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NRF2 Protein Translation under
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ABSTRACT Inhibition of protein synthesis serves as a general measure of cellular
consequences of chemical stress. A few proteins are translated selectively and influ-
ence cell fate. How these proteins can bypass the general control of translation re-
mains unknown. We found that low to mild doses of oxidants induce de novo trans-
lation of the NRF2 protein. Here we demonstrate the presence of a G-quadruplex
structure in the 5" untranslated region (UTR) of NRF2 mRNA, as measured by circular di-
chroism, nuclear magnetic resonance, and dimethylsulfate footprinting analyses. Such a
structure is important for 5’-UTR activity, since its removal by sequence mutation elimi-
nated H,0,-induced activation of the NRF2 5" UTR. Liquid chromatography-tandem
mass spectrometry (LC-MS/MS)-based proteomics revealed elongation factor 1 alpha
(EF1a) as a protein binding to the G-quadruplex sequence. Cells responded to H,0,
treatment by increasing the EF1a protein association with NRF2 mRNA, as measured
by RNA-protein interaction assays. The EFla interaction with small and large sub-
units of ribosomes did not appear to change due to H,O, treatment, nor did post-
translational modifications, as measured by two-dimensional (2-D) Western blot anal-
ysis. Since NRF2 encodes a transcription factor essential for protection against
tissue injury, our data have revealed a novel mechanism of cellular defense in-
volving de novo NRF2 protein translation governed by the EF1a interaction with
the G-quadruplex in the NRF2 5’ UTR during oxidative stress.

KEYWORDS RNA binding proteins, RNA structure, antioxidant genes, protein
translation, proteomics

ncreasing evidence suggests that low to moderate levels of chemical stress activate
cellular defense systems. A centerpiece of such defense systems involves the ex-
pression of antioxidant and detoxification genes, many of which contain the
antioxidant response element in the promoters where the NRF2 transcription factor
binds. Examples of such genes include the genes for hemeoxygenase 1, NAD(P)H:
quinone oxidoreductase 1, glutamate-cysteine ligase, glutathione S-transferases,
thioredoxin, and UDP-glucuronosyltransferase (1-4). Works from our laboratory and
others have shown that the induction of the NRF2 protein contributes to elevated
expression levels of these genes (5-8). Gene knockout studies have demonstrated that
NRF2 functions as a cytoprotective gene in multiple organ systems, including the brain,
cardiovascular system, airway, lung, liver, stomach, gastrointestinal tract, kidney, and
bladder (3, 9-11). These lines of evidence support the importance of understanding the
molecular pathways regulating NRF2 protein expression.
Various chemical stressors, including those inducing oxidative stress, cause an
accumulation of the NRF2 protein at the cellular level. The human NRF2 gene encodes
an MRNA species of 2,859 nucleotides (nt) (NCBI RefSeq accession number
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NM_006164.4) and a protein of 605 amino acids (12-15). The N-terminal hydrophilic
domain of the NRF2 protein interacts with KEAP1, which regulates the stability of the
NRF2 protein by ubiquitination and proteasome-mediated degradation (13, 15). The
C-terminal half of the NRF2 protein contains a cap-and-collar domain, a basic amino
acid region for DNA binding, and a leucine zipper for heterodimerization with a
cotranscription factor, such as the small musculoaponeurotic factor (12-16). Although
the NRF2 protein can be stabilized due to chemically induced dissociation from KEAP1,
we have found that oxidative stress induces de novo NRF2 protein translation in vitro
and in vivo (7, 8, 17).

The process of protein translation is divided into three sequential stages, initiation,
elongation, and termination, with initiation being the rate-limiting step. Under normal
physiological conditions, translation initiation requires a 7-methyl-guanine (m”G) cap
structure at the 5" end of mRNA for recognition by eukaryotic translation initiation
factor 4E (elF4E) (18-20). elF4E is a component of the elF4F complex, which contains
the scaffold elF4G and the ATP-dependent helicase elF4A. Binding of the elF4F complex
to the 5" m’G cap is catalyzed by elF4A in an ATP-dependent manner, triggering the
joining of elF4B, an enhancer of the elF4A helicase that removes inhibitory RNA
structures. The poly(A) binding protein interacts with elF4G to circularize mRNA and
with elF4B to stabilize the complex. In parallel to the process of mRNA recognition, the
43 Svedberg (43S) preinitiation complex (PIC) is formed, containing elF1, elF1A, elF3,
elF5, the elF2/GTP/tRNAMet ternary complex, and the 40S subunit of the ribosome.
Binding of the 43S PIC to mRNA prebound with the elF4F complex results in the 48S
initiation complex. During chemical stress, this 5’-m’G-dependent translation initiation
is inhibited. It is estimated that 3 to 5% of genes encode mRNA species containing an
internal ribosomal entry site (IRES) in the 5" untranslated region (UTR) and can undergo
translation initiation in a 5'-m’G cap-independent manner (21-25). However, previ-
ously reported IRESs are diverse in sequence and conformation, adding to the mystery
about the identity of IRESs and how they coordinate the process of translation
initiation.

How certain proteins such as NRF2 can escape general suppression by translational
machinery and be selectively translated under stress conditions remains unknown.
Human NRF2 mRNA contains a 555-nucleotide 5’ UTR, with 70% of the sequence being
G's or C's. Four guanine bases can form a G-tetrad due to Hoogsteen hydrogen bonds
between each guanine base (26-28). Two to four G-tetrads can stack up to form a stable
three-dimensional (3-D) structure, i.e., the G-quadruplex. The G-quadruplex is a four-
stranded nucleic acid secondary structure typically consisting of three stacks of
G-tetrads. A DNA or RNA strand containing 4 or more blocks of 2 to 4 consecutive
guanines can form a stable G-quadruplex structure (26, 27, 29). Although the
G-quadruplex has been studied mostly in DNA, the structure requires the dissociation
of the canonical Watson-Crick base pairing in double-stranded DNA to permit Hoogs-
teen bond formation. In contrast, given the presence of a consensus G-quadruplex
sequence, RNA is prone to the formation of the 3-D structure due to its single-stranded
nature (29, 30). In addition to the favorable thermal dynamics, there is evidence that the
RNA G-quadruplex is more stable than its DNA counterpart (28, 31). Here we test
whether a G-quadruplex is formed in the NRF2 5’ UTR and whether such a structure
plays a role in de novo NRF2 protein translation under oxidative stress.

RESULTS

De novo Nrf2 protein translation induced by H,0, in HEK293 cells. Previous
works from our laboratory indicate that low to moderate doses of H,0, induce de novo
NRF2 protein translation in cardiomyocytes and Hela cells (7, 8, 17). With human
embryonic kidney 293 (HEK293) cells, we found that a brief treatment with H,O, at
concentrations of 50 to 200 uM induced an increase in the level of the NRF2 protein
(Fig. TA). The best dose for NRF2 protein induction, i.e.,, 100 uM, caused the NRF2
protein level to increase within 5 min and to reach a peak at 1 h (Fig. 1B). Cellular levels
of NRF2 mRNA did not change due to H,0, treatment (Fig. 1C). To demonstrate that
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FIG 1 H,O, treatment causes increased NRF2 protein levels in the absence of increased NRF2 mRNA
levels. HEK293 cells were treated with various doses of H,O, (A) or 100 uM H,O, (B to D) for 10 min
before harvesting 1 h later (A and D) or at the indicated time points (B and C) for Western blotting to
measure the NRF2 protein level with vinculin (Vinc) as a loading control (A, B, and D) or for RT-PCR and
agarose gel electrophoresis to measure the NRF2 mRNA level with GAPDH as a loading control (C).
Actinomycin D (ActD) (0.5 uM) or cycloheximide (CXM) (0.5 ug/ml) was added to cells 10 min before
H,O0, treatment (D). Data are from one experiment representative of three.

increased NRF2 protein levels result from posttranscriptional regulation, we used
cycloheximide, a protein synthesis inhibitor, and actinomycin D, an RNA synthesis
inhibitor. Cycloheximide was able to inhibit the elevation of the NRF2 protein level by
H,O, but not actinomycin D (Fig. 1D), which was effective in blocking the elevation of
the level of positive-control cyclooxygenase-2 mRNA by H,O, treatment (data not
shown). These data point to posttranscriptional mechanisms responsible for the rapid
induction of the NRF2 protein by H,O, treatment.

To demonstrate that the NRF2 protein undergoes de novo translation, we isolated
polysomes from control and H,O,-treated cells for measurement of NRF2 mRNA levels,
since an mRNA species in the process of being translated into a protein is bound with
multiple ribosomes. An increased abundance of NRF2 mRNA was detected in poly-
somes from cells treated with H,O, (Fig. 2C and D). In contrast, B-actin mRNA did not
increase its association with polysomes in H,O,-treated cells, serving as a negative
control (Fig. 2Q). Since the cellular NRF2 mRNA level does not change with H,0,
treatment (Fig. 1C and 2B, bottom), the observed increases of NRF2 mRNA associations
with polysomes along with elevated levels of the NRF2 protein in the absence of
increases in total cellular mRNA support that H,0, treatment induces de novo Nrf2
protein translation in HEK293 cells.

The NRF2 5’ UTR contains a G-quadruplex structure. To demonstrate that the 5’
UTR of Nrf2 drives protein translation under oxidative stress, we cloned the human Nrf2
5" UTR into a dicistronic reporter vector, pRF (32). The resulting pRL-NRF2 5’UTR-FL
reporter construct contains a simian virus 40 (SV40) promoter and expression cassettes
for two luciferases: the 5’-m’G-driven renilla luciferase in front of the Nrf2 5'-UTR-
regulated firefly luciferase. Whereas the SV40 promoter drives the transcription of both
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FIG 2 H,0, causes an increased association of NRF2 mRNA with ribosomes. Shown are data for HEK293
cells after treatment with 100 uM H,O, (A) or various doses of H,O, (B) for 10 min and harvesting 1 h
later. RNA was isolated from polysomes (A and B) or cell lysates (B) for RT-PCR (A) or real-time RT-PCR (B).
The RT-PCR output of NRF2 mRNA in relative fluorescent units was normalized to that of the reference
gene 18S rRNA (B). Data are from one representative experiment (A) or averages * standard deviations
of triplicates from one experiment representative of three (B). A mean that is significantly different from
another is labeled with a different letter symbol based on ANOVA (P < 0.05). Therefore, the means
labeled “a” are significantly different from those labeled “b” or “c.” Ctr, control.

renilla and firefly luciferase genes, renilla luciferase corrects for the transcription rate
and 5'-m”G cap-dependent general translation, while firefly luciferase activity reflects
Nrf2 5'-UTR-driven translation. An increase in the ratio of firefly over renilla luciferase in
the absence of a reduction of renilla luciferase activity indicates NRF2 5'-UTR-driven
translation. When the construct was transfected into HEK293 cells and after treatment
of cells with H,0, at concentrations varying from 50 to 300 M, the highest ratio of
firefly over renilla luciferase was observed with treatment with 100 to 150 uM H,0, (Fig.
3A). The activity of the Nrf2 5" UTR increased within 30 min and reached a maximum
~60 min after 100 uM H,0, treatment (Fig. 3B). These dose and time course studies
indicate that H,O, activated the Nrf2 5" UTR.

When examining the sequence of the NRF2 5’ UTR, we found that the region
spanning nt —195 to —169, i.e, GGGGCGGGAGGCGGAGCGGGGCAGGGG, resembles
the consensus G-quadruplex sequence G5, N,_,G5  N;_,G5 . N;_,G5, (Fig. 4A). A 31-mer
RNA fragment containing the sequence spanning nt —198 to —168 from the NRF2 5’
UTR was generated to determine the presence of the G-quadruplex structure using
circular dichroism (CD) spectroscopy and nuclear magnetic resonance (NMR). CD
spectroscopy revealed a peak of molar ellipticity at a 264-nm wavelength and a
downward peak at 240 nm, which is typical of a parallel G-quadruplex structural fold
(Fig. 4B). The NMR results showed imino proton peaks at 10 to 12 ppm, which is
characteristic of the G-quadruplex structure (Fig. 4C).
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FIG 3 NRF2 5'-UTR activation by H,O, treatment. The dicistronic pRL-Nrf2 5'UTR-FL reporter construct was
transfected into HEK293 cells. Transfected cells were treated with various doses of H,0, (A) or 100 uM H,0, (B)
before harvesting 1 h later (A) or at the indicated times (B) for dual-luciferase assays. Data indicate averages *+
standard deviations for triplicate ratios of firefly over renilla luciferase from one experiment representative of three.
A mean that is significantly different from another is labeled with a different letter symbol based on ANOVA (P <
0.05). Therefore, the means labeled “a” are significantly different from those labeled “b,” whereas the label “ab”
indicates means with no significant difference from those labeled “a” or “b.”

There are several possible conformations of the G-quadruplex depending upon
which set of Gs is in play for the stacks of the G-tetrad. Blocks of G's were replaced with
T's to determine which set of G's is essential for forming the G-quadruplex structure
(Fig. 5A). The basal level of molar ellipticity was documented with a sequence in which
most G's are replaced with A’s or T's, 5'-TGTATTACTATAGGCGGAGCATTACATATAC-3’
(scrambled-1). Replacement of G's with T's in the first (A4), second (B3), third (C4), or
fourth (D4) block reduced molar ellipticity to a level similar to that of scrambled-1

A) -555 AAAUCAGGGAGGCGCAGCUCUACACCAACGCCUUUCCGGGGCUCCGGGUGUGUUUGUUC
-495 CAACUGUUUAAACUGUUUCAAAGCGUCCGAACUCCAGCGACCUUCGCAAACAACUCUUUA
-435 UCUCGCGGGCGAGAGCGCUGCCCUUAUUUGCGGGGGAGGGCAAACUGAACGCCGGCACCG
-375 GGGAGCUAACGGAGACCUCCUCUAGGUCCCCCGCCUGCUGGGACCCCAGCUGGCAGUCCC
-315 UUCCCGCCCCCGGACCGCGAGCUUCUUGCGUCAGCCCCGGLCGCGGGUGGGGGAUUUUCGG
-255 AAGCUCAGCCCGCGCGGCCGGCGGGGGAAGGAAGGGCCCGGACULCUUGCLCCLCGLccuUGU
-195 GGGGCGGGAGGCGGAGCGGGGCAGGGGCCCGCCGGCGUGUAGCCGAUUACCGAGUGCCGG
-135 GGAGCCCGGAGGAGCCGCCGACGCAGCCGCCACCGCLCGLCCGLCLGCCGCCACCAGAGCCGC
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FIG 4 The NRF2 5’ UTR contains the G-quadruplex sequence and structure. (A) The NRF2 5’-UTR sequence is shown, with the putative G-quadruplex consensus
sequence underlined. (B) A 31-mer RNA oligonucleotide (5 uM) synthesized from the DNA template containing the sequence spanning nt —198 to —168 of
the NRF2 5" UTR was used for CD spectroscopy. (C) "H NMR was performed by using the same RNA sequence. Data are from one experiment representative
of three.
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FIG 5 Measurement of the G-quadruplex structure using mutant sequences. (A and B) The 31-mer RNA oligonucleotides
containing the wild type or the mutant with G's replaced with T's, as indicated (A), were used for CD spectroscopy (B). (C) The
molar ellipses (Mol Ellip) at 264 nm from mutated (mu) sequences were compared to that of the wild-type (WT) sequence,
with the value for the signal of the wild-type sequence being set at 1. Data are from one representative experiment (B)
or averages = standard deviations from three separate experiments (C). A mean that is significantly different from another
is labeled with a different letter symbol based on ANOVA (P < 0.05). Therefore, the means labeled “a” are significantly different
from those labeled “b,” “bc,” or “c,” whereas the label “bc” indicates means with no significant difference from those labeled
“b" or “c.”

(Fig. 5B and C), indicating that these four blocks of G's are the most likely basis for
G-quadruplex formation.

G-quadruplexes can form intramolecularly from a single strand or intermolecularly
from two or more strands of DNA or RNA. We measured the size of the oligomers using
polyacrylamide gel electrophoresis to confirm that the 31-mer sequence from the NRF2
5’ UTR indeed forms an intramolecular G-quadruplex (Fig. 6A). To address which GGG
in the sequence forms the foundation for the G-quadruplex, we analyzed the 31-mer
NRF2 5’'-UTR sequence by a dimethylsulfate (DMS) footprint, which defines the position
of G's for forming the G-quadruplex since these G's are protected from methylation by
DMS and subsequent cleavage by piperidine (33). Whereas KCl facilitates G-quadruplex
formation, the addition of DMS under conditions not favoring G-quadruplex formation
sets the baseline methylation of nucleotides (Fig. 6B, lane 4). In comparison, those G's
protected from methylation indicate that they are the component of the G-quadruplex
structure (Fig. 6B, lane 5). The mutant sequences were included to confirm the location
of G's in the G-quadruplex (Fig. 6B, lanes 6 to 10). The results revealed that the GGG at
positions —194 to —192, —190 to —188, —177 to —175, and —172 to —170 were
protected from piperidine cleavage, indicating their involvement in G-quadruplex
structural folding. Taken together, the G-quadruplex formed in the 31-mer NRF2 5’-UTR
sequence appears to be a parallel-stranded G-quadruplex, as shown in Fig. 6C.

G-quadruplex structural folding is usually measured by using the molecule of
interest in solution. Since H,0, treatment caused an increase in NRF2 protein transla-
tion in cells, the presence of the G-quadruplex consensus sequence in the 5’ UTR led
us to question whether H,0, enhances or decreases G-quadruplex formation in solu-
tion. Inside cells, H,0, is converted to reactive hydroxyl radicals via the Fenton reaction.
Ferrous iron (Fe2*) was added to the solution for the Fenton reaction to determine the
effect on G-quadruplex formation. Although Fe2* alone can cause a minor increase in
G-quadruplex formation, as measured by the molar ellipticity at 264 nm, H,O, alone or
together with Fe2* did not enhance G-quadruplex formation (Fig. 7).

The functional impact of the NRF2 5’-UTR G-quadruplex at the cellular level was
determined by using the dicistronic reporter construct as described above. Unlike
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FIG 6 Methylation and footprinting to define G-quadruplex structure. (A) The 31-mer fragments corresponding to
the region spanning nt —198 to — 168 of the wild-type or mutant NRF2 5’ UTR were treated with DMS to determine
the monomeric or dimeric G-quadruplex. (B) Oligonucleotides were treated with piperidine for sequencing by
polyacrylamide gel electrophoresis. (C) Predicted G-quadruplex conformation. Data are from one experiment
representative of three.

5'-m7G cap-mediated translation, IRES-mediated protein translation does not occur
with in vitro translation systems, such as with rabbit reticulocyte lysates (22, 34).
Therefore, such a reporter assay becomes important for testing the role of the
G-quadruplex in NRF2 5’-UTR-mediated protein translation inside cells. Replacement of
GGGG at nt —195 to —192 of the NRF2 5’ UTR with TTTT, i.e., the A4 mutant, inhibited
G-quadruplex formation in solution (Fig. 8A). A full-length NRF2 5’-UTR reporter
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FIG 7 G-quadruplex structure in solution containing H,0, and Fe2*. A 31-mer RNA oligonucleotide synthesized from the DNA
template containing the sequence spanning nt —198 to —168 of the NRF2 5’ UTR was diluted in a solution containing 5 uM
RNA, with or without 100 uM H,O, and/or 1 uM FeSO,. Data are from one representative experiment (A) or averages *=
standard deviations from three independent experiments (B).
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FIG 8 G-quadruplex sequence-dependent NRF2 5’-UTR activation by H,0, in cells. A dicistronic luciferase
reporter construct of the wild-type human NRF2 5’ UTR (555 nt) or a mutant NRF2 5’ UTR with GGGG at
nt —195 to —192 being replaced with TTTT (A4 mutant) was transfected into HEK293 cells. (A) The A4
mutant in a 31-mer RNA oligonucleotide containing the sequence spanning nt —198 to —168 from the
NRF2 5’ UTR was used for confirmation of the lack of a G-quadruplex structural fold by CD spectroscopy.
(B) Transfected cells were treated with various doses of H,0, for 10 min and harvested 1 h later for
measurements of the ratio of firefly versus renilla luciferase. Data indicate averages *+ standard devia-
tions of triplicates from one experiment representative of three. A mean that is significantly different
from another is labeled with a different letter symbol based on ANOVA (P < 0.05). Therefore, the means

"

labeled “a” are significantly different from those labeled “b,” whereas the label “ab” indicates means with
no significant difference from those labeled “a” or “b.”

construct containing A4 mutations was transfected into HEK293 cells for measurements
of H,0,-induced activation. Compared to the wild type, the G-quadruplex-eliminated
mutant NRF2 5" UTR was no longer responsive to H,0,-induced activation (Fig. 8B). This
suggests that the presence of the G-quadruplex is important for NRF2 5’-UTR activation
by H,0, at the cellular level.

EF1a binds to the NRF2 5'-UTR G-quadruplex during H,0,-induced NRF2
protein translation. An RNA molecule is rarely free of protein binding in a cell (35-37).
To understand how the 5'-UTR G-quadruplex affects NRF2 protein translation at the
cellular level, we identified proteins capable of binding to the NRF2 5'-UTR
G-quadruplex using liquid chromatography-tandem mass spectrometry (LC-MS/MS)-
based proteomics. A biotinylated RNA bait was generated from the 31-mer oligonu-
cleotide of the wild-type or A4 mutant NRF2 5'-UTR sequence for the isolation of
binding proteins. The bound proteins were resolved by SDS-PAGE for silver staining to
identify the difference (Fig. 9A). A band present in the wild type but not the
G-quadruplex-eliminated mutant was excised for LC-MS/MS analyses. A sequence
database search indicates that this protein is eukaryotic elongation factor 1 alpha (EF1a;
IP100025447) (Fig. 9B).

The interaction of the EFla protein with the 31-mer G-quadruplex-containing
sequence from the NRF2 5" UTR was measured by electrophoretic mobility shift assays
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FIG 9 NRF2 5'-UTR G-quadruplex binds to EF1a protein. A biotinylated 31-mer RNA fragment from the
region spanning nt —198 to —168 of the NRF2 5" UTR (WT) or the A4 mutant (MUT) was used as a bait for
isolation of binding proteins from cytoplasmic Hela cell lysates. (A) The bound proteins were resolved by
SDS-PAGE for detection by silver staining. The band indicated by an arrow was excised for LC-MS/MS
analyses. (B) Peptides of EF1a detected by mass spectrometry. (C) The same probes, wild type (WT) or A4
mutant (MUT), but labeled with [>2P]JATP were used for in vitro binding with the purified recombinant
full-length (F) or C-terminally truncated (T) EF1a protein, and the binding complex was detected by
autoradiography following EMSAs.

(EMSAs). Using purified EF1a protein and the 31-mer wild type or A4 mutant as the
probe, we found an interaction of the EF1a protein with the G-quadruplex-containing
sequence but not the mutant (Fig. 9C). The EF1a protein has three functional domains:
domain | binds GTP, domain Il binds to aminoacyl-tRNA, and domain Il in the C
terminus together with domain Il interacts with actin (38). When cloning the EF1a
expression vector, an internal Hindlll site enabled us to obtain a truncated version of
EF1a without the C terminus. We found that the truncated EF1a protein was capable of
binding to the Nrf2 5’-UTR G-quadruplex sequence like full-length EF1a (Fig. 9C).

To demonstrate that EFla inside cells can interact with the NRF2 5'-UTR
G-quadruplex under conditions of oxidative stress, we generated a biotinylated 31-mer
oligonucleotide of the NRF2 5’-UTR RNA for isolating binding proteins from cell lysates.
Western blotting for EF1a using RNA bait-associated proteins revealed that H,O,
treatment induced a dose- and time-dependent increase of the EF1a association (Fig.
10A and 11A). This interaction is specific to the G-quadruplex since the A4 mutant was
not able to pull down EF1a (Fig. 10A). To confirm that EF1a indeed binds to NRF2 mRNA
inside cells, we performed immunoprecipitation analysis of the EF1a protein from cell
lysates for quantification of NRF2 mRNA by reverse transcription-PCR (RT-PCR). This RNA
binding protein immunoprecipitation assay indicated that H,O, caused a dose- and
time-dependent increase in the association of EF1a with NRF2 mRNA (Fig. 10B and 11B).
These data support that H,O, treatment results in an increased EF1a interaction with
NRF2 mRNA at the cellular level.

To address whether the binding of EF1a to the NRF2 5’-UTR G-quadruplex mediates
protein translation, we used small interfering RNA (siRNA) to knock down EF1a by
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FIG 10 H,0, dose-dependent increase of EF1a interaction with NRF2 mRNA in HEK293 cells. HEK293 cells
were treated with various doses of H,0, for 10 min and harvested 1 h later. (A) Cytoplasmic extracts were
incubated with biotinylated 31-mer wild-type or A4 mutant probes to isolate binding proteins for
Western blot analysis to detect EF1a (top), with EF1a from total cell lysates serving as the input (bottom).
(B) In parallel, cytoplasmic extracts were used for immunoprecipitation with EF1a antibody or IgG. The
complex from EF1a antibody immunoprecipitation was used for RT-PCR to determine the level of NRF2
MRNA, with that from the immunoprecipitates of IgG serving as a negative control. The levels of NRF2
MRNA are expressed as fold increases in comparison to the control sample without H,0, treatment, with
the RT-PCR output, expressed as relative fluorescent units, being set to 1. The data are from one
representative experiment (A) or averages * standard deviations from triplicates of one experiment
representative of three (B). A mean that is significantly different from another is labeled with a different
letter symbol based on ANOVA (P < 0.05). Therefore, the means labeled “a” are significantly different
from those labeled “b” or “c.”

transfecting HEK293 cells (Fig. 12A). The results showed that EF1a siRNA was able to
inhibit NRF2 protein induction by H,O, treatment (Fig. 12A). The NRF2 5’-UTR dicis-
tronic reporter assay confirmed an inhibitory effect of EF1a siRNA against H,0,-induced
increases in the ratio of firefly over renilla luciferase in cells transfected with the
wild-type Nrf2 5'-UTR reporter (Fig. 12B). Firefly luciferase activities without correction
for renilla luciferase are consistent with data for the ratio showing an inhibitory effect
of EF1a siRNA (data not shown). EF1a siRNA or H,0O, treatment does not cause changes
in renilla luciferase activity (data not shown). The mutant NRF2 5’-UTR reporter with the
G-quadruplex eliminated was not affected by H,O, treatment or EF1a siRNA (Fig. 12B).
These data demonstrate a role of EFla in mediating H,O,-induced NRF2 protein
translation.

In an effort to understand how EF1a increases its contact with the NRF2 5" UTR
during oxidative stress, we tested whether the level of the EFla protein or the
subcellular localization of EF1a changed due to H,O, treatment. Neither assay showed
positive data (data not shown). When ribosomes were collected for measurements of
EF1a, we found EF1a in the 40/43S small-subunit fraction predominantly regardless of
H,O, treatment (Fig. 13A). This differs from La autoantigen, an RNA binding protein
capable of binding to NRF2 mRNA and increasing the association with 60/80S ribo-
somal fractions during oxidative stress (17). The association of EF1a with ribosomal
small or large subunits did not appear to change due to H,O, treatment, as measured
by coimmunoprecipitation of the large- or small-subunit protein L36a or S6, respec-
tively (Fig. 13B). Two-dimensional (2-D) gel electrophoresis and Western blotting failed
to detect a shift in the molecular weight or isoelectric focus point of the EF1a protein
due to H,0, treatment (Fig. 14). Therefore, how oxidative stress causes an increased
association of EF1a with the G-quadruplex in the 5" UTR of NRF2 remains unknown.
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FIG 11 H,0, time-dependent increase of EF1a interactions with the NRF2 5" UTR in cells. HEK293 cells
were treated with 100 uM H,O, for 10 min and harvested at the indicated time points. (A) Cytoplasmic
extracts were incubated with biotinylated 31-mer wild-type probes to isolate binding proteins for
Western blot analysis to detect EF1a (top), with the EF1a protein from the total cell lysate serving as the
input (bottom). (B) Cytoplasmic lysates were used for immunoprecipitation to isolate EF1a for RT-PCR to
detect NRF2 mRNA. The levels of NRF2 mRNA are expressed as fold increases in comparison to the
control sample without H,0, treatment; both groups were corrected by RT-PCR signals from negative-
control 1gG immunoprecipitates. Data are from one representative experiment (A) or averages *
standard deviations from triplicates of one experiment representative of three (B). A mean that is
significantly different from another is labeled with a different letter symbol based on ANOVA (P < 0.05).
Therefore, the means labeled “a” are significantly different from those labeled “b,” “c,” or “bc,” whereas

u

“bc” indicates means with no significant difference from those labeled “b” or “c.

DISCUSSION

This study reports that de novo NRF2 protein translation contributes to the elevation
of NRF2 protein levels in HEK293 cells during oxidative stress. The G-quadruplex
structure has been detected in solution by using RNA oligonucleotides from the region
spanning nt —198 to —168 of the NRF2 5" UTR. Although the presence of H,0, plus
Fe2* did not affect the formation of the G-quadruplex structure in solution from the
naked 31-mer RNA fragment, the sequence corresponding to the G-quadruplex struc-
ture has been found to bind to the EF1a protein in vitro and in vivo. At the cellular level,
H,O, treatment caused a dose- and time-dependent increase in EF1a protein binding
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FIG 12 EF1a-dependent Nrf2 protein translation. HEK293 cells were transfected with either EF1a siRNA
(siEF1) or negative-control siRNA (siNeg) without (A) or with (B) the pRL-Nrf25'UTR-FL reporter construct.
Forty-eight hours after transfection, cells were placed into 0.5% FBS-DMEM for 16 h before treatment with
100 uM H,0, for 10 min and harvesting 1 h later for Western blot analyses (A) or dual-luciferase assays (B).
Data are from one representative experiment (A) or triplicates of one experiment representative of three (B).
A mean that is significantly different from another is labeled with a different letter symbol based on ANOVA
(P < 0.05). The means labeled “a” are significantly different from those labeled “b,” “c,” or “d,” whereas “bd"

indicates means with no significant difference from those labeled “b” or “d.”
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FIG 13 EF1a association with 40/43S ribosomes. (A) HEK293 cells were treated with 100 uM H,0, for 10
min and harvested 1 h later for sucrose gradient ultracentrifugation and collection of ribosomal fractions.
The fractions were used for Western blotting to detect the distribution of EF1a. La was included as a
positive control for H,0,-induced increases in associations with ribosomes. S6 and L36a are used to
indicate the fractions containing small or large subunits of ribosomes. (B) Immunoprecipitation was
performed by using cytoplasmic cell lysates from control or H,0,-treated cells with 1gG or EF1a antibody
for detection of the L36a or S6 protein by Western blotting. The data are from one experiment
representative of three.

to Nrf2 mRNA. Knocking down of the EF1a protein using siRNA blocked the induction
of the NRF2 protein or the activation of the NRF2 5’ UTR by H,O, treatment. EF1a was
detected in 40/43S ribosomal fractions, supporting its role in translation initiation.
However, H,0, treatment did not alter the EF1a distribution among different fractions
of ribosomes or its association with the small or large subunit of ribosomes. 2-D
Western blotting failed to detect a gain or loss of posttranslational modifications. Our
data indicate the importance of the NRF2 5’-UTR G-quadruplex and its interaction with
EF1a for de novo NRF2 protein translation under conditions of oxidative stress.

The G-quadruplex formed from single-stranded DNA has been postulated to exist in
many biologically active regions of the human genome (39). Computational analyses of
the human genome predict the presence of such a noncanonical DNA structure
upstream of transcription start sites for about half of known genes (27). In fact, the
promoter region of the NRF2 gene has been found to contain a G-quadruplex structure
(40). Such a structure affects the unwinding of DNA double strands, protein binding,
and, consequently, transcription initiation.

The RNA G-quadruplex has been discovered in association with a variety of func-
tional regulations (41). In mitochondria, the G-quadruplex structure in RNA facilitates
the termination of DNA transcription (42). The RNA G-quadruplex affects alternative
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FIG 14 Lack of detectable posttranslational modification of the EF1a protein due to H,O, treatment.
HEK293 cells were treated with 100 uM H,O, for 10 min and harvested 1 h later for 2-D Western blotting.
Arrows indicate the signal corresponding to the EF1a protein. The data are from one experiment
representative of three.
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splicing, ribosomal frameshifts, and stop codon readthrough (43-46). In the 3’ UTR of
mRNAs, the G-quadruplex structure drives subcellular relocalization and increases the
efficiency of alternative polyadenylation and therefore the expression of shortened
transcripts (47, 48). An additional noteworthy function of the 3’-UTR G-quadruplex is its
interaction with microRNAs, serving as a mechanism for controlling protein translation
(49, 50). For p53 mRNA, the 3'-UTR G-quadruplex can interact with RNA binding
proteins and release translation repression during stress, contributing to the elevation
of the level of the p53 protein and its function in apoptosis (51). Therefore, the RNA
G-quadruplex plays an important role in regulating protein expression.

Many genes contain a GC-rich sequence in the 5’ UTR and therefore may form
G-quadruplex structures in the 5’ UTR. Computational analyses predict that ~3,000
genes encode MRNA species containing a G-quadruplex in the 5" UTR (52). The
G-quadruplex structure has been studied in 5" UTRs of mRNA species such as the Zic-1
zinc finger protein, bcl-2, N-Ras, the estrogen receptor gene, cyclin D3, AKT-interacting
protein, cathepsin B, MT3-matrix metalloproteinase, and the transcription repressor YY1
(52-60). In these mRNA species, the formation of the 3-D G-quadruplex structure
appears to repress translation initiation. Contrary to this negative mode of regulation,
the presence of a G-quadruplex in the 5 UTRs of some mRNA species enhances
translation, consistent with our findings. A previous study detected an IRES-containing
G-quadruplex structure in fibroblast growth factor 2, and such a structure determines
IRES-mediated translation from alternative translation initiation sites (61). The
G-quadruplex is a part of the IRES for cap-independent translation of the vascular
endothelial growth factor (VEGF) protein in Hela cells (62). However, such a
G-quadruplex is dispensable for the stress-induced activation of VEGF translation,
whereas stabilization of the VEGF G-quadruplex by ligands and increasing G-stretches
results in the inhibition of the IRES-mediated translation of VEGF (63), suggesting the
complexity of how the G-quadruplex controls for protein translation under stress
conditions. Nevertheless, 5'-UTR G-quadruplex-dependent protein translation has been
found with transforming growth factor 8-2 (TGF-B-2) and foxhead box E3 (58, 64). Such
5'-UTR G-quadruplex-mediated protein translation can be cap independent as well as
cap dependent (29). In fact, RNA domains folding into the G-quadruplex can recruit the
40S ribosomal subunit directly (65), pointing to a possible role of the 5'-UTR
G-quadruplex in the assembly of the 48S initiation complex. Therefore, the functional
outcomes of the 5’-UTR G-quadruplex can vary depending on genes or conditions and
can be inhibitory or stimulatory for cap-dependent or -independent translation.

How the EF1a interaction with the Nrf2 G-quadruplex leads to the translation of the
Nrf2 protein remains to be elucidated. With cap-dependent translation, the interaction
of the elF4F complex with the 5'-m7G group is the first step for translation initiation.
Although the interplay between the IRES and the elF4F complex is unclear, it is believed
that elFs in cap-dependent translation also participate in cap-independent translation.
A recent report employing a transcriptome-scale ribosome footprinting technique led
to the discovery of G-quadruplex structures in RNA conferring elF4A-dependent trans-
lation (66). Many oncogenes and transcription factors undergo elF4A-dependent trans-
lation in association with the G-quadruplex in the 5" UTR (66). Whether elF4A interacts
with EF1a and mediates G-quadruplex-dependent Nrf2 protein translation remains to
be investigated.

EF1a is a 462-amino-acid protein best known for GTP binding and amino acid chain
elongation during protein synthesis (38, 67). EF1a controls the hydrolysis of GTP by
carrying GTP and aminoacyl-tRNA to the A site of ribosomes, allowing the addition of
the amino acid by transferring the peptide chain from the P site of ribosomes. In
addition to catalyzing chain elongation, EF1a proofreads codon-anticodon interactions
during translation elongation. However, binding of EF1a to an IRES in the 5" UTR and
to a pseudoknot in the 3" UTR of viral RNAs has been reported (68, 69). EF1a also
exhibits functions independent of protein translation, from regulating cytoskeletal actin
organization to regulating protein degradation (70, 71). Our data show that the
C-terminal deletion mutant of EF1a remains capable of NRF2 G-quadruplex binding
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(Fig. 9C), suggesting the importance of the N-terminal and middle domains. The middle
domain of EF1a alone interacts with 19 different proteins, including elF4G (72). Phan et
al. (73) demonstrated that the G-quadruplex structure fills in the arginine-glycine-rich
RGG motif in a binding protein. The importance of the RGG motif for G-quadruplex
binding has also been demonstrated for a number of RNA binding proteins (74-76). The
EF1a protein sequence shows several putative RGG motifs in the N-terminal or middle
domain (77), providing the structural feature for G-quadruplex binding.

Guanine in DNA or RNA is a commonly studied target of oxidative stress, since
hydroxyl radicals attack the eighth position of the purine ring, resulting in
8-oxoguanine formation (78). Guanine oxidation does not appear to alter the rate of
G-quadruplex formation (79). Consistent with this finding, our studies using the naked
RNA oligonucleotide did not reveal an effect of H,O, with or without Fe2* on
G-quadruplex formation in solution. On the other hand, G residues in a G-quadruplex
appear to be more likely oxidized than G residues in duplex DNA (80, 81). 8-Oxoguanine
in telomeric DNA influences the binding and activity of telomerase (82, 83). In addition,
8-oxoguanine enhances the binding of helicase and DNA repair enzymes to telomeric
DNA (84, 85). This points to the possibility that the oxidation of the NRF2 5’-UTR
G-quadruplex facilitates its binding to EF1a.

In summary, we have found a novel mechanism of NRF2 induction via de novo
protein translation. The NRF2 5’ UTR contains a G-quadruplex structure important for
EF1a binding and NRF2 protein translation initiation under conditions of oxidative
stress. What signals the increased binding of EF1a to the NRF2 5'-UTR G-quadruplex
under conditions of oxidative stress and how the EFla interaction with the
G-quadruplex triggers the recruitment of translational machinery remain to be deter-
mined.

MATERIALS AND METHODS

Cell culture and H,0, treatment. HEK293 cells or Hela cells were obtained from the American Type
Culture Collection and were maintained in Dulbecco’s modified Eagle’s medium (DMEM) containing 10%
fetal bovine serum (FBS), 10 U/ml penicillin, and 10 ug/ml streptomycin. Cells were subcultured weekly
and seeded into 100-mm dishes or 6-well plates for treatment with H,O, upon reaching 80% confluence.
Prior to H,0, treatment, cells were placed into DMEM with 0.5% FBS for 16 to 24 h for serum starvation.
Cells were typically treated with H,O, for 10 min, followed by replacement with fresh DMEM containing
0.5% FBS before harvesting at 1 h or the indicated times.

Western blotting. Cells were washed with ice-cold phosphate-buffered saline (PBS) and subse-
quently lysed in radioimmunoprecipitation assay (RIPA) buffer (1% Triton X-100, 140 mM NaCl, 0.1% SDS,
0.1% sodium deoxycholate, 10 mM Tris [pH 8.0]) containing freshly added protease inhibitors (Sigma-
Aldrich, St. Louis, MO). Following protein concentration measurements by a bicinchoninic acid assay
(Pierce, Thermo Scientific, Carlsbad, CA), an equal amount of proteins between samples was loaded onto
10% SDS-PAGE gels for electrophoresis using a Bio-Rad minigel system (Bio-Rad, Hercules, CA). Separated
proteins were transferred onto a polyvinylidene difluoride (PVDF) membrane for blotting with antibodies
against Nrf2 (EP1808Y monoclonal [Abcam, Cambridge, MA] and H-300 polyclonal [Santa Cruz Biotech-
nology, CA]), vinculin (ab11194 monoclonal; Abcam, Cambridge, MA), or EF1a (H-300, catalog number
sc-28578; Santa Cruz Biotechnology, CA). Secondary antibodies conjugated with horseradish peroxidase
(Santa Cruz Biotechnology, CA) were used for enhanced chemiluminescence reactions.

RT-PCR. Total RNAs were collected from cells by using TRIzol and ethanol precipitation. Following
reverse transcription using a commercial cDNA synthesis kit (Fermentas) with random hexamers and 1
g of total RNA, PCR was carried out by using the oligonucleotide primer pairs for Nrf2 (forward primer
5'-CAGGTTGCCCACATTCCCAAATCA-3' and reverse primer 5'-AGCAATGAAGACTGGGCTCTCGAT-3'),
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (forward primer 5'-CGTCTTCACCATGGAGA-3' and
reverse primer 5'-CGGCCATCACGCCACAGTTT-3'), B-actin (forward primer 5'-AATGTGGCCGAGGACTTT
GAT-3" and reverse primer 5'-AGGATGGCAAGGGACTTCCTG-3’), and 18S rRNA (forward primer 5’-TCAA
CTTTCGATGGTAGTCGCCGT-3" and reverse primer 5'-TCCTTGGATGTGGTAGCCGTTTCT-3'). The primer
sets were designed with an online tool provided by IDTDNA and synthesized by Signosis. Real-time
RT-PCR was performed by using a CFX-96 thermal cycler (Bio-Rad, Hercules, CA) and SYBR green dye
(TaKaRa Bio USA, Mountain View, CA) with initial denaturation at 95°C for 10 min and 40 cycles of
denaturation at 95°C for 15 s, primer annealing at 60°C for 30 s, and extension at 72°C for 30 s.
Melting-curve analysis was performed at the end of PCR to verify the specificity of the product. Bio-Rad
CFX Manager software was used for data analyses.

Isolation of polysomal RNA and ribosomal fractionation. Cells were treated with 5 pg/ml
cycloheximide for 10 min before harvesting in ribosomal lysis buffer (20 mM Tris-HCl [pH 7.4], 140 mM
KCl, 5 mM MgCl,, 0.5 mM dithiothreitol [DTT], 0.1 mg/ml cycloheximide, 0.1 M sucrose, 0.6% Triton
X-100). Cell lysates were centrifuged at 400 X g for 30 min to remove the nuclei and cell debris. The
supernatant from cell lysates was transferred to a clean Eppendorf tube and centrifuged at 18,000 X g
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for 10 min to remove mitochondria. The postmitochondrial supernatant was loaded onto 3 ml 10%
sucrose layered over 6 ml 35% sucrose in ribosomal lysis buffer for 4 h of centrifugation using an SW41
rotor (Beckman) at 4°C and at 240,000 X g to pellet polysomes according to methods described
previously by Hresko and Mueckler (86). This method of polysome preparation was validated by
examining the pellets using electron microscopy. The polysomal pellets were resuspended in TRizol
(Invitrogen) for RNA isolation. An equal amount of RNA (100 ng) from each sample was used for reverse
transcription and real-time PCR.

For fractionation of ribosomes, the postmitochondrial supernatant was loaded onto a linear sucrose
gradient (15 to 50%, wt/vol) cushion and centrifuged at 200,000 X g with an SW40 rotor for 1.5 h at 4°C.
The gradient was displaced with 60% sucrose for fractionation with monitoring of the absorbance at 254
nm with a BioLogic LC system (Bio-Rad, Hercules, CA) at a flow rate of 0.5 ml/min. The proteins in each
fraction were precipitated by trichloroacetic acid and acetone and resuspended in SDS loading buffer for
Western blot analyses.

Cloning and transfection of NRF2 5’'-UTR reporter plasmids. The 5’ UTR of the human NRF2 gene
(NCBI RefSeq accession number NM_006164.4) (5" UTR of 555 nt) was cloned by PCR using cDNAs from
Hela cells as a template. The sequence was inserted between Spel and Ncol restriction sites in the pRF
dicistronic vector upstream of firefly luciferase (32) to generate the pRL-NRF2 5'UTR-FL reporter con-
struct. The mutant NRF2 5'-UTR sequence (pNRF2-5'UTR-A4) was generated by using the full-length
wild-type 5" UTR as a template with a QuikChange I site-directed mutagenesis kit (Stratagene, La Jolla,
CA). Forward primer 5'-GACTCTTGCCCCGCCCTTGTTTTTCGGGAGGCGGAGCGGG and reverse primer
5'-CCCGCTCCGCCTCCCGAAAAACAAGGGCGGGGCAAGAGTC (125 ng) were used for PCR, followed by
digestion with the Dpnl restriction enzyme to eliminate nonmutated double-strand DNA before trans-
formation in XL10 competent cells and selection for positive clones. Mutations were confirmed by DNA
sequencing.

The pRL-NRF2 5'UTR-FL reporter construct (300 ng) was transfected into 30% confluent cells seeded
into 24-well plates (Greiner Bio-One, Monroe, NC) by using Fugene 6 (Roche Applied Science) in
serum-free medium for 5 h. The medium was changed to fresh DMEM with 10% FBS for 16 h before 18
to 24 h of serum starvation with 0.5% FBS. Approximately 48 h after transfection, cells were treated with
H,0, for 10 min and harvested 1 h later for measurements of dual luciferase activity.

In vitro transcription. A DNA oligonucleotide with the complementary sequence from nt —198
to —168 of the NRF2 5’ UTR containing an upstream T7 promoter sequence (5'-TAATACGACTCACTAT
AGGG-3’) was synthesized. This DNA fragment was used as a template for 16 h of in vitro transcription
at 37°C using a MEGAscript T7 kit (Ambion, San Diego, CA). Newly transcribed RNA was separated from
the template oligonucleotide by 16% native polyacrylamide gel electrophoresis, excised, and eluted at
37°C for 1 h before ethanol precipitation and resuspension in nuclease-free water.

CD spectroscopy. Newly synthesized 31-mer RNA oligonucleotides were diluted to 5 uM in 50 mM
Tris-HCI (pH 7.4). After heating at 95°C for 10 min, the solution was cooled gradually to room temper-
ature. CD spectra were recorded on a Jasco (Easton, MD) 810 spectropolarimeter at room temperature,
using a quartz cell with a 1-mm optical path and a scanning speed of 100 nm/min with a response time
of 1 s. The spectral contribution of buffers was subtracted where appropriate by using the software
installed in the spectrometer.

Nuclear magnetic resonance analysis. NMR experiments were performed on a Bruker DRX-600
spectrometer as described previously (87). Samples in water were prepared in a solution containing 10%
D,0-90% H,0. The final NMR samples contained 0.2 mM RNA with the sequence of the NRF2 5’ UTR from
the region spanning nt —198 to —168 in 25 mM K-phosphate buffer (pH 7.0) and 70 mM KCI. Before
loading onto the instrument, samples were annealed by heating to 95°C for 10 min and then cooled to
room temperature. The one-dimensional (1-D) "H NMR spectra were recorded at 25°C with a Watergate
pulse sequence to suppress the water signal. A spectral width of 25 ppm and 512 scans were collected.
In each scan, 16,000 data points were used.

Dimethylsulfate footprinting. DMS footprinting was performed with a 31-mer single-stranded DNA
oligonucleotide corresponding to nt —198 to —168 of the NRF2 5’ UTR according to methods described
previously by Sun and Hurley (33), with minor modifications. Briefly, after heating in a buffer (10 mM Tris
[pH 7.5], 50 mM sodium chloride, and 1.0 mM EDTA) at 95°C for 10 min then cooling down to room
temperature, the oligonucleotide was labeled with [y-32P]JATP at the 5’ end and purified by alcohol
precipitation. The DNA was treated with DMS (1%, vol/vol) for 2 min, and the methylation reaction was
terminated by the addition of gel loading buffer. After electrophoresis on a 16% native polyacrylamide
gel for 3.5 h, the DNA band was visualized via autoradiography and excised for elution. After elution in
a buffer (200 mM NaCl, 2 mM KCI) for 1 h at 65°C, the DNA was precipitated, washed with 75% ethanol,
and resuspended in 20 ul of nuclease-free water for subsequent treatment with 19% DMS for 1 min,
before methylation was stopped by using a solution containing 30% (vol/vol) B-mercaptoethanol and 0.3
M sodium acetate and incubation at —20°C for 2 h. The DMS-treated DNA was precipitated, washed with
75% ethanol, air dried, treated with 10% piperidine for 5 min at 85°C, and vacuum dried. The pellets were
then subjected to denaturation at 90°C for 5 min before 3 to 4 h of electrophoresis on a sequencing gel.

Isolation of RNA binding proteins. The DNA template with the sequence complementary to
nt —198 to —168 of the NRF2 5’ UTR containing an upstream T7 promoter was used as a template for
16 h of in vitro transcription in the presence of biotin-11-UTP (Invitrogen). For the A4 mutant sequence,
the GGGG sequence in the region spanning nt —195 to —191 was replaced with TTTT in the template.
RNA affinity chromatography was performed to pull down proteins, as described previously (17, 88).
Briefly, Hela cells were harvested in nucleic acid binding (NAB) buffer (10 mM HEPES [pH 7.6], 5 mM
MgCl,, 40 mM KCI, 1 mM dithiothreitol, 5% glycerol, 5 mg/ml heparin, 1 U/ml RNasin), followed by 3 brief
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sonications (5 s each) on ice. The cell debris and nuclei were then removed by centrifugation at 14,000
rpm at 4°C, and the supernatant (cytoplasmic extracts) was collected and quantified for subsequent RNA
binding. Biotinylated RNA probes (5 ug) were incubated with cytoplasmic proteins (500 pg) for 1 h on
ice, followed by incubation with 0.2 ml of streptavidin-Sepharose beads (GE Healthcare) at 4°C overnight
with gentle shaking. The beads were then loaded onto a 2-ml centrifugation column (Pierce) and washed
three times with 2 ml of 1 M NaCl in NAB buffer to remove nonspecific binding. The RNA binding proteins
were released by boiling in SDS-PAGE loading buffer, separated by SDS-PAGE, and identified by mass
spectrometry-compatible silver staining (Bio-Rad). Protein bands showing differential binding between
the control and H,0, treatments were excised for LC-MS/MS analyses as described previously (17).

EF1a protein expression and purification. Human cDNA prepared from Hela cells was used as the
template for generating EF1a cDNA using PCR. The forward primer 5'-TCTGTCGACGGAAAGGAAAAGAC
TCATATC contained a Sall restriction site (underlined) and intentionally removed the ATG codon of the
gene. The reverse primer 5'-GCAAGCTTTCATTTAGCCTTCTGAGCTTTCT had a Hindlll site (underlined) and
did not include the original stop codon. The PCR products were digested with Sall and Hindlll, followed
by gel purification. An internal Hindlll site in EF1a cDNA produced a truncated version of EF1a without
the C terminus. The purified PCR products were ligated with the Sall/Hindlll-linearized pEcoli Nterm 6XHN
vector (Clontech Laboratories, Mountain View, CA). The plasmid was introduced into Escherichia coli
BL21(DE3) cells (Invitrogen, Thermo Fisher, Carlsbad, CA). To express the recombinant protein, 100 ml of
LB medium containing ampicillin was inoculated with transformed BL21(DE3) cells and cultured with
shaking at 37°C. When the culture reached an optical density at 600 nm (ODg,,) of 0.6, isopropyl-8-b-
1-thiogalactopyranoside (IPTG) was added to the culture to a final concentration of 1 mM. The culture
remained at 37°C for 6 h with shaking before harvesting.

To purify the recombinant EF1a protein, bacterial cells were pelleted and resuspended in 10 ml PBS
containing 2 mM EDTA before the addition of lysozyme and DNase | (1 mg/ml each). The cells were lysed
at 37°C for 30 min before sonication 3 times for 10 s each on ice. Soluble proteins were obtained by
centrifugation at 20,000 X g and were incubated with 1 ml of PBS-washed Ni-nitrilotriacetic acid
(Ni-NTA)-agarose (Qiagen) at room temperature for 2 h in the presence of 20 mM imidazole. After
incubation, the agarose was loaded onto a minicolumn (10-ml bed volume) and washed with 20 m| PBS
containing 20 mM imidazole. The protein was then eluted with 1 ml of PBS containing 200 mM imidazole.
The purity of the protein was analyzed by 10% SDS-PAGE followed by BioSafe Coomassie blue staining
(Bio-Rad, Hercules, CA).

Electrophoretic mobility shift assay. Purified full-length or C-terminally truncated EF1a proteins
(100 ng) were incubated with 5'-y-32P-labeled 31-mer RNA containing the wild type or the G-quadruplex-
eliminated mutant for in vitro binding. The RNA probe (1 X 10° cpm) was generated by in vitro
transcription using DNA oligonucleotides containing the T7 promoter sequence in the presence of
[y-32P]JATP and was incubated with full-length or truncated EF1a in NAB buffer for 30 min on ice. The
bound probe was resolved by 5% polyacrylamide gel electrophoresis at 60 V for 1 h for autoradiography.

Far-Western blotting. Biotinylated 31-mer RNA probes were generated by in vitro transcription in
the presence of biotin-11-UTP. After washing of streptavidin-Sepharose beads (50 ul per reaction; GE
Healthcare Life Sciences, Marlborough, MA) with NAB buffer containing freshly added 2 mM DTT, the
beads were resuspended in 0.2 ml of NAB buffer for incubation with the biotinylated RNA probe (1
png/reaction) in the presence of 1 ul RNase inhibitors (RNase inhibitor mixture; Sigma-Aldrich, St. Louis,
MO) at 4°C for 4 h. Aliquots of the mixture were incubated with cytoplasmic extracts containing 500 ug
of proteins at 4°C for 4 h. After washing 2 times with NAB buffer and an additional 2 times with NAB
buffer containing 1 M NaCl, the beads were resuspended in 50 ul of NAB buffer before the addition of
SDS-PAGE buffer for boiling and Western blotting using an EF1a antibody (H-300; Santa Cruz Biotech-
nology, CA). The input as the loading control was EF1a protein detected by Western blotting using total
cell lysates.

Immunoprecipitation of the RNA binding protein complex. Endogenous RNA-protein interactions
were measured and presented according to methods described previously by Lal et al. (89), with
modifications. To isolate RNA bound with EF1a protein, 2 ug of anti-EF1a antibody (H-300; Santa Cruz
Biotechnology, CA) or rabbit IgG (catalog number sc-2027; Santa Cruz Biotechnology, CA) was first
incubated with 100 ul of protein A/G Plus beads (catalog number sc-2003; Santa Cruz Biotechnology, CA)
for 1 h at 25°C (17). The unbound antibodies were removed by washing the beads 3 times with NAB
buffer, followed by incubation with 500 ug HEK293 cytoplasmic extracts at 4°C for 4 h. The unbound
proteins were removed by 5 washes with NAB buffer. TRIzol (Invitrogen, Carlsbad, CA) was added to the
washed beads for extraction of RNA, which was precipitated in the presence of glycogen (0.5 ug/ml)
before being converted to ¢cDNA with Moloney murine leukemia virus (MMLV) reverse transcriptase
(Fermentas, Hanover, MD) and an oligo(dT) primer. For quantitative measurements of NRF2 mRNA, the
cDNA was used as a template for quantitative PCR (QPCR) using a Bio-Rad CFX96 thermocycler with the
primer pair 5'-CAGGTTGCCCACATTCCCAAATCA-3’ and 5'-AGCAATGAAGACTGGGCTCTCGAT-3' for hu-
man NRF2 (NCBI RefSeq accession number NM_006164.4). The primer set had been validated by
examination of the melting curve of the product and linearity within a certain dynamic range. The
abundance of NRF2 ¢cDNA was analyzed with iQ SYBR green supermix (Bio-Rad) and Bio-Rad CFX
Manager software, and the signal from the EF1a immunocomplex was normalized to that of 1gG
immunoprecipitates.

siRNA transfection. siRNA against EF1a or negative-control siRNA was obtained from Santa Cruz
Biotechnology (catalog numbers sc-77231 and sc-37007, respectively; Santa Cruz, CA). Transfection of
siRNA was performed by using Xtreme siRNA transfection reagent (Sigma-Aldrich, MO) according to the
manufacturer’s protocol in 70% confluent HEK293 cells. The transfection reagent and siRNA at a 1:1 ratio
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were diluted in serum-free medium and incubated at room temperature for 20 min before they were
added to cells. Sixteen hours after transfection, the medium was changed to regular 10% FBS-DMEM.
Forty-eight hours after transfection with 24 h of serum starvation in 0.5% FBS-DMEM, cells were treated
with H,0, and harvested for Western blot or luciferase activity assays.

Two-dimensional SDS-PAGE for Western blotting. Two-dimensional SDS-PAGE was performed by

using the Zoom IPGRunner system according to the manufacturer’s instructions (Invitrogen). Briefly, 100
g of cytoplasmic proteins was solubilized in 150 ul 2-D buffer {8 M urea, 2% 3-[(3-cholamidopropyl)-
dimethylammonio]-1-propanesulfonate (CHAPS), 0.5% vol/vol Zoom carrier ampholytes, 20 mM DTT,
0.002% bromophenol blue}. Each protein sample (150 wl) was added to one lane of the Zoom IPGRunner
cassette with a pH3 to 10 nonlinear (pH3-10NL) strip inserted into each well. The strips were focused
according to the manufacturer’s recommendations (Invitrogen). The strips were equilibrated in buffer A
(106 mM Tris HCl, 141 mM Tris, 2% SDS, 10% glycerol, 0.51 mM EDTA, 50 mM DTT, 0.22 mM bromophenol
blue) for 15 min, transferred to buffer B (same as buffer A except that 50 mM DTT was replaced with 125
mM iodoacetamide), and then washed once with ultrapure water. The strips were sealed onto a 10%
SDS-polyacrylamide gel with 0.5% agarose. The proteins were separated at 60 V for 150 min for Western
blotting as described above.
Statistics. Means were compared by 2-tailed Student’s t test when two samples were compared or
by one-way analysis of variance (ANOVA) when multiple groups of data were compared.
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