Antibodies against KEAP1 (catalog numbers
60027 and 10503), TDP-43 (catalog number 60019), and FUS were ob-
tained from Proteintech, and antibody to hemagglutinin (HA) (clone
3F10) was obtained from Roche. NRF2 antibodies were purchased from
Abcam (catalog number 31163) and Novus Biologicals (catalog number
H00004780), while glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
was obtained from Cell Signaling Technology. p62 (anti-sqstm1) and
HO-1 (heme oxygenase) antibodies were obtained from Novus Biologi-
cals (catalog numbers H00008878-M01 and NBP1-31341, respectively),
and TIAR was obtained from BD (catalog number 610352). RBM45 anti-
bodies were obtained from Sigma-Aldrich (catalog number HPA020448)
or custom-made against the C terminus or the middle of human RBM45
(Pacific Immunology). Anti-Flag M2 affinity gel, mouse IgG-agarose
beads, and the monoclonal anti-Flag antibody (clone M2) were obtained
from Sigma-Aldrich. Hydrogen peroxide (H,0,), tert-butyl hydroqui-
none (tBHQ), and Paraquat (methyl viologen dichloride hydrate) were
purchased from Sigma-Aldrich and used fresh. Pierce protein A/G-aga-
rose beads were obtained from Thermo Scientific. Secondary antibodies
for immunofluorescence were obtained from Invitrogen, and antibodies
used for Western blot analysis were obtained from LiCor.

Plasmids. The RBM45 expression plasmid was purchased from the
DNAsu plasmid repository at the Arizona State University Biodesign In-
stitute and cloned into a pcDNA3 vector. QuikChange XL mutagenesis
(Stratagene) was used to delete the RBM45 nuclear localization signal
(NLS), and truncation mutants were cloned from the wild-type RBM45
backbone by PCR. The pGL3-ARE-luciferase construct was kindly pro-
vided by D. Zhang (University of Arizona, Tucson, AZ). pcDNA3-HA2-
KEAP1 (Addgene plasmid 21556) and pcDNA3-My3-NRF2 (Addgene
plasmid 21555) expression plasmids were obtained from Y. Xiong (Uni-
versity of North Carolina at Chapel Hill) (35). KEAP1 truncation mutants
were generated from the full-length KEAP1 plasmid, in a pcDNA3 back-
bone.

Gene expression analysis. For quantitative RNA expression, total
RNAs from multiple neuronal preparations were prepared by using the
Quick-RNA miniprep kit from Zymo Research. cDNA was synthesized,
and real-time reverse transcription-PCR (RT-PCR) was performed by
using FastStart Universal Sybr green master mix (Roche). Amplification
values were normalized to cyclophilin housekeeping gene values, and av-
erages across multiple experiments were computed. Primers used are
listed in Table 1.

Tissue samples. ALS and nonneurologic disease control postmortem
tissue samples were obtained from the University of Pittsburgh ALS Tis-
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TABLE 2 Subject demographics and RBM45 inclusions in motor
neurons”

Presence of RBM45
Age PMT inclusions in motor
Case Group (yr) Gender (h) neurons
CONI1 Control 53 F 4 No
CON2 Control 95 M 20 No
CON3 Control 76 M 13 No
CON4 Control 51 F 5 No
ALS1 ALS 48 F 5 Yes
ALS2 ALS 63 F 4 Yes
ALS3 ALS 50 F 7 No
ALS4 ALS 60 F 2 ND
ALS5 ALS 40 M 6 Yes
ALS6 ALS 43 M 6 Yes
ALS7 ALS 73 F 11 ND
ALSS8 ALS 69 M 5 No
ALS9 ALS 60 F 4 Yes
ALS10 ALS 68 M 4 Yes

“M, male; F, female; PMT, postmortem time; ND, not determined.

sue Bank. All tissue samples were collected after informed consent was
obtained from the subjects’ next of kin. The consent process was approved
by the University of Pittsburgh Institutional Review Board/University of
Pittsburgh Committee for Oversight of Research Involving the Dead.
Clinical diagnoses were made by board-certified neuropathologists ac-
cording to consensus criteria for ALS. Subject demographics are listed in
Table 2, as is the presence or absence of RBM45 inclusions in motor
neurons, as determined in our previous study (9). Statistical analysis was
performed by using the Student ¢ test.

Immunoprecipitation and immunoblot analysis. Whole-cell lysates
were prepared in radioimmunoprecipitation assay (RIPA) buffer supple-
mented with protease and phosphatase inhibitors (Sigma and Roche, re-
spectively). For immunoprecipitation (IP), cells were fractionated by us-
ing a low-detergent buffer (10 mM HEPES [pH 7.6], 60 mM KCl, 1 mM
EDTA, and 0.25% NP-40) and spun at 600 X g for 5 min to separate the
cytoplasmic protein fraction from nuclei. Immunoprecipitations were
performed on proteins from the cytoplasmic fraction (200 to 300 pg) by
first preclearing the lysates with isotype-specific IgG and then incubating
them with a pre-cross-linked antibody-agarose complex overnight. Sam-
ples were then washed with RIPA buffer for 20 to 30 min at 4°C, before
boiling in SDS loading dye, spinning, and loading onto gels for Western
blot analysis. Gels were transferred onto Immobilon FL polyvinylidene
difluoride (PVDF) membranes (Millipore), blocked in Odyssey blocking
buffer, and probed with primary and secondary antibodies (1:15,000 di-
lution; LiCor). Signals were imaged by using the Odyssey CLx imager
(LiCor). All assays were performed in triplicate unless indicated other-
wise. For RNase treatment, cytoplasmic protein fractions were incubated
with RNase A (catalog number R4642; Sigma) immediately following lysis
and prior to preclearing and incubation with antibodies. Immunoprecipi-
tation and washes were then performed as described above.

Lumbar spinal cord tissue homogenates were prepared from frozen
tissue from controls (n = 4) and ALS cases (n = 9) for Western blot
analysis and coimmunoprecipitation studies. The age ranges and post-
mortem intervals for this patient subgroup did not statistically differ from
those of all subjects or across subgroups (Table 2). Nuclear and post-
nuclear extracts were prepared as described previously (36). Briefly, sam-
ples were homogenized in a solution containing 10 mM Tris (pH 8.0), 10
mM MgCl,, 15 mM NaCl, and 0.5 mM phenylmethylsulfonyl fluoride
(PMSF) supplemented with protease and phosphatase inhibitors, and
nuclei were collected via low-speed centrifugation at 800 X g for 5 min.
The resulting supernatant was saved as the postnuclear extract and used
for Western blotting or immunoprecipitation (50 to 70 wg protein per
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sample). Densitometric analysis was performed by using ImageStudio 4.0
software from LiCor.

Chromatin immunoprecipitation. Chromatin immunoprecipitation
(ChIP) analysis was performed according to a protocol provided by Up-
state Biotechnology, Inc. Briefly, cells were cross-linked in 1% formalde-
hyde, centrifuged, and resuspended in a solution containing 2% SDS, 10
mM EDTA, 50 mM Tris-HCI, and protease inhibitors. Following sonica-
tion, one-third of the lysate was precipitated overnight by using a rabbit
monoclonal NRF2 antibody (AB 62352/EP1808Y; Abcam) or rabbit IgG.
Salmon sperm DNA-protein A-agarose beads (catalog number 16-157;
Millipore) were subsequently added, and the mixture was incubated for 5
h at 4°C. Following washes in low-salt buffer (0.1% SDS, 1% Triton
X-100, 2 mM EDTA, 20 mM Tris-HCI [pH 8], and 150 mM NaCl), high-
salt buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl
[pH 8], and 500 mM NacCl), and LiCl buffer (0.25 mM LiCl, 1% NP-40,
1% deoxycholate, 1 mM EDTA, and 10 mM Tris-HCI [pH 8.0]), the DNA
complex was eluted in 1% SDS—0.1 mM NaHCO;. The eluant was subse-
quently heated to 65°C for 14 h to reverse cross-link the complexes, and
DNA was precipitated. DNA was then purified by using the QIAquick
PCR purification kit (Qiagen), and PCRs were performed to amplify a
region in the ARE of the NADPH quinone oxidoreductase 1 (NQO1)
promoter (25). Primers are listed in Table 1. Samples were run in tripli-
cates, and values were normalized to individual inputs. Enrichment was
calculated as fold increase over the IgG control IP.

Cell culture, transfections, and luciferase assay. Neuro2a (murine)
and SH-SY5Y (human) neuroblastoma cell lines were purchased from the
ATCC and cultured as recommended by the supplier. Both cell lines were
differentiated on laminin-coated plates in the presence of 10 WM retinoic
acid. NSC-34, Neuro2a, and HEK-293 cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (FBS). Primary motor neurons were isolated from the spinal cords
of Sasco Sprague-Dawley rat embryos at gestation day 14 (E14), as previ-
ously described (36). Cells were maintained on poly-p-lysine/human pla-
cental laminin-coated plates, in neurobasal medium supplemented with a
mix of growth factors, and half of the medium was changed every other
day (37). The resulting cultures contained 93 to 98% neurons, as deter-
mined by HB9 staining. Cultures were used at days 5 to 6 postisolation for
immunofluorescence or protein/RNA isolation. Results from cell lines
were confirmed in 4 or 5 independent experiments.

Small interfering RNA (siRNA) for RBM45 was obtained from Dhar-
macon, Inc., and transfections were performed by using Lipofectamine
2000 (Invitrogen). HEK-293 and Neuro2a cells were cultured in 24-well
plates and transfected with 0.15 g total DNA per well for luciferase as-
says. Cells were lysed 24 to 48 h later in mammalian protein extraction
reagent (M-PER; Pierce) and processed for firefly luciferase and 3-galac-
tosidase (3-Gal) assays. Triplicate wells were used for each experiment,
and the results shown are from a representative experiment performed in
triplicate.

Viability and cellular stress assays. Viability assays were performed
by using the CellTox green cytotoxicity assay from Promega (catalog
number G8741), according to the manufacturer’s recommendations, us-
ing a 1:500 dilution of the CellTox green dye in assay buffer (endpoint
detection method). Five wells per group were used for each experiment,
and the experiments were repeated 3 times. Data from a representative
experiment are shown.

Measurement of ROS was performed by using the 2’,7’-dichlorofluo-
rescin diacetate (DCFDA) cellular reactive oxygen species detection assay
kit from Abcam, according to the manufacturer’s recommendations.
Briefly, triplicate cells were incubated with 25 uM DCFDA fluorogenic
dye for 45 min at 37°C before phosphate-buffered saline (PBS) washes.
Cells were then treated in the supplied buffer supplemented with serum,
and fluorescence was read at the indicated time points. Representative
data from 2 experiments are shown.

An assay of glutathione content was performed on cells by using the
luminescence-based GSH/GSSG-Glo assay from Promega, as suggested
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by the manufacturer. This kit allows the measurement of both oxidized
and total glutathione levels in order to compute the ratios of reduced to
oxidized glutathione. Briefly, the cells are lysed in total glutathione or
oxidized glutathione lysis buffer directly in the culture wells following
treatments, followed by the addition of luciferin. Luminescence is then
read, and background readouts are subtracted from all measurements.
Five wells per experimental group were used.

Immunofluorescence. For immunofluorescence assays, cells were
plated onto coverslips, treated for different time points, and then fixed
with ice-cold methanol for 10 min. The cells were then blocked by using
the Scytek Super Block reagent (catalog number AAA125) for 45 min,
treated with appropriate primary and secondary antibodies (Alexa Fluor
488 or 594) for 1 h each, washed extensively in PBS, and mounted in
aqueous mounting medium (Gelvatol) for imaging. Nuclei were labeled
with 4’,6-diamidino-2-phenylindole (DAPI) nuclear stain (1:5,000; Invit-
rogen). Slides were imaged on a Zeiss AxioVision microscope. Images
were deconvolved by using Hyugens Essential software (38). To calculate
the percentage of cells with stress granules, we defined granules as cyto-
plasmic puncta larger than 100 nm and counted the number of cells with
RBM45-positive granules. Percentages of granules per cell were calculated
as 100 X [(number of cells with granules)/(total number of nuclei)]. At
least 100 cells were examined per group, and data presented are the results
from three independent experimental sets.

RESULTS

RBM45 is regulated by oxidative stress in vitro and in ALS spinal
cord. We previously demonstrated that RBM45 was contained in
cytoplasmic inclusions of neurons within the brain and spinal
cord of ALS patients (9). Although the levels of RBM45 were in-
creased in the CSF of ALS patients, little is known about its func-
tion. We sought here to characterize the function of this protein
and identify conditions that induce its accumulation in the cyto-
plasm to better understand its role in ALS. The RBM45 protein
localizes predominantly to the nucleus in various neuronal and
nonneuronal cell lines, although a small portion of the protein is
found in the cytoplasm and neuronal processes (data not shown).
We postulated that cellular stress may regulate RBM45 subcellular
distribution, as both TDP-43 and FUS translocate into cytoplas-
mic granules in response to stress. To test this hypothesis, we
treated primary rat motor neurons with various stressors and ex-
amined RBM45 subcellular distribution. We chose doses of two
stressors, H,O, and Paraquat, that induced no more than 30 to
40% cell death over 24 h in an attempt to mimic chronic stress and
then monitored RBM45 subcellular distribution. We observed
that RBM45 redistributed to the cytoplasm in response to either
H,O, or Paraquat, as detected by using an RBM45-specific anti-
body (Fig. 1A). Cytoplasmic granules containing RBM45 were
most evident in Paraquat-treated cells (Fig. 1A), and increasing
levels of this stressor generated an increasing number of cells with
RBM45 granules. These results were verified by using a second
RBMA45 antibody directed against a different epitope of the protein
(data not shown). Paraquat is a potent reactive oxygen species pro-
ducer that interferes with the electron transfer system and was previ-
ously shown to alter the subcellular localization of another ALS-
linked RNA binding protein, TDP-43, to cytoplasmic stress granules
(39). Similar results were seen in Paraquat-treated differentiated SH-
SY5Y but not HEK-293 or undifferentiated NSC-34 cells. No signif-
icant differences in the protein or RNA levels of RBM45 were seen
with either cell stressor (Fig. 1B and data not shown).

Given the nuclear exit of RBM45 in response to oxidative
stress, we asked whether we could see such an effect on ALS patient
tissues. Cytoplasmic extracts from lumbar spinal cord tissue
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homogenates were examined by RBM45 Western blotting. The
results showed a significant increase in RBM45 levels in the solu-
ble cytoplasmic fraction in ALS patient spinal cords compared to
nonneurologic controls (Fig. 1C). No significant changes in total
RBM45 levels (Fig. 1D) were observed, consistent with our previ-
ously reported findings (9). Given that oxidative stress is a well-
reported pathogenic factor in ALS, these results support that
RBM45 subcellular distribution is regulated by oxidative stress
both in vitro and in vivo.

To characterize RBM45-containing cytoplasmic granules gen-
erated under stress conditions, we performed double-label immu-
nofluorescence microscopy using markers of cytoplasmic stress
granules. We first examined RBM45 colocalization with the stress
granule marker TIAR. TIAR is an RNA binding protein that binds
and accumulates untranslated mRNA under conditions of stress,
including Paraquat treatment (40). When primary motor neurons
were treated with Paraquat, TIAR relocalized from the nucleus to
cytoplasmic stress granules (Fig. 2A), as previously reported (41).
Interestingly, RBM45 colocalized with TIAR in granules, indicat-
ing that RBM45 was a constituent of Paraquat-induced cytoplas-
mic stress granules (Fig. 2A).

Next, we asked whether RBM45 colocalizes with the p62/seques-
tosome protein in response to oxidative stress. p62, a polyubiquitin
binding protein, recognizes polyubiquitinated protein aggregates and
targets them for autophagic degradation (42). Various mutations in
P62 have been identified in ALS, and the protein has been shown to
localize to cytoplasmic inclusions in motor neurons (43—46). When
primary motor neurons were treated with Paraquat, p62 formed
round cytoplasmic inclusions that colocalized with RBM45 (Fig. 2B),
consistent with the ubiquitin-positive RBM45 cytoplasmic inclusions
observed in ALS spinal cord motor neurons (9).

Since oxidative stress activates the antioxidant response path-
way by targeting the NRF2 inhibitor KEAP1 for proteasomal deg-
radation, and given that KEAP1 has been shown to localize to
p62-positive neuronal cytoplasmic inclusions in neurodegenera-
tive diseases (32), we tested the hypothesis that KEAP1 and
RBM45 colocalize in response to Paraquat. KEAP1 displays a dif-
fuse cytoplasmic immunostaining pattern in untreated primary
motor neurons, with little overlap with RBM45 that is located
predominantly in the nucleus (Fig. 2C). Upon Paraquat treat-
ment, KEAPI is redistributed into cytoplasmic granules that often
contain RBM45 (Fig. 2C, arrowheads).

RBM45 binds the antioxidant response member KEAP1. To
further define the role of RBM45 in the antioxidant response and
its interaction with KEAP1, we performed coimmunoprecipita-
tion studies. A previously reported unbiased proteomic study to
discover KEAP1-interacting proteins identified RBM45 as a high-
confidence interacting protein (47). To validate these findings as
well as our in vitro data, we used HEK-293 cells and two available
RBM45 antibodies to immunoprecipitate RBM45 and determine
if KEAP1 was detected among the coprecipitated proteins. Indeed,
and by using both RBM45 antibodies but not an isotype IgG con-
trol, we detected KEAP1 interactions with RBM45 (Fig. 3A, left).
This interaction was validated by using a reverse IP, using anti-
KEAP1 antibody to pull down RBM45 (Fig. 3A, right). RBM45/
KEAPI interactions were also observed in overexpression cell cul-
ture systems where RBM45 or both the RBM45 and KEAP1
proteins were transfected (data not shown). To assess the physio-
logical relevance of such interactions, we repeated these binding
studies with two neuroblastoma cell lines (SH-SY5Y and
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FIG1 (A) Primary rat motor neurons were cultured for 5 days and then treated with 200 wuM H,O, or 1 mM Paraquat for 16 h. Cells were fixed in methanol
and stained with RBM45 (C-terminal antibody). Nuclei were costained with DAPI. The outlined area (middle) highlights the cytoplasmic compartment.
Cytoplasmic granules are denoted by arrows, while nuclear granules are indicated by arrowheads. Bars, 10 pm. The graph shows the quantification of the
number of cells with granules in primary motor neurons treated with 200 uM H,O, or 0.5 or I mM Paraquat for 16 h. At least 100 cells were assayed per
group per experiment, and the results shown are averages from 3 different experiments. (B) Rat motor neurons were prepared from 5 separate cultures
and treated with different doses of H,O, or Paraquat for 16 h. RNA was then prepared, and real-time PCR for RBM45 was performed. Results were
normalized to cyclophilin mRNA values, and the graphs represent average data from the 5 independent replicates. (C) Cytoplasmic fractions from lumbar
spinal cords of ALS or control subjects were analyzed by Western blotting. Membranes were probed for RBM45 or GAPDH. The graph represents data
from densitometric analyses of RBM45 normalized to GAPDH for individual samples, and averages are plotted (the asterisk denotes a P value of <0.05).
AU, arbitrary units. (D) Twenty micrograms of whole-cell lumbar spinal cord homogenates from one control and four ALS patients was run on a Western
blot and probed for RBM45 or GAPDH.
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FIG 2 Primary rat motor neurons were cultured for 5 days and treated with 1 mM Paraquat for 16 h. Cells were fixed with methanol and double stained for
RBM45 (C-terminal antibody in green) and either TIAR (A), KEAPI (B), or p62 (C) (in red). Nuclei are stained with DAPI. Arrowheads indicate the

colocalization of the two proteins in stress granules. Bars, 10 pm.

Neuro2a) (data not shown) as well as human lumbar spinal cord
tissue (Fig. 3B). Again, KEAP1 was identified as interacting with
RBM45, confirming our findings that RBM45 is a novel KEAP1
binding partner.

Next, we mapped the amino acid domains of RBM45 mediat-
ing binding to KEAP1. We generated different truncation dele-
tions of RBM45 as well as an NLS deletion construct (RBM45-
ANLS) that localizes solely to the cytoplasm (Fig. 3C). These
constructs were each transfected into a HA-KEAP1-overexpress-
ing HEK-293 stable cell line, and coimmunoprecipitations were
performed by using cytoplasmic fractions. Not surprisingly, wild-
type RBM45 overexpression resulted in increased binding to
KEAP1 compared to the vector control (Fig. 3C). When RBM45
expression was restricted to the cytoplasm by using the RBM45-

2390 mcb.asm.org

Molecular and Cellular Biology

ANLS or RBM45-(1-195) truncation mutant, an increased inter-
action with KEAP1 was observed, due to the increased pool of
RBM45 available in the cytoplasm for binding. Interestingly, the
highest level of binding between RBM45 and KEAP1 was observed
with an RBM45 truncation expressing the first two RNA binding
domains, RBM45-(1-195). RBM45 amino acids 196 to 474 failed
to bind KEAP1, demonstrating a specific interaction between
KEAP1 and RBM45 N-terminal amino acids 1 to 195, which are
necessary and sufficient for binding to KEAP1. This interaction,
although mediated by the RNA binding domains of RBM45, was
not RNA dependent, as RNase A treatment had no effect on this
interaction (Fig. 3D).

To determine the region of KEAPI required for binding to
RBM45, we generated KEAP1 truncations and expressed each
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construct in RBM45-expressing stable cell lines. KEAP1 possesses
six C-terminal Kelch repeats necessary for its interaction with
NRF2, while its N-terminal end harbors the BTB (broad-complex
Tramtrack and Bric-a-Brac) domain that allows homodimeriza-
tion as well as binding to the Cul3 E3 ligase (21, 22). Our results
demonstrate that binding between KEAP1 and RBM45 occurs in
the first two Kelch domains of KEAP1, amino acids 327 to 424, as
KEAP1(149-424) shows strong binding to RBM45, while the
KEAP1(149-327) form does not bind RBM45 (Fig. 3E).

Given that KEAP1 functions in the cytoplasm as part of the
KEAP1/NRF2/Cul3 complex, where it binds NRF2 and recruits
the ubiquitin ligase machinery, we asked whether the RBM45/
KEAP1 interaction occurs within this larger protein complex. To
this end, we asked if NRF2 could bind RBM45. While NRF2 levels
are kept low in unstimulated cells, we detected NRF2 within pro-
teins coprecipitated with RBM45 (Fig. 3F). Reverse-IP experi-
ments using an NRF2 antibody to pull down RBM45 further
confirmed these findings. Similar coimmunoprecipitation exper-
iments showed that RBM45 binds endogenous as well as overex-
pressed Cul3, although this interaction was weak (Fig. 3G), sug-
gesting that the binding of RBM45 to Cul3 was indirect and
possibly occurred via KEAP1. Taken together, these results dem-
onstrate that RBM45 binds KEAP1 within the KEAP1/NRF2/Cul3
antioxidant response pathway.

RBM45/KEAP1 interactions in ALS spinal cord. Having es-
tablished that RBM45 is a member of the KEAP1/NRF2 antioxi-
dant response complex in cultured cells, we next sought to deter-
mine if this interaction occurs in vivo in a neurodegenerative
disease, such as ALS, that exhibits increased oxidative stress. The
KEAP1 RNA level was previously shown to be increased in the
motor cortex but not the spinal cord of ALS patients compared to
controls, although no significant differences were seen at the pro-
tein level (31). We detected increased KEAP1 protein levels in
some but not all ALS patient lumbar spinal cord cytosolic frac-
tions compared to controls, but this did not reach statistical sig-
nificance (Fig. 4A). Nevertheless, since we observed increased cy-
toplasmic RBM45 levels in ALS, and since we have shown in vitro
that sequestering of RBM45 in the cytoplasm increases its interac-
tion with KEAP1, we asked whether the RBM45 interaction with
KEAP1 changed in ALS. Indeed, we detected a significant increase
in KEAP1-RBM45 binding in cytosolic fractions from ALS lumbar
spinal cord compared to controls (Fig. 4B). These data are consis-
tent with our in vitro findings that cytoplasmic RBM45 binds
KEAPI. In addition, given the colocalization of RBM45 and p62 in
the cytoplasm of stressed primary rat motor neurons (Fig. 2B), we
asked whether RBM45 also binds p62 in ALS patient cytoplasmic
extracts. Our results indicate that RBM45 can bind p62 and that
RBM45-p62 binding was increased in ALS spinal cords (Fig. 4C).
To confirm these findings, we also detected coimmunoprecipita-
tion of p62 and RBM45 from HEK-293 cell cytoplasmic fractions,
thus showing that p62 is a cytoplasmic binding partner for RBM45
(Fig. 4D). In addition, overexpression of the RBM45-ANLS con-
struct, which enhances cytoplasmic RBM45 levels, increased the
pulldown of p62 compared to the wild type (Fig. 4E). Taken to-
gether, these data indicated that RBM45 cytoplasmic redistribu-
tion that occurs in ALS spinal cord results in increased binding of
RBM45 to both KEAP1 and p62.

Cytoplasmic RBM45 increases KEAP1 levels, inhibiting both
the basal and activated KEAP1/NRF2/ARE pathways. We next
examined the effects of RBM45 on the functional activity of the
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KEAP1/NRF2/ARE pathway. First, we observed that increasing
cytoplasmic RBM45 levels resulted in increased KEAP1 protein
levels, while RBM45 knockdown using siRNA oligonucleotides
reduced KEAP1 levels (Fig. 5A). KEAP1 mRNA levels were not
altered in these experiments, suggesting that RBM45 modulated
KEAP1 protein levels. Next, we examined NRF2 levels to deter-
mine if they are RBM45 dependent. Wild-type RBM45 (RBM45-
WT) and RBM45-ANLS decreased NRF2 protein levels, consis-
tent with the regulation of the NRF2 inhibitor KEAP1 (Fig. 5B).
Similarly, RBM45-(1-195), which can bind KEAPI1, decreased
NREF2 protein levels. Conversely, the RBM45-(196—474) mutant,
which is unable to bind KEAP], failed to alter NRF2 protein levels
(Fig. 5B), thus indicating that RBM45 regulation of NRF2 occurs
via an interaction with KEAP1. Since KEAP1 is a negative regula-
tor of NRF2 activity, we used an ARE-luciferase reporter assay to
determine whether RBM45 stabilization of KEAP1 affects down-
stream NRF2 function. When the reporter was transfected in
RBM45-overexpressing cells, decreased NRF2 promoter binding
activity was observed compared to control vector-expressing cells.
Inhibition of NRF2 function was even more evident when
RBM45-ANLS was used, consistent with the increased cytoplas-
mic binding of RBM45 to KEAP1 (Fig. 5C), whereas RBM45
knockdown was associated with enhanced NRF2 activity, consis-
tent with decreased levels of the KEAP1 inhibitor. To corroborate
findings on NRF2 DNA binding activity in the presence of de-
creased RBM45 levels, we performed chromatin immunoprecipi-
tations (ChIPs) on the endogenous NRF2 target gene NADPH
quinone oxidoreductase 1 (NQO1) (Fig. 5D). Consistent with the
increased ARE binding on the artificial ARE-luciferase promoter,
RBM45 knockdown increased the binding of NRF2 on AREs in its
target gene NQO1. An NRF2 activator, tert-butyl hydroquinone
(tBHQ), was used as a positive control to show that the assay can
detect changes in NRF2 promoter binding activity (Fig. 5D).

Since reporter and ChIP assays measure only promoter bind-
ing activity and not the expression levels of endogenous target
genes, we examined the levels of the antioxidant response NRF2
target genes heme oxygenase 1 (HO-1), NQOI, and p62 in cells
with RBM45 overexpression. Both wild-type RBM45 and the cy-
toplasmically sequestered variant (RBM45-ANLS) decreased the
transcription of the NRF2 target genes HO-1 and NQO1 but not
that of p62 (Fig. 5E). HO-1 protein levels were similarly decreased
as more RBM45 was overexpressed, reinforcing the negative reg-
ulation of RBM45 on this NRF2 target gene (Fig. 5F). Consistent
with the decreased levels of antioxidant genes in the presence of
increased RBM45 levels, basal levels of reactive oxygen species
(ROS) were elevated (Fig. 5G), and the ratio of reduced to oxi-
dized glutathione was decreased, indicating higher levels of oxi-
dized glutathione (Fig. 5H). Taken together, these results demon-
strate an increased state of basal oxidative stress in response to
increased cytoplasmic levels of RBM45, potentially arising from
the inhibited antioxidant pathway.

Given that increased oxidative stress is toxic to cells, we next
investigated the effect of increasing levels of cytoplasmic RBM45
on cell viability. While wild-type RBM45 overexpression resulted
in a 35% increase in cell death compared to vector control cells,
expression of RBM45-ANLS or the RBM45-(1-195) truncation,
which binds and stabilizes KEAP1, induced a 50% increase in cell
death (Fig. 51), suggesting that this effect is mediated by KEAP1/
RBM45 binding. Deletion of the KEAP1 interaction domain of
RBM45 [RBM45-(196—-474)] greatly reduced cell death to levels
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FIG 4 (A) Thirty micrograms of cytoplasmic spinal cord homogenates from ALS cases was run on a gel and probed for KEAP1 and GAPDH. Densitometric
analysis of KEAP normalized to GAPDH was performed. (B) Cytoplasmic lumbar spinal cord homogenates (60 pg total protein) were used to immunoprecipi-
tate RBM45. Ten micrograms of each cytoplasmic extract was used for an input control blot (left). The resulting membranes were labeled with antibodies specific
to KEAPI. Densitometric analysis was performed to quantify the band intensity normalized to the IgG heavy chain band. Arrows indicate the two KEAP1
isoforms detected. The asterisk denotes a P value of =0.05. AU, arbitrary units. (C) Cytoplasmic lumbar spinal cord homogenates were immunoprecipitated as
described above for panel A, and membranes were probed for p62 (denoted by an arrow). Forty micrograms of proteins was loaded for the input. HC denotes the
IgG heavy chain. Data from densitometric analyses are shown, with a P value of 0.003. (D) Cytoplasmic lysates from HEK-293 cells were prepared and used to
immunoprecipitate RBM45 by using two different antibodies (N or C terminus of RBM45) or an isotype IgG control. Eluates along with pre-IP inputs were
analyzed by gel electrophoresis and probed for p62. (E) HEK-293 cells overexpressing RBM45-WT or RBM45-ANLS were prepared for immunoprecipitation

using the antibody to the C terminus of RBM45, as described above for panel D.

similar to those with knockdown of RBM45 (Fig. 5I), further sug-
gesting that increased cell death was indeed mediated by the
KEAP1/RBM45 interaction.

Given that RBM45 stabilized KEAP1, we next asked if this sta-
bilization interfered with signal-induced KEAP1 degradation. To
this end, we used a potent NRF2 activator, tBHQ, and treated
RBM45-overexpressing cells (Fig. 6A). tBHQ activates NRF2 by
inducing the degradation of KEAP1 and the subsequent stabiliza-
tion and activation of NRF2 (48). Indeed, when HEK-293 cells
were treated with tBHQ for 16 h, KEAP1 levels decreased, reflect-
ing its degradation (Fig. 6A). RBM45 overexpression increased
basal KEAP1 levels, as expected. Interestingly, tBHQ still caused
KEAP1 ubiquitination and degradation with kinetics similar to
those in vector control-expressing cells, suggesting that RBM45
does not block KEAP1 regulation in response to the potent NRF2
activator tBHQ.
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We next sought to examine NRF2 promoter binding activity
using reporter assays. Vector-expressing cells treated with tBHQ
showed a 2-fold increase in luciferase reporter activity (Fig. 6B).
While in RBM45-overexpressing cells, tBHQ treatment induced
some NRF2 activity compared to untreated cells (Fig. 6B, black
bars), this induction was minimal, suggesting compromised
NRF2 activation or at least dampening of NRF2 function.

To explore the consequences of RBM45-induced modulation
of NRF2 activation in response to oxidative stress, we treated
HEK-293 cells expressing different RBM45 truncations with H,O,
and measured ROS production (Fig. 6C). Since RBM45 trunca-
tions increased basal levels of ROS production, we calculated fold
increases in ROS over untreated cells for each RBM45 construct.
While the vector alone showed a 50% increase in ROS levels in
response to H,0,, wild-type RBM45 overexpression dramatically
increased ROS formation, consistent with a compromised antiox-
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FIG 5 (A) HEK-293 cells were transfected with an empty vector or the RBM45 expression construct (left) or with the indicated siRNA oligonucleotides (right).
Cells were harvested 48 h later, and lysates were prepared for Western blot analysis. Membranes were probed for KEAP or RBM45, and B-tubulin was used for
loading efficiency. Data from densitometric analysis are shown below the Western blots. (B) HEK-293 cells were transfected with different mutant RBM45
expression constructs and lysed, and Western blotting was performed on protein lysates, probing for NRF2, RBM45, or GAPDH. (C) HEK-293 cells were
transfected with the ARE-luciferase reporter construct as well as the indicated expression constructs or siRNA oligonucleotides. Cells were lysed 48 h later, and
luciferase activity was measured. Asterisks denotes significant results compared to the vector controls (P < 0.05). (D) HEK-293 cells were transfected with control
siRNA (siControl) or siRNA against RBM45 (siRBM45) (left) or treated with tBHQ (75 pM for 16 h) prior to formaldehyde cross-linking and immunoprecipi-
tation with an NRF2 antibody or an isotype-specific IgG control. DNA-protein complexes were reverse cross-linked, DNA was isolated, and the ARE on the
NQOL1 gene was amplified by real-time PCR. C (threshold cycle) values were normalized to the corresponding inputs and plotted as fold enrichment over IgG.
(E) HEK-293 cells were transfected with the RBM45-WT or RBM45-ANLS expression construct, and RNA was extracted. NRF2 target gene expression was
determined by real-time RT-PCR. Fold changes normalized to GAPDH values were calculated and averaged across 2 independent experiments. (F) HEK-293 cells
were transfected with different amounts of the RBM45-WT expression construct as described above for panel B, and lysates were probed for HO-1. (G) HEK-293
cells overexpressing a vector control or RBM45 or cells transfected with control siRNA or siRNA against RBM45 were incubated with the DCFDA fluorogenic dye
for 45 min, followed by PBS washes and fluorescence readout to detect ROS levels. (H) Oxidized and total glutathione contents in HEK-293 cells expressing a
vector control, wild-type RBM45, or RBM45-ANLS were determined. The ratio of reduced glutathione (GSH) to oxidized glutathione (GSSG) was calculated as
an indicator of oxidative stress, with lower ratios indicating increased stress. (I) HEK-293 cells were transfected with various RBM45 deletion constructs or siRNA
oligonucleotides, and cell death was determined by using the CellTox green assay (Promega). Results were plotted as the percent increase over vector control-
transfected cells (all groups were significantly different from the controls). For all experiments, asterisks denote a statistically significant alteration, as determined
from 3 independent experiments (P < 0.05).
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FIG 6 (A) HEK-293 cells stably expressing RBM45 or the vector control were treated with 75 wM tBHQ for 8 h, and cells were harvested for Western blot analysis.
Densitometric analysis of KEAP normalized to GAPDH levels was performed, and data were plotted. AU, arbitrary units. (B) Stable cell lines expressing RBM45
or a vector control were transfected with the ARE-luciferase and cytomegalovirus-LacZ reporter constructs. Cells were treated 24 h later with 50 uM tBHQ for
16 h and harvested for luciferase activity measurements. 3-Gal assays were performed to assess transfection efficiency. Asterisks denote significant differences
from untreated vector-expressing cells (P < 0.05). (C) HEK-293 cells were transfected with various RBM45 deletion constructs or siRNA oligonucleotides. Cells
were allowed to recover for 24 h and then treated with 50 WM H,0O, for 16 h, and cell death was measured by a CellTox green cytotoxicity assay. Results were
plotted for each group as the percent increase over the respective untreated cells. The asterisk denotes significant differences from vector controls (P < 0.05).
Results shown are data from a representative experiment repeated twice. (D) HEK-293 cells were transfected with siRNA oligonucleotides against a control
sequence or RBM45 and then treated with 100 uM H,O, for 1 h. Total and oxidized glutathione were then measured and plotted as the ratio of reduced to
oxidized glutathione. Results shown are data from a representative experiment repeated three times. (E) HEK-293 cells transfected with siRNA against RBM45
or a scrambled sequence were treated with different doses of H,O, for 4 h, and cellular viability was determined and plotted for each group as the percent change
over untreated cells. Results shown are data from a representative experiment repeated twice. (F) HEK-293 cells stably expressing HA-KEAP were transfected
with increasing amounts of the RBM45 expression vector. Cells were then lysed, and HA-KEAP was immunoprecipitated to check for binding partners. Pre-IP
inputs were run on parallel gels and probed with KEAP, RBM45, p62, and GAPDH.

idant response (Fig. 6C). Similar findings were observed with the
cytoplasmic RBM45-ANLS and RBM45-(1-195) truncation mu-
tants, suggesting that these effects resulted from increased RBM45
binding to KEAP1. Conversely, cells that express a form of RBM45
that cannot bind KEAP1 [RBM45-(196—474)] or have a knock-
down of RBM45 showed ROS levels similar to those of the vector
controls, in turn rendering them more resistant to decreased oxi-
dized glutathione (Fig. 6D) and to cell death (Fig. 6E).

Finally, we transfected increasing amounts of RBM45 to deter-
mine if increased binding of RBM45 to KEAP1 alters the dynamics of
the KEAP1/NRF2 complex. Although we were unable to show differ-
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ences in NRF2 or Cul3 binding to KEAP1 in the presence of increas-
ing amounts of RBM45, we observed decreased binding of KEAP1 to
P62 as more RBM45 was recruited to bind KEAP1 (Fig. 6F). Since p62
is a ubiquitin binding protein that targets proteins for degradation,
our data suggest that increased RBM45 levels protect KEAP1 from
being marked for ubiquitin-mediated degradation, thus stabilizing
and increasing the basal levels of this protein.

DISCUSSION

Several independent or interdependent pathogenic mechanisms
have been shown to contribute to motor neuron damage in ALS,
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FIG 7 Schematic diagram showing the role of RBM45 in the antioxidant response pathway. Under basal conditions, RBM45 is localized to the nucleus, and
KEAP1 is bound to NRF2 in the cytoplasm. KEAP1 recruits the ubiquitin ligase Cul3, which targets NRF2 for ubiquitin-mediated degradation. Oxidative stress
signals result in KEAP1 degradation, thus freeing and stabilizing NRF2, which migrates to the nucleus to bind to the ARE on its target genes. NRF2 target genes
include those for multiple antioxidant response proteins that mount the cellular antioxidant response. Under yet-to-be-determined conditions, such as chronic
oxidative stress or other ALS-specific pathologies, RBM45 nuclear exit (along with cytoplasmic inclusion formation) occurs. Once in the cytoplasm, RBM45
binds KEAP1 and prevents its degradation, thus interfering with NRF2 stabilization. This in turn results in less NRF2 nuclear entry in response to oxidative stress
and reduces the cellular antioxidant response, thus contributing to the pathobiology of ALS.

including excitotoxicity, altered axonal transport, mitochondrial
dysfunction, protein aggregation, and oxidative stress. Whether
oxidative stress is a primary event or merely a consequence of
neurodegeneration in ALS is unclear; nevertheless, evidence for
increased oxidative stress and ROS generation in both ALS pa-
tients and ALS transgenic models suggests that this pathway is a
major contributory factor in motor neuron death (49, 50). KEAP1
has been shown to localize to neuronal and cytoplasmic p62-pos-
itive inclusions in neurodegenerative diseases, including ALS (32),
and altered levels of both NRF2 and KEAP1 as well as their down-
stream targets in ALS have also been described (27, 31). In our
current study, we demonstrate that a nuclear RNA binding pro-
tein, RBM45, can be translocated into the cytoplasm and modu-
late the KEAP1/NRF2 antioxidant response pathway (Fig. 7). Our
results demonstrate that RBM45 can localize to cytoplasmic stress
granules in response to oxidative stress, and this redistribution
increases its binding to the KEAP1 antioxidant response inhibitor.
We validated this binding of RBM45 to KEAP1 in ALS lumbar
spinal cord and further revealed the physiological consequence of
such increased binding, namely, increased stability of the antiox-
idant response inhibitor. Increased KEAP1 protein levels due to
cytoplasmic RBM45 inhibit NRF2 activity and reduce the cellular
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antioxidant response, thus keeping ROS levels elevated and con-
tributing to cellular death (Fig. 7). Our findings therefore support
anovel role for an ALS-associated RNA binding protein, RBM45,
in the direct regulation of the antioxidant response in ALS. In
addition, we propose a new mechanism by which RNA binding
proteins can contribute to motor neuron death beyond protein
aggregation or altered RNA metabolism.

Human NRF2 has been shown to be highly polymorphic, with
a mutagenic frequency of 1 per 72 bp (51, 52). Variations in its
promoter have been shown to affect NRF2 protein expression and
to be associated with various diseases, including neurodegenera-
tive diseases such as Parkinson’s disease and Alzheimer’s disease
(53, 54). Given the central role of NRF2 and KEAP1 in the anti-
oxidant pathway, and the multitude of evidence for oxidative
stress in ALS, it is no surprise that multiple laboratories have in-
vestigated the association between NRF2 and KEAPI haplotypes
and ALS. LoGerfo et al. asked whether polymorphisms in the
NRF2 promoter could functionally affect the protein’s function,
thereby altering oxidative stress markers in ALS, but found no
correlations between these two variables (52). Bergstrom and col-
leagues analyzed multiple single nucleotide polymorphisms
(SNPs) in NRF2 and KEAPI in a Swedish cohort to look for dif-
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ferences in risk for ALS, age at onset, and survival (55). No SNP
was associated with risk or survival, but the authors identified one
haplotype in the NRF2 promoter characterized by higher NRF2
protein expression levels that was associated with disease onset 4
years later and one in KEAPI that was associated with a later onset
of ALS. Given the lack of mutations in the KEAP1/NRF2 complex
and the fact that oxidative stress is common in ALS, one may
speculate that other regulators of this pathway may contribute to
modulating oxidative stress in ALS. Indeed, multiple mutations in
p62/sqstm1 have been described in ALS (44), and we propose that
the altered subcellular distribution of RBM45 in ALS is yet another
factor contributing to the dysfunctional antioxidant response.

Antioxidant-based therapies for ALS have so far not shown
efficacy in clinical trials (56, 57). In addition, knockout or overex-
pression of NRF2 in neurons and muscle in mutant SOD1 animal
models has shown a modest impact on the course of disease (28,
29). Intramuscular adeno-associated virus 6 (AAV6)-mediated
delivery of the antioxidant gene PRDX3 or NRF2 likewise failed to
affect survival, disease onset, or progression in a similar mutant
SOD1 ALS model (58). While the overexpression of mutant SOD1
in these model systems may negatively impact the ability of anti-
oxidant-based treatments to alter the disease course, another pos-
sibility is that other modulators of the oxidant response pathway
may play key roles in impeding antioxidant responses in these ALS
model systems and thus contribute to neuronal cell death. We
observed RBM45 cytoplasmic inclusions in motor neurons of ALS
and frontotemporal lobar degeneration (FTLD) patients, and in
this study, we demonstrate that RBM45 binds and stabilizes
KEAP1 when located in the cytoplasm, having a deleterious effect
on cellular survival. Impeding the KEAP1/NRF2 oxidant response
pathway is a novel function for RBM45, suggesting that more
direct activators of NRF2 activity may be required to restore anti-
oxidant responses in neurodegenerative diseases. A recent com-
prehensive in vitro screening of NRF2 activators identified S[+]-
apomorphine as a promising target with CNS penetrance (59).
The authors of that study validated the neuroprotective potential
of this compound in the mutant SOD1 ALS mouse model and,
more importantly, in fibroblasts derived from both sporadic and
familial ALS patients who harbor SOD1 mutations.

Although RBM45 has a structure similar to those of other
inclusion-forming ALS-linked RNA binding proteins such as
TDP-43 and FUS, and although RBM45 has been shown to inter-
act with TDP-43 (11), we believe that the proposed role of RBM45
in modulating the oxidative stress response is novel among RNA
binding proteins. A previously reported proteomic analysis of
KEAP1-interacting proteins did not detect TDP-43, FUS, or other
RNA binding proteins (47). We were similarly unable to show
direct binding between KEAP1 and either FUS or TDP-43 (data
not shown). Therefore, we conclude that the cytoplasmic role of
RBM45 in binding KEAP1 and inhibiting the antioxidant re-
sponse is a unique feature of this particular RNA binding protein.

Nevertheless, while TDP-43 and FUS fail to interact with
KEAPI, there are commonalities between RBM45, FUS, and
TDP-43 in response to oxidative stress. TDP-43 has been shown to
accumulate in cytoplasmic stress granules under conditions of
oxidative stress, including arsenite and Paraquat treatment of cul-
tured cells, a phenotype that requires its first RRM and is regulated
by c-Jun N-terminal kinase (c-JNK) (60—62). Similarly, we dem-
onstrate that RBM45 exits the nucleus and localizes to cytoplasmic
TIAR-positive stress granules in response to oxidative stress. In-
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terestingly, we observed this RBM45 stress response in primary
motor neurons and differentiated SH-SY5Y cells but not in undif-
ferentiated NSC-34 cells, a motor neuron-like cell line. It is possi-
ble that the RBM45 response to stress is cell type specific or occurs
only in differentiated neurons and thus may contribute to the
selective neurodegeneration that occurs in ALS and other neuro-
degenerative diseases. Further studies are required to explore this
hypothesis. In addition, we find that overexpression of RBM45-
ANLS results in cytoplasmic granule formation, reminiscent of
the phenotype observed for ALS spinal cord and hippocampus
(data not shown). We demonstrate that the first two RRM do-
mains of RBM45 are required for binding to KEAP1 and mediate
increased cellular toxicity in response to oxidative insults, al-
though their exact role in stress granule accumulation remains
unknown. The accumulation of TDP-43 and other RNA binding
proteins in cytoplasmic stress granules may be a more generalized
response to eliminate aggregated or mislocalized proteins,
whereas RBM45 effectively binds and stabilizes KEAP1 when lo-
cated at the cytoplasm or stress granules. In addition, RBM45 was
recently identified as a TDP-43 binding partner by using a yeast
two-hybrid system that used the C-terminal fragment of TDP-43
implicated in ALS (11), suggesting that the two proteins could be
functioning as part of similar pathways in disease. More impor-
tantly, both RBM45 and TDP-43 have been shown to partially
colocalize to cytoplasmic inclusions in motor neurons of ALS spi-
nal cords (9, 63). It is unclear whether RBM45 and TDP-43 exit
the nucleus independently or via the same mechanism in ALS and
under oxidative stress conditions. In summary, we have described
a novel role for RBM45 in regulating the antioxidant response
inhibitor KEAP1 through a direct protein-protein interaction,
thus inhibiting the neuroprotective antioxidant response.
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