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ABSTRACT

In microorganisms, a number of metalloproteins in-
cluding PerR are found to regulate gene expres-
sion in response to environmental reactive oxygen
species (ROS) changes. However, discovery of sim-
ilar regulatory mechanisms remains elusive within
mammalian cells. As an antioxidant metalloenzyme
that maintains intracellular ROS homeostasis, cop-
per zinc superoxide dismutase (SOD1) has high affin-
ity for DNA in solution and in cells. Here, we ex-
plored the regulatory roles of SOD1 in the expression
of genes in response to ROS changes within mam-
malian cells. SOD1-occupied DNA sites with distinct
sequence preference were identified. Changing ROS
levels both were found to impact DNA-SOD1 inter-
actions in solution and within HeLa cells. GGA was
one of the base triplets that had direct contact with
SOD1. DNA-SOD1 interactions were observed to reg-
ulate the ROS-responsive expression of functional
genes including oncogenes and amyotrophic lateral
sclerosis-linked genes in transcriptional phases. Our
results confirm another function of SOD1, acting as
a H,O,-responsive regulatory protein in the expres-
sion of numerous mammalian genes.

INTRODUCTION

A few of microbial metalloproteins including PerR were
found to regulate expression of many genes in response
to externally environmental reactive oxygen species (ROS)
changes (1). However, similar regulatory proteins remain
elusive in the expression of mammalian genes responsive

to intracellular ROS changes so far. The primary antioxi-
dant enzyme copper zinc superoxide dismutase (SOD1) cat-
alyzes the rapid conversion of superoxide anion into hydro-
gen peroxide (H,0O,), maintaining homeostasis of intracel-
lular ROS (2). On the one hand, increasing evidence indi-
cates that SOD1 plays a regulatory role in diverse cellular
processes (3—5) including redox signaling (3), respiration (4)
and nutrient sensing (5) via controlling cellular ROS lev-
els (2). On the other hand, the observations performed in
solution (6-8) and cells (9), as well as bioinformatic analy-
sis (10), suggest that SOD1 might be a DNA binding pro-
tein linked to regulation of gene expression, which is sup-
ported by both the higher content of wild-type (WT) SOD1
and its mutants in the nucleus than that in other compart-
ments (11,12). Furthermore, high activity of amyotrophic
lateral sclerosis (ALS)-linked SOD1 mutants also suggests
that SOD1 might have another noncanonical function not
enzymatic activity contributing to ALS (13). We previously
indicated the added divalent metal ion-dependent DNA
cleavage activity of WT SOD1 and DNA as an accelerating
template in the aggregation of WT SOD1 and its mutants
(6-8), also implying affinity of SODI1 for DNA. However,
it remains unclear in mammalian cells whether SOD1 can
regulate gene expression responsive to intracellular ROS
changes as a DNA binding protein.

Here, we employed multiple methods to explore the reg-
ulatory roles of SODI1 in the expression of functional genes
in response to intracellular ROS changes via binding to
functional human DNA elements. SOD1 was found to
show a ROS dependent distribution within a mammalian
cell. SOD1-occupied DNA sequences with different prefer-
ence were identified in the vicinity of transcriptional start
sites. GGA was one of the base triplets that directly con-
tact SOD1. Inactivation- and demetallation-mediated con-
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formational changes altered both sequence preference and
affinity of SOD1 interactions with DNA. Moreover, SOD1
binding was observed to regulate the ROS-responsive ex-
pression of numerous genes, especially oncogenes and ALS-
linked genes, in transcriptional phases. A comparison of
regulation in the expression of oncogenes and ALS-linked
genes suggested that SOD1 deficiency-mediated reduction
of SOD1 binding to DNA activates both the genes to pro-
mote onset and development of cancer and those to delay
ALS development. Our results confirm that SODI1 func-
tions as a H,O,-responsive regulatory protein in the expres-
sion of numerous mammalian genes in addition to acting
as an antioxidant enzyme, and indicate that, similar to that
within microbial cells, there is a metalloprotein-based regu-
latory mechanism of the gene expression in response to ROS
changes within mammalian cells.

MATERIALS AND METHODS
Cell culture

HeLa cells were obtained from China Center for Type Cul-
ture Collection (CCTCC) and maintained at 37°C in a satu-
rating humidity atmosphere containing 5% CO,. HeLa cells
were cultured in DMEM medium (Gibco; C11995500BT)
supplemented with 1% penicillin/streptomycin (Gibco;
15140122), and 10% fetal bovine serum (FBS) (Gibco;
26140079).

Immunofluorescence

Immunofluorescence was observed to examine the intracel-
lular distribution of SOD1. HeLa cells were seeded in a 6-
well plate at a density of 2 x 10° cells/well in the DMEM
culture medium. After washing with PBS, cells were incu-
bated first for 4 h in the medium mixed respectively with 0.4
mM H,0,, 2 mM GSH, 50 uM LDI100, 1 mM paraquat
(Sigma; 36541), 5 pg/ml 4-nitroquinoline-N-oxide (4NQO)
(Sigma; N8141), and 10 mM 3-amino-1,2,4-triazole (AT)
(Sigma; A8056). 0.4 mM H,0, was usually used to pro-
vide an intracellular oxidative environment (9). Unless oth-
erwise specified, the use of H,O; in subsequent cell ex-
periments was 0.4 mM. Following removal of the culture
medium, the cells were rinsed twice with PBS, fixed with
ice-cold 4% paraformaldehyde for 15 min in the DMEM
culture medium and permeated 3 x 5 min with 0.1% Tri-
ton X-100 in PBS. Then, the cells were blocked with 5%
goat serum, incubated overnight at 4°C with Alexa Fluor
488 conjugated anti-human SODI primary antibody (Ab-
cam; ab199733) (1:100 dilution) in PBS supplemented with
4% FBS, and washed for 4 x 10 min with PBS. Finally, the
cells were counterstained for 10 min with 0.6 uM DAPI
(Life Technologies; D21490) in PBS, washed for 4 x 10 min
with PBS and mounted in glycerol + 10% 10 x PBS. All
fluorescent images were captured with a Leica confocal mi-
croscopy. The fluorescence intensity of SOD1 in the nucleus
and cytoplasm were quantified using Imagel.

SOD1 knockdown within HeLa cells

To verify that SOD1 binding to DNA can regulate gene ex-
pression, SOD1 knockdown was performed. The validated
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siRNA of SODI was purchased from commercial sup-
plier (Ambion; AM51331). Briefly, after seeding HeLa cells
at 40-50% confluent, they were transfected with 90 pmol
siRNA in the presence of 20 wl Lipofectamine RNAIMAX
(Invitrogen; 13778075) in 4 ml completed DMEM with 600
w1 Opti-MEM (Gibco; 31985070) at 37°C for 24 h. In the
next day, cells were transfected again under the same condi-
tion to obtain higher transfection effect. The performance
of SOD1 knockdown in HeLa cells had been systematically
evaluated as previous reports (14) under the tested condi-
tions.

EMSA

EMSA was used to study the binding of SODI1 to DNA
in solution. The 12 bp biotin labelled probes were gener-
ated by annealing the sense and anti-sense strands of syn-
thetic oligonucleotides and incubated first with SODI in
the DNA-binding buffer (10 mM Tris-HCI, pH 7.5, 50
mM KCl and 1 mM DTT) with 1% formaldehyde (Sigma;
F8775) at room temperature for 30 min. Then, 0.125 M
glycine was added to stop the binding reactions. The bind-
ing mixture was subjected to electrophoresis at room tem-
perature on a 6.5% polyacrylamide gel at 100 V for 40 min in
0.5x TBE buffer (Sigma; T3913). Following electrophore-
sis, the DNAs were transferred to positively charged nylon
membrane (Roche; 11209299001) at 360 mA for 45 min in
0.5x TBE, and crosslinked to the membrane at 120 mJ/cm?
using a commercial UV-light crosslinking instrument. Af-
ter detected the biotin-labeled DNAs by Chemiluminescent
Nucleic Acid Detection Module (Thermo Scientific; 89880),
the membranes were placed in a film cassette, and exposed
to X-ray film (Sigma; Z380156) for 2-5 min.

DNase I footprinting assay with capillary electrophoresis

DNase I footprinting assay was performed to probe DNA
bases with which SODI1 directly contacts. The 6-FAM la-
belled probes were generated by annealing the sense and
anti-sense strands of synthetic oligonucleotides. All SODI
binding reactions in the presence of formaldehyde were car-
ried out as described in EMSA. The binding reactions in the
absence of formaldehyde were performed in DNA-binding
buffer (10 mM Tris—HCI, pH 7.5, 50 mM KCI and 1 mM
DTT) at room temperature for 30 min. The additional in-
cubation was performed for 2 min in the pH 8.0 40 mM
Tris—HCl containing 10 mM MgSOy4, 1 mM CaCl, and RQ1
RNase-Free DNase (Promega; M6101) at 37°C. The cleav-
age reaction was stopped by adding 2 wl Stop Buffer (20
mM EGTA, pH 8.0) at 65°C for 1 min, followed by DNA ex-
traction and precipitation. Samples were analyzed by ABI
3730XL DNA analyzer (Life Technologies).

Small-angle X-ray scattering (SAXS)

To obtain the structural insight into SODI1 binding to
DNA, SAXS experiments were performed. SAXS exper-
iments were carried out at Shanghai Synchrotron Radia-
tion Facility beamline BL16B1. Following incubation of
150 M SOD1 with or without 60 mM EDTA or LD100
at 37°C for 12 h, data were collected for 100 wl samples.
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For the complex of S1-SODI, the mixture containing 100
M SOD1 and 100 wM of S1 was incubated for 24 h in pH
7.4 20 mM Tris—HCI at 37°C. Before data collection, the
sample was centrifuged for 10 min at 10 000 rpm at 4°C to
remove the potential aggregates. The X-ray wavelength was
1.25 A with a sample-to-detector distance of 1850 mm. The
scattering vector ¢ was 4wsin 6/\, and 26 was the scattering
angle. X-ray exposures between 200 and 500 s were taken
for all samples and matching the buffer blank, and the scat-
tering of buffer was subtracted. Datasets were merged with
PRIMUS. The real-space P(r) distribution, radius of gyra-
tion (R,) and maximum distance Dy, were calculated with
GNOM. Twenty independent ab initio modeling jobs were
performed using DAMMIN, and averaged by DAMAVER.

Circular dichroism

To observe effects of the specific inhibitor LD100 on the
SODI structure, circular dichroism (CD) experiments were
performed at 25°C on a Chariscan CD photomultiplier
(Applied Photophsics Limited) equipped with a Quantum
Northwest TC125 temperature controller, and the path
length of the quartz cuvette was 1.0 cm. The scanning speed
was 100 nm/min, and the response time was 0.2 s. All spec-
tra were collected between 200 and 260 nm, and the baseline
was corrected using signals of the buffer.

Assay of SODI1 activity

SODI activity was determined by measuring the inhibition
of tetrazolium salt reduction using HT Superoxide Dismu-
tase Assay Kit (Trevigen; 7501-500-K). Briefly, after sus-
pending the cells in 5-10 volumes of cold 1x Cell Extrac-
tion Buffer and incubating the cell suspensions on ice with
periodic vortexing for 30 min, the cleared cell lysate was ob-
tained by centrifugation at 10 000 x g for 10 min at 4°C.
Mn- and Fe-SODs were inactivated by adding 800 .l of ice-
cold chloroform/ethanol (37.5/62.5 (v/v)) to 500 wl of the
cell lysate, shaking for 30 s, and then centrifuging at 2500 x
g for 10 min. After determining the protein concentration
of the cell lysate by BCA Protein Assay Kit (Thermo Scien-
tific; 23225), serial dilutions of cell extracts were obtained
by adding 1x SOD buffer. 25 wl diluted cell extracts were
added into 150 wl Master Mix. The reactions of SODI ac-
tivity assay were initiated by adding 25 pl 1x Xanthine so-
lution. Three parallel experiments were performed in each
experiment, and the activity was normalized by the control

group.

HADDOCK docking

To obtain the structural insight into SOD1 binding to
DNA, the HADDOCK runs were performed using the Easy
interface for HADDCOK 2.2 (15). The structure of SOD1
(PDB: 1SPD) was downloaded from the PDB database. 3D-
DART (16) was used to generate all the nucleic acid struc-
ture models. As experimental input parameters, all residues
on the surface of SOD1 were marked as active, and the en-
tire DNA strand was selected as active. HADDOCK clus-
tered 81 structures in nine clusters, which represents 40.5%
of the water-refined models HADDOCK generated. The

statistics of the top 1 cluster (HADDOCK: —195.5 £ 23.3)
was used to construct the structural model of DNA-SOD].

Statistical analysis

All statistical tests were done using Microsoft Excel, and
the statistical analysis of data was indicated in each figure.
For comparison between each sample group and its control
group, unpaired Student’s ¢ test was used. Parallel exper-
iments were also indicated in each figure. Data were pre-
sented as means + SD (indicated within each figure). P val-
ues less than 0.05 (*P < 0.05, **P < 0.01, ***P < 0.001)
were considered statistically significant.

RESULTS AND DISCUSSION
H,0O; promotes SOD1 nuclear translocation

SODI1 is mainly localized in cytosol, but changes in the
intracellular levels of H,O, might alter its subcellular lo-
calization. To examine the distribution of SOD1 within a
mammalian cell under varied redox conditions, immunoflu-
orescence was used to localize SOD1 within HeLa cells
respectively exposed to H,O,, GSH and the efficient and
specific SODI1 inhibitor LD100 that we designed based on
the structure and catalytic mechanism of SOD1 (Supple-
mentary Figure S1A) (9). The immunofluorescence imaging
showed that the oxidant H,O, translocated SOD1 to the nu-
cleus, and the reductant GSH elevated its content in cytosol
(Figure 1). The SOD1 content was elevated in cytosol of the
cells exposed to LD100 (Figure 1), because the LD100 inhi-
bition of SODI resulted in reduced levels of H,O; (9). AT,
a catalase inhibitor , elevated endogenous H,O; in the cell
and translocated SODI1 to the nucleus (Supplementary Fig-
ure S1B and C), indicating that endogenous H,O; also reg-
ulates SOD1 nuclear localization. Within the cells treated
with O,° -generating agent (4NQO) and paraquat (Supple-
mentary Figure S1D), both the level of H,O, and the con-
tent of SOD1 in the nucleus had comparable increase (Sup-
plementary Figure S1B and C), because SOD1 is a high ef-
ficient catalyst of the dismutation of O,°~ to H,O,. These
results indicated that SOD1 displays a redox-dependent dis-
tribution in a mammalian cell.

SOD1 occupies DNA sites with distinct sequence preference

To elucidate the potential interactions between SOD1 and
DNA in a mammalian cell under varied redox conditions,
we performed chromatin immunoprecipitation-sequencing
(ChIP-Seq) tests with the immunoprecipitation (IP) grade
anti-SOD1 antibody directed toward SODI1 in a HeLa cell
treated respectively with and without (control) H,O,, GSH
and LD100. The ChIP samples were digested with endo-
exonuclease (micrococcal nuclease, ChIP grade) to address
theoretical limitations in ChIP-Seq and to enhance reso-
lution . We used the anti-RNA polymerase II antibody
and normal rabbit IgG to construct positive and nega-
tive control IPs, respectively. The significantly high levels
of GAPDH promoter signals relative to inputs in positive
control IPs indicated the successful construction of ChIP
(Supplementary Figure S2A). In the GSH treated cells,
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Figure 1. H,O, promotes SOD1 nuclear translocation. Immunofluorescence using the antibody against SOD1 (green) and DAPI (blue, a nucleus-staining
dye) indicated a redox-dependent distribution within HeLa cells. After HeLa cells were treated respectively with or without 0.4 mM H,0;, 2 mM GSH
and 50 pM LD100 for 4 h, immunofluorescence staining was performed. Scale bars, 25 pm. Finally, we quantified the fluorescence intensity of SODI in
the nucleus and cytoplasm using ImageJ, and then obtained the percentage of SODI in the nucleus (z > 20). Data are mean + SD.

DNA samples obtained by ChIP were too little to per-
form sequencing, because the GSH-mediated translocation
of SODI1 toward cytosol decreased the content SODI1 in the
nucleus (Figure 1).

Sequencing of the ChIP samples produced clean reads
respectively from control, H,O,- and LD100-treated cell
groups through trimming the raw reads. Pearson corre-
lations showed that a satisfactory correlation occurred
between parallel samples (Figure 2A), and the high-
throughput sequencing data are reliable. After these clean
reads were aligned against homo sapiens genomes, we ob-
tained uniquely mapping ChIP-Seq reads to homo sapiens
genomes for control, H,O,- and LD100-treated groups, re-
spectively. Following mapping reads to the genomes, peak
calling approaches were used to estimate SOD1-occupied
DNA sites within a cell genome. 45 139, 4697 and 21
293 peaks were obtained respectively in control, H,O, and
LD100 treated groups (Supplementary Figure S2B). The
treatment with H,O, and LD100 not only drastically re-
duced the number but also slightly reduced the enrichment
of peaks (Supplementary Figure S2C). Then, the signifi-
cant DNA motifs were obtained from our ChIP-Seq data
(Supplementary Figure S2D). Annotation of the motifs in
the control group provided the SODI1-bound DNA mo-
tifs with high statistical significance, indicating that DNA—
SODI interactions occur through significant sequence pref-

erence (Figure 2B), not in a random pattern. Thus, the
ChIP-Seq experiments confirmed the previously observed
affinity of SOD1 for DNA (6,7,9,10). The high-affinity sites
were found to be strongly enriched near the summits of the
ChIP-Seq peaks, and a substantial fraction of high-affinity
sites within accessible genomic regions are occupied.
Under normal conditions, motif A was the sequence
with the highest statistical significance for SOD1 binding
in the genome. Comparing these motifs with databases
showed that the motif A in the control ChIP-Seq group
matched perfectly with the transcription factors ZNF394-,
ZNF502-, ZNF582- and SMARCAS-bound motifs (Figure
2C), implying that some regulatory roles of SODI may be
similar to those of these transcription factors in gene expres-
sion. Moreover, both processing of ChIP-Seq-derived peak
regions and annotation of genomic loci provided distribu-
tions of all peaks in homo sapiens genomes (Supplemen-
tary Figure S3A), indicating that a plenty of SOD1 bind-
ing events (15.78%) occurs in the vicinity (within 3000 bp)
of transcriptional start site (TSS) (Supplementary Figure
S3B). Compared with the control group, both H,O, and
LDI100 treated groups had fewer peaks near TSS (Supple-
mentary Figure S3B). In addition, the treatment with H,O,
and LD100 also slightly reduced the enrichment of peaks in
the vicinity of TSS (Supplementary Figure S2C). This vicin-
ity of binding sites to a TSS is important in determining
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Figure 2. SODI1 binds to DNA with different sequence preferences under varied redox conditions. (A) Person correlations between parallel ChIP-Seq
samples in control (designed as C1, C2 and C3), H,O; (H1, H2 and H3), and LD100 (L1, L2 and L3) treated groups. Unless otherwise specified, the labels
for all ChIP-Seq samples were the same as here. All the ChIP-Seq data were representative of three independent experiments. (B) Typical SOD1 binding
motifs under varied redox conditions. (C) Motif logo matching between motif A (bottom) and four consensus motifs (top), determined by TOMTOM
(MEME). (D and E) Hierarchical clustering analyses of fold enrichment values in control, HyO, and LD100 treated groups. (F~H) Enriched GO terms of
all ChIP-Seq samples in control (F), H,O; (G), and LD100 treated groups (H).



whether a SOD1 binding event affects transcription. There-
fore, these results suggest that SOD1 binding to DNA could
regulate expression of the target genes in transcriptional
phases.

The analogous sequences of the motif A in H,O,- and
LD100-treated groups were motifs B and C, respectively.
However, motifs B and C showed less statistical significance
than the motif A (Figure 2B), suggesting that the treat-
ment with either H,O, or LD100 weaken interactions be-
tween SODI and these motifs in homo sapiens genomes.
The sequences in the motif B with high statistical signif-
icance were similar to those in the motif A (Supplemen-
tary Figure S2D), indicating that oxidative environment re-
sulted from exogenous H,O; hardly impacts the DNA se-
quence preference of SOD1 occupancy, but impairs the in-
tensity of SOD1 binding to DNA. However, the treatment
with LD100 resulted in the motifs with high statistical sig-
nificance which are remarkably distinct from the motifs A
and B (Supplementary Figure S2D), indicating that SOD1
inhibition has noticeable influence on both DNA sequence
preference and intensity of SOD1 binding. These results are
expected because both inhibition-mediated SODI1 confor-
mational changes (Supplementary Figure S4A-C) and low
H,0; content (17) could alter both DNA sequence prefer-
ence and affinity of the SOD1 occupancy.

To find differences in SOD1 binding sites and in their fold
enrichment in the genomes following treatment with either
H,0, or LD100 in comparison with the genome in con-
trol, we performed hierarchical clustering using the fold en-
richment values in all samples. On the one hand, the treat-
ment with H,O, resulted in reduced fold enrichment val-
ues of most peaks comparing with the untreated samples,
but significant differences were not found in the enrichment
pattern (Figure 2D), an indication that H,O; reduces inter-
actions of SOD1 with DNA, but does not have significant
impact on the pattern of SOD1 interactions. On the other
hand, fold enrichment values were found to decrease for
three-quarters of peaks, but to increase for one quarter of
peaks in the case of LD100 treatment (Figure 2E), suggest-
ing that the intracellular SODI inhibition not only reduces
the affinity of SOD1 for DNA, but also alters the pattern
of SOD1 interactions with DNA owing to the inhibition-
mediated conformational changes of SOD1. Together, these
results indicated that both H,O; exposure and LD100 in-
hibition all can reduce the affinity of SODI1 for DNA, but
the latter even alter the pattern of SOD1 interactions with
DNA, as indicated in the motif analysis.

Gene ontology (GO) classification of the genes was per-
formed in the range of 2000 bp around the peak summits
to understand functions of the SOD1-occupied DNA sites.
The enriched GO terms in control displayed a large body of
genes involved in nervous system development, transmem-
brane transportation, and neurogenesis, generation and dif-
ferentiation of neurons, suggesting that SOD1 binding may
regulate many key genes in the nervous system (Figure 2F).
The treatment with either H,O, or LD100 was found to
decrease the numbers of genes regulated by SOD1 bind-
ing (Figure 2G and H). Therefore, both H,O, and LD100-
mediated redox dyshomeostasis could weaken the SODI1
binding to DNA likely altering SOD1 structures, which may
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result in a decrease in the number of nervous systems and
neurons linked-genes regulated by the SODI1 binding.

DNA-SOD1 interactions are further verified in solution

To probe the sequence-specificity of SODI1 binding to
DNA, seven dsDNA sequences (12 bp, S1-S7, Figure 3A)
were selected according to the above-described DNA se-
quence preference of SOD1 occupancy (Supplementary
Figure S2D) and their 5'-ends were labelled by biotin. The
binding of SOD1 to these DNA fragments with varied se-
quence preference was first examined in pH 7.4 buffer under
varied redox conditions by electrophoretic mobility shift as-
say (EMSA). The EMSA tests performed with S1 of the
highest preference indicated that all S1 molecules were com-
pletely saturated by SODI1 at >1:2 of their molar ratios
(Figure 3B), revealing that the optimal stoichiometry of
SOD1 binding to this DNA molecule is 1:2, and at least
parts of the specific SOD1 binding bases or base pairs are
contained in this DNA sequence. Changing buffer pH did
not impact the formation of S1-SOD1 complexes (Figure
3C). Moreover, the binding of SODI to all of the designed
DNA sequences was observed by EMSA under the tested
conditions. The simultaneous appearance of DNA-SODI1
complexes and free DNAs (Figure 3D) indicated that in-
teractions between SODI1 and S4, S5 or S6 were weak and
SODI1 binding did not occur for S2, S3 and S7. These ob-
servations were supported by the quantitative fluorescence
anisotropy tests that demonstrated the high affinity (Ky =
8.93 nM) of SODI for S1 and no affinity for the sequence
S7 under the tested conditions (Supplementary Figure SSA
and B). These results suggested that the DNA-SODI1 in-
teractions identified by EMSA and affinity tests were con-
sistent with the DNA sequence preference of SODI1 oc-
cupancy (Supplementary Figure S2D). To further confirm
the dsDNA sequence-specificity of SODI interactions, the
competition of two DNA sequences for SOD1 was tested.
The results showed that the labelled SI1 was replaced by
the unlabelled S1 of increased concentrations from the la-
belled S1-SOD1 complexes (Figure 3E), but not by the unla-
beled S2 (Figure 3F), revealing that the formation of DNA-
SOD1 complexes was dependent on the base pair sequence
in S1. Moreover, the tests with the single-stranded S1 (ssS1)
showed that SOD1 completely saturated ssS1 at 1:2 like the
double-stranded form of S1, and the affinity of SODI for
the complementary strand of ssSI1 was much weaker than
dsS1 (Supplementary Figure S6), as indicated by the tests
performed using the mixture of ssS1 and its complemen-
tary strand under tested conditions (Supplementary Figure
S6). Comparing the tested dsDNA sequences indicated that
the quadruplet GGAA in S1 is essential for SOD1 binding
to DNA. In addition, the antioxidant activity of SOD1 is
not significantly affected by the presence of dsS1 or dsS7
(Supplementary Figure S7A and B).

To determine which DNA bases are directly involved in
the binding of SOD1, DNase I footprinting assay was car-
ried out with a 40 bp dsDNA (SL, Figure 4A) designed
based on the above-mentioned sequence preference and
EMSA results of DNA-SODI interactions. Formaldehyde
was used to fix potential interactions between DNA and
SODI prior to footprinting. This cross-linking led to the
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Figure 3. Verification of DNA-SOD/1 interactions in vitro. (A) The selected DNA sequences (S1-S7, 12 bp) with different SOD1 binding ability. (B and C)
EMSA showed that the formation of SI-SOD1 complexes was dependent on concentrations of SOD1 in 10 mM pH 7.4 PBS, and pH did not impact the
binding of SOD1 to DNA in the tested range of pH. (D) EMSA indicated that SOD1 binds to the selected DNA sequences with different preference under
tested conditions. (E and F) The competition performed with excess of the unlabelled S1 and S2 further confirms the formation of S1-SOD1 complexes.

formation of a linear 200 bp pentamer of SL (Figure 4B).
Capillary electrophoresis analysis of SOD1 occupied sites in
its range of 161-200 bp showed that SOD1 associated with
DNA through the direct contact with the base sequence
GGA or GAA (Figure 4A and B), which is slightly differ-
ent from the results from protein array tests (10), because
SODI1 can be cross-linked to the 3’ or 5-end of DNA (18).
To exclude influence of the cross-linking on the sequence
specificity of SOD1 binding, footprinting assays were also
carried out with the SL-SODI1 complex treated without
formaldehyde, providing a similar result, but the difference
being one base (T) because of low resolution (Figure 4C and
D). The combination of both lines of evidence not only con-
firmed that the ChIP-Seq data-derived DNA sequence pref-
erence of SOD1 binding is reliable, but also revealed that
the triplet GGA is one of the base sequences directly in-
volved in DNA-SODI interactions. In addition, the molec-
ular docking simulation of DNA-SODI interactions sug-
gested that the a-helix on the surface of a SOD1 monomer
sticks into the major groove of the triplet GGA-containing
dsS1 stretch to form a stable complex (Figure 4E), which is
not only in line with the results from DNase I footprinting
assay, but also supported by the solution small-angle X-ray
scattering (SAXS) structure that proved the direct contact
of the SOD1 a-helix to DNA in the major groove of DNA
(Figure 4F).

DNA-SOD1 binding is impacted by H,O, and Demetalliza-
tion

The formation of dsS1-SOD1 complexes was examined re-
spectively under varied redox conditions and under the con-
ditions containing the specific chelating agent of zinc or
inhibitor of SODI1. The solution redox conditions were
altered by respective addition of H,O; and GSH. SOD1
was found to be inactivated by adding H,O; in a H,O,
concentration-dependent manner, but SODI1 retained 85%
activity at 0.4 mM H,0, (Figure 5A). The formation of
S1-SOD1 complexes was dramatically inhibited when H,O;
>1 mM (Figure 5B), which was in agreement with the re-
sults obtained by ChIP-Seq (Figure 2B), and also with the
SODI1 structural changes resulted from H,O, oxidation
of SOD1 (19). Oxidation of the histidine residues coordi-
nated to the metal ions causes partial metal ion release form
SODI1, resulting in considerable exposure of hydrophobic
surfaces (20). However, the presence of GSH slightly de-
creased SODI1 activity (Figure 5C), and elevated the for-
mation of S1-SOD1 complexes in a GSH concentration-
dependent manner (Figure 5D). These results indicated that
the binding of SOD1 to DNA is reduced in oxidative envi-
ronments, but intensified in reductive environments.
S1-SODI1 complexes were observed to rapidly disappear
upon addition of the specific SOD1 inhibitor LD100 (Fig-
ure 5E), indicating that the inactivation-mediated SOD1
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Figure 4. Binding model of DNA-SODI complexes. (A) The SL bases directly involved in the DNA-SODI interactions fixed by 1% formaldehyde cross-
linking were determined by capillary electropherograms following DNase I digestion of 5'-FAM-labelled pentameric SL. Stars represent the sites protected
by SODI. (C) Capillary electropherograms were generated from the SL-SOD1 complexes treated without 1% formaldehyde following DNase I digestion
of 5'-FAM-labelled SL. (B and D) Cartoon representation of SL highlights the SOD1 binding DNA sites resulted from DNase I footprinting tests in (A)
and (C). (E) The structural docking model for SI-DNA complex. The purple regions in DNA represent the potential SODI binding sites in SI motif.
a-helix, red; B-sheet, yellow; random coil and DNA, green; SOD1 binding sites, purple. (F) A final concentration of 100 uM SOD1 and 100 uM of S1 was
incubated in 20 mM Tris—HCI (pH 7.4) at 37°C for 24 h. Before data collection, the sample was centrifuged at 10,000 rpm at 4°C for 10 min to remove
the potential aggregates. Based on SAXS results, space-filling models of the SI-SOD1 complexes were constructed. Space-filling models of the SI-SOD1
complexes derived from SAXS data are depicted in grey, with HADDOCK model of this complexes docked into mesh envelope.

conformational relaxation (Supplementary Figure S4A-C),
similar to the structural changes caused by mutation (21),
can prevent SOD1 from binding to DNA. In support of
this, DNA binding of two ALS-linked SOD1 mutants A4V
and H46R /H48Q was examined under the tested condi-
tions. The mutation A4V does not impact the activity and
structure of SOD1, but H46R /H48Q eliminates the activ-
ity of and significantly alters the structure of SOD1 owing

to the removal of copper (22). The results indicated that
the binding of A4V to dsS1 was similar to that of wild-
type SODI (Figure 5F), but the binding of H46R /H48Q
was dramatically reduced (Figure 5G), supported by their
affinity constants for dsS1 of K4 = 5.03 (A4V) and 33.7 nM
(H46R /H48Q) (Supplementary Figure S5C and D). These
revealed that DNA binding can be regulated by structural
alterations of SODI.
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Figure 5. SOD1 binding to DNA depends on redox environments and its conformation. (A and B) The treatment with H,O, for 4 h reduced not only the
activity of SODI (A) but also the formation of S1-SOD1 complexes (B). (C and D) The treatment with GSH for 4 h slightly reduced the activity of SOD1
(C) but significantly elevated the formation of S1-SODI complexes (D). (E and H) The specific inhibitor of SOD1 (LD100, E) and the chelator of Zn*
(TPEN, H) both prevented SOD1 from interactions with DNA under tested conditions. (F and G) The formation of S1-A4V (F) and S1-H46R /H48Q (G)
complexes were dependent on concentrations of SOD1 in 10 mM pH 7.4 PBS. Data are mean of triplicate samples + SD (*P < 0.05, **P < 0.01, ***P <

0.001; unpaired Student’s 7 test), and all error bars are SD.

Similarly, removal of Zn** from SODI1 by the specific
Zn>* chelator TPEN resulted in the rapid disappearance of
S1-SODI1 complexes (Figure SH), because this demetalla-
tion can also alter structures of a metalloenzyme (23), and
Zn’* plays a structural role in SOD1 (2). In brief, SOD1 is
a H,O;-responsive DNA binding protein both in solution
and within a cell, and the formation of DNA-SOD1 com-
plexes is regulated by its conformational changes.

SODI1 regulates gene expression through binding to DNA

To explore the regulatory roles of SOD1 binding in gene
expression under varied redox conditions, we carried out
global mRNA-sequencing (mRNA-Seq) on SOD1 knock-
down cells and cells treated with LD100. Joint analysis of
mRNA-Seq and ChIP-Seq data not only produced over-
lapped genes of differentially expressed genes in SODI1
knockdown cells and genes closest to TSS in ChIP-Seq sam-
ples under normal conditions, but also displayed that the
expression of 1486 genes would be regulated in transcrip-
tional phases by SODI binding, but 413 genes among them
were also regulated by changing SOD1 activity (Figure 6A,
and Supplementary Figure S8A). Moreover, 637 and 849
genes of 1486 genes were upregulated and downregulated
respectively upon SOD1 knockdown (Figure 6B). In addi-
tion, we also found that other 732 genes were only regulated
by changing SODI activity (Supplementary Figure S§A).
These results indicate that SOD1 can play a regulatory role
in the expression of these genes by either binding to DNA
(Figure 6B) or by changing intracellular ROS levels. To un-

derstand the regulatory significance of SOD1 binding, more
examinations were carried out on ALS- and cancer-linked
ChIP-Seq and mRNA-Seq data of the genes, because SOD1
has become a key target in drug design of ALS and cancer
treatment (24,25). The results indicated that the 209 reg-
ulated genes were linked to nervous system development
(Supplementary Figure S9 and Supplementary Table S1),
and the expression of their half was controlled by SODI
binding rather than the enzymatic activity of SOD1 because
the specific inactivation of SOD1 with LD100 did not im-
pact their expression (Supplementary Figure S9). It is wor-
thy that four ALS-linked genes UNC13A, NRG1, INA and
PTKG6 (26-29) were found to be modulated via SOD1 bind-
ing but not via SOD1 enzymatic activity (Figure 6C). In
addition, the Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment of 1486 genes showed that
SOD1 binding impacted onset and development of multiple
kinds of cancer via regulating the expression of oncogenes
(Figure 6D).

To establish the regulatory role of SODI1 binding in the
expression of oncogenes, in-depth analysis was performed
on mRNA-Seq data. Because high expression of PBX2 and
FGFR4 promotes cancer cell growth through both suppres-
sion of apoptosis (30) and regulation of cellular pathways
to enhance drug resistance (31), the elevated expression of
PBX2 and FGFR4 in SODI1 knockdown cells (Figure 6E)
indicated that this SOD1 deficiency can enable the survival
of cancer cells from both apoptosis and anti-cancer treat-
ment through DNA-SODI interactions. However, SOD1
inhibition was found to reduce the expression of FGFR4.
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Figure 6. SOD1 regulates expression of numerous genes in transcriptional phases. (A) A hierarchical clustering analysis of the differentially expressed
genes (DEGs) caused by DNA binding of SOD1. After overlapping the genes in control group of ChIP-Seq and the DEGs in SODI1 knockdown group
of RNA-Seq, the heat map was preparation by normalized log;o(FPKM+1) of the DEGs. (B) A volcano plot of log(fold change) vs. the -logjo(padj) for
the DEGs in (A). (C, E and F) Relative FPKM values of some key genes in SOD1 knockdown and LD100 treated HeLa cells (INA, UNCI13A, PTK6
and NRG1 in (C); PBX2 and FGFR4 in (E); TUSC2 and CRTC3 in (F). (D) An enriched KEGG pathway scatterplot of the DEGs in (A) shows the
most affected 20 signaling pathways with high statistical significance. (G) A heat map of the genes regulates by SODI1 at transcriptional levels, drawn using
normalized log;o(FPKM+1) of the genes. (H and K) Genome browser views of the SOD1 binding sites near TSS of all genes in (G) and in (J) (red for
the ChIP-Seq under normal conditions; blue for the Input). (I and J) RT-pPCR tests for the SOD1-regulated genes in knockdown HeLa cells (TUSC2,
CRTC3, KCNAB2, SPEG, QRFP, MAF1, DNM2, NFIC, PTK6, TNFRSF25 and FGFR4 in (I); INA, UNCI13A and NRG1 in (J)). Data are mean of
triplicate samples & SD (¥*P < 0.05, **P < 0.01, ***P < 0.001; unpaired Student’s ¢ test), and all error bars are SD.
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Moreover, SOD1 knockdown resulted in elevated PTK6
and reduced TUSC2 and CRTC3 (Figure 6C and F), indi-
cating that this downregulation of SOD1 promotes tumori-
genesis by PTK6 (32), regulates the early pathogenesis of
lung tumors by TUSC2 (33), and reduces the transcription
of human T-Cell leukemia virus type 1 by CRTC3 (34). In
brief, these results revealed that the SODI deficiency acti-
vates the genes to promote onset and development of cancer
through reducing its binding to DNA. Then, SOD1 binding
to DNA around TSS can control the expression of multiple
oncogenes in transcriptional phases.

The SODI1 binding sites were further analyzed in the
range of 3000 bp from TSS, because 15.78% of SODI1
binding sites in homo sapiens genomes are close to TSS
(Supplementary Figure S3B). Analysis revealed that SOD1
may regulate 442 genes during the transcription phase
(Supplementary Figure S8B), among which 22 genes, in-
cluding oncogenes (e.g., PTK6, PBX2, FGFR4, TUSC2,
CRTC3), voltage-gated ion channel-associated genes (e.g.
KCNAB2, CBARP), muscle- and nerve-linked genes (e.g.,
QRFP, PTK6, SPEG, OLFM1), transcription-related genes
(e.g. NFIC, BEND3, MAF1, SNRNP70), were found to be
most likely regulated by SOD1 binding in transcriptional
phases (Figure 6G and H). RT-qPCR determinations of
mRNA showed that the expression of a subset (CRTCS3,
SPEG, QRFP, MAF1, DNM2, TNFRSF25 and FGFR4)
selected from these regulated genes was significantly altered
in SODI1 knockdown cells (Figure 6I). The observation for
regulation of the oncogenes is in line with the conclusions
from the in-deep analysis of mRNA-Seq data (Figure 6C,
E and F). Our reported results showed that the expression
level of SOD1 in the normal cell RWPE-1 was <0.3-fold
than that of the cancer cell DU145 (14). Compared with
DUI145 cells, the relative expression changes in the sub-
set of genes in RWPE-1 cells were consistent with the re-
sults in SOD1 knockdown HeLa cells (Supplementary Fig-
ure S10A). Furthermore, the expressions of CRTC3 and
FGFR4 in HeLa cells were also respectively downregulated
and upregulated with increasing concentrations of H,O;
(Supplementary Figure S10B), which indicated that the reg-
ulation of CRTC3 and FGFR4 by SOD1 binding was de-
pendent on H,O; concentrations. Overall, these results fur-
ther verified the regulatory role of SODI in transcriptional
phases of expression of the genes involved in cancer, tran-
scription, voltage-gated ion channels and nervous systems.

SODI knockdown was also found to regulate the expres-
sion of ALS-linked genes including INA, UNCI13A, PTK6,
NRGI1, SPEG and QRFP (26-29,35,36). This SOD1 de-
ficiency elevated the expression of UNCI3A, PTK6 and
NRGI, and reduced the expression of INA (Figure 6C).
The expressions of UNC13A, INA, and NRG1 were fur-
ther verified by RT-qPCR (Figure 6J). In addition, SOD1
binding sites were also observed to appear around the TSS
of UNCI13A, PTK6, NRGI and INA (Figure 6H and K).
Accordingly, DNA-SODI1 interactions might prolong the
lifespan of sporadic ALS patients by UNCI13A (26), nega-
tively modulate the acetylcholine receptor by PTK6 (27),
regulate the axoglial and neuromuscular development in
the pathogenesis and progression of ALS by NRG1 (28),
and control intracellular transport to axons and dendrites
by INA (29). Moreover, the genes encoding QRFP (neu-

ral polypeptide) and SPEG (regulating myocyte cytoskele-
tal development) were downregulated by SOD1 knock-
down (Figure 61). Their downregulation through transcrip-
tion causes neurological or muscular abnormalities (35,36),
which might also have contribution to ALS. Overall, the
regulation of expression of these ALS-linked genes by affin-
ity interactions of SOD1 with DNA might be in favor of
delaying ALS progression.

CONCLUSIONS

In summary, the nuclear translocation and DNA binding
of SODI take place in turn upon elevation of the intracel-
lular H,O, content. SOD1 binds to DNA mainly in the
vicinity of TSS in a sequence-specific manner, and read-
ily forms complexes with GGA-containing DNA stretches.
Both sequence preference and affinity of SODI1 interactions
with DNA depends on SOD1 conformation. Changing in-
tracellular ROS content also impacts the affinity of SODI1
for DNA. SODI1 binding can regulate the ROS-responsive
expression of cancer- and ALS-linked genes in transcrip-
tional phases. A comparison of regulation in expression of
the oncogenes and ALS-linked genes suggests that SOD1
deficiency-mediated reduction of SOD1 interactions with
DNA activates both the genes to promote onset and devel-
opment of cancer and those likely to delay ALS progression,
implying there is a correlation between cancer progression
and ALS repression. Accordingly, targeting both SOD1 and
DNA-SODI1 interactions should be a promising avenue to
design anti-cancer and -ALS strategies.

The evidence presented here not only confirms, for the
first time to our knowledge, a new function of SODI1: act-
ing as a H,O,-responsive regulatory protein in expression of
numerous mammalian functional genes, but also indicates
that there is a metalloprotein-based regulatory mechanism
of the gene expression in response to ROS changes within
mammalian cells, similar to that within microbial cells.
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