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Abstract

The accumulation of reactive oxygen species (ROS) have implicated the pathogenesis of several 

human diseases including neurodegenerative disorders, stroke, and traumatic brain injury, hence 

protecting neurons against ROS is very important. In this study, we focused on sigma-1 receptor 

(Sig-1R), a chaperone at endoplasmic reticulum, and investigated its protective functions. Using 

hydrogen peroxide (H2O2)-induced ROS accumulation model, we verified that apoptosis-signaling 

pathways were elicited by H2O2 treatment. However, the Sig-1R agonists, dehydroepiandrosterone 

(DHEA) and DHEA sulfate (DHEAS), reduced the activation of apoptotic pathways significantly. 

By performing protein-protein interaction assays and shRNA knockdown of Sig-1R, we identified 

the brain Zinc finger protein 179 (Znf179) as a downstream target of Sig-1R regulation. The 

neuroprotective effect of Znf179 overexpression was similar to that of DHEAS treatment, and 

likely mediated by affecting the levels of antioxidant enzymes. We also quantified the levels of 

peroxiredoxin 3 (Prx3) and superoxide dismutase 2 (SOD2) in the hippocampi of wild-type and 

Znf179 knockout mice, and found both enzymes to be reduced in the knockout versus the wild-

type mice. In summary, these results reveal that Znf179 plays a novel role in neuroprotection, and 

Sig-1R agonists may be therapeutic candidates to prevent ROS-induced damage in 

neurodegenerative and neurotraumatic diseases.
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Introduction

Reactive oxygen species (ROS) including free radicals, such as superoxide anion (·O2−) and 

hydroxyl radical (OH), as well as non-radical oxidants, such as singlet oxygen (1O2) and 

hydrogen peroxide (H2O2), are produced as by-products of cellular metabolism, majorly in 

the mitochondria [1]. In normal cellular processes, ROS are regulated at relatively low 

steady-state levels (background levels) by endogenous antioxidant enzymes. However, many 

neurodegenerative diseases, including Alzheimer’s (AD), Parkinson’s disease (PD), 

amyotrophic lateral sclerosis (ALS), Huntington’s disease (HD), and neurotraumatic 

diseases, including stoke, traumatic brain injury (TBI), show a reduction in antioxidant 

capacity and/or an increase in ROS production [2–5]. They may result from impaired 

mitochondrial function or environmental stressors including sugar/oxygen deprivation in 

ischemia, cytokine release in inflammation, excitatory neurotransmitter release, and 

metabolic depression [4–6]. Left unchecked, the accumulated ROS like the hydroxyl free 

radical will damage DNA and induce apoptosis. Therefore, preventing ROS accumulation or 

enzymatically eliminating them is an important subject in neurological disorders therapy.

The sigma-1 receptor (Sig-1R) is widely expressed in the endoplasmic reticulum (ER) and 

mitochondrial and plasma membranes of neurons throughout the central nervous system [7]. 

It binds certain neuroleptic drugs, psychotropic drugs, and steroid hormones [7, 8]. These 

drugs regulate the ability of Sig-1R to associate with other ER protein partners, including an 

inositol 1-4-5-triphosphate receptor (IP3R), the potassium voltage-gated channel Kv1.2, and 

Binding immunoglobulin protein (BiP) [9, 10]. Activation of Sig-1R appears to provide 

neuroprotection and neurorestoration in cellular and animal models of brain ischemia, and in 

neurodegenerative diseases such as AD, PD, and ALS [11, 12].

Dehydroepiandrosterone (DHEA) and its sulfated analog (DHEAS) are steroid hormone 

agonists of Sig-1R [13–15]. DHEA/DHEAS are secreted by the adrenal gland and brain, and 

can prevent excitatory amino acid-induced neurotoxic actions in primary hippocampal 

neurons and retinal cells, reduce apoptosis in a model of serum-free PC12 cell death, and 

attenuate the lesion area of focal brain injury [16, 17]. Additionally, some studies indicate 

that the two steroid hormones perform antioxidant functions in age-related 

neurodegenerative disorders and cardiovascular disease by increasing the expression of 

antioxidant proteins such as superoxide dismutases (SODs) [18, 19]. However, the 

relationship between DHEA/DHEAS-mediated antioxidant protein expression and Sig-1R 

signaling, and whether either activity is applicable in neurological disorder therapy, is still 

unknown.

The zinc finger protein 179 (Znf179), also known as RING finger protein 112 (Rnf112), is 

predominantly expressed in the central nervous system [20], and is known to be active in 

nervous system development during embryogenesis [21]. Although the roles of Znf179 post-

embryogenesis still remain unclear, it is a downstream target of Sig-1R, and could 
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theoretically mediate the neuroprotective effects of DHEA/DHEAS. This study evaluates the 

functional effects of both Sig-1R and Znf179 in relation to ROS-induced damage.

Materials and methods

Cells

Mouse neuroblastoma Neuro-2a (N2a) cells (ATCC) were cultured in minimum essential 

medium Eagle (MEM, Invitrogen) containing 10% fetal bovine serum (FBS), 100 μg/ml 

streptomycin sulfate, and 100 U/ml penicillin-G sodium at 37°C and 5% CO2. N2a cells 

were differentiated after serum withdrawal by incubation in MEM/BSA medium (MEM 

supplemented with 0.1% bovine serum albumin and without FBS) [22]. The 90% confluent 

cells were treated with DHEA (1 μM or 10 μM, Sigma-Aldrich), DHEAS (1 μM or 10 μM, 

Sigma-Aldrich), or BD1063 (1 μM, Tocris Bioscience) for 30 min before H2O2 treatment. 

Transfection of cells with protein-expressing vectors or shRNA plasmids was performed by 

using Lipofectamine 2000 according to the manufacturer’s protocol (Invitrogen). Each 

transfection experiment was performed three times and each sample in each experiment was 

prepared in duplicate.

Western blot analysis

Protein samples were separated via sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE), and transferred onto a PVDF membrane (Bio-Rad 

Laboratories). Subsequently, the membrane was blocked with 5% nonfat milk in TBST 

buffer (10 mM Tris. pH 8.0, 150 mM NaCl, and 0.5% Tween 20) for 1 h and incubated with 

primary antibodies: Anti-Sig-1R (1:500), anti-emerin (1:2000), anti-Nesprin1 (1:500), anti-

Sun2 (1:500), anti-(activating transcription factor6) ATF6 (1:500) antibodies from Santa 

Cruz Biotechnology, anti-p53 (1:3000), anti-phospho-p53 (Ser15) (1:3000), anti-p38 

(1:2000), anti-phospho-p38 (Thr180/Tyr182) (1:1000), anti-JNK (1:2000), anti-phospho-

JNK (Thr183/Tyr185) (1:500), anti-ERK (1:3000), anti-phospho-ERK (Thr202/Tyr204) 

(1:3000), anti-(poly (ADP-ribose) polymerase) PARP (1:2000), anti-TNF-alpha (1:1000) 

antibodies from Cell Signaling Technology, anti-SOD1 (1:3000), anti-SOD2 (1:3000), anti-

Prx3 (1:1000), anti-caspase 3 (1:500) antibodies from GeneTex, anti-actin (1:3000), anti-Sp3 

(1:1000), HDAC1 (1:2000), anti-HDAC2 (1:2000) antibodies from Millipore, anti-MeCP2 

(1:1000) antibody from Abcam, anti-(binding immunoglobulin protein) BiP (1:3000) from 

BD biosciences, and anti-Znf179 (1:1000) antibody [21, 23], for 2 h at room temperature. 

After incubation with primary antibodies, the membranes were washed three times (5 min 

each) with TBST buffer, and then incubated with a 1:3000 dilution of horseradish 

peroxidase-conjugated anti-mouse or anti-rabbit antibodies (Santa Cruz Biotechnology) for 

1 h at room temperature. Finally, the membranes were washed again and the peroxidase was 

developed by chemiluminescence using Amersham Hyperfilm ECL (GE Healthcare).

His-pull-down assay

His-Sig-1R expressing cells were lysed by using modified RIPA buffer (50 mM Tris, pH 7.8, 

150 mM NaCl, 5 mM EDTA, 0.5% Triton-X100, 0.1% Nonidet P-40, and protease 

inhibitors) contained 1 mM phenylmethylsulfonyl fluoride, 2 μg/ml leupeptin, 2 μg/ml 

aprotinin, and 1 mM imidazole. The cell lysates were then added with 30 μl of HisPur Ni-
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NTA Superflow Agarose (Thermo Scientific) and incubated at 4°C with shaking for 2 h. The 

beads were subsequently washed three times in modified RIPA buffer containing 10 mM 

imidazole. Bound proteins were eluted by using electrophoresis sample buffer and analyzed 

by western blot using specific antibodies, such as ER proteins (binding immunoglobulin 

protein (BiP), activating transcription factor (ATF) 6, etc.), nuclear envelope proteins 

(emerin, laminB, lamin-B receptor, lamin A/C, Nesprin1, Sun2, etc.), transcription factors 

(Sp3, MeCP2, barrier-to-autointegration factor (BAF), etc.), and cytoplasmic- nuclear 

proteins (Histone deacetylases (HDACs), Znf179, extracellular signal-regulated kinases 

(ERK) 1 and 2, etc.).

Immunoprecipitation

Cells (1 × 107) were washed with PBS, and the cellular lysates were prepared by using 

modified RIPA buffer. Rabbit polyclonal anti-Znf179 antibodies or control rabbit IgG were 

then added (1: 500) to the lysates and incubated at 4°C with rotation. After 2 h, protein-A/G 

agarose beads (30 μl, Santa Cruz Biotechnology) were also added to the mixture and further 

incubated for 1 h. The protein beads were washed three times with modified RIPA buffer. 

Bound proteins were eluted by using electrophoresis sample buffer.

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay

N2a cells were plated onto 24-well culture plates at an initial density of 1 × 105 cells/well. 

After the induction of neuronal differentiation, cells were treated with different doses of 

H2O2 for 24 h or were treated with 50 μM H2O2 for different time intervals. Subsequently, 

fresh medium containing MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide) reagent (final concentration of 0.5 mg/ml, Sigma Aldrich) was added to each well, 

and cells were incubated for 1 h at 37°C, after which the MTT solution was removed. The 

resultant formazan crystals were dissolved in 200 μl DMSO, and the absorbance readings of 

DMSO extracts measured at 570 nm using the iMark Microplate Absorbance Reader (Bio-

Rad).

Experimental animals

We used male wild-type mice (C57BL/6, National Laboratory Animal Center, Taipei, 

Taiwan) and Znf179 knockout mice (129/Sv. μ C57BL/6) weighing 30–40 g, housed five per 

cage in an air-conditioned vivarium with free access to food and water. Throughout the 

study, a 12-h light/dark cycle was maintained with lights on at 8 AM. All procedures 

adhered to the Guidelines for Care and Use of Experimental Animals of the Taipei Medical 

University (Taipei, Taiwan).

Measurement of cellular ROS

Intracellular ROS levels (superoxide anion, ·O2−) were measured by using dihydroethidium 

(DHE), which can be oxidized by ·O2− into 2-hydroxyethidium and exhibits red 

fluorescence (Ex/Em=518/605 nm; Invitrogen). Differentiated N2a cells (1.5 × 104 in each 

well of a 96-well plate) were treated with 50 μM H2O2 (1h up to 3h). Then, the cells were 

washed once with pre-warmed PBS supplemented with 10 μM DHE. After incubation at 

Su et al. Page 4

Neuropharmacology. Author manuscript; available in PMC 2017 July 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



37 °C for 30 min, cells were washed again and DHE fluorescence was detected by the FL2 

laser of a flow cytometer (BD FACSCalibur), and analyzed by BD CellQuest software.

Statistical Analysis

The statistical analyses for data from the western blots, MTT assays, and cellular ROS 

quantification were calculated using the unpaired, two-tailed Student’s t-test, with a 

significance level set at p < 0.05.

Results

The activation of Sig-1R by DHEA/DHEAS attenuates H2O2-induced cell death

H2O2 treatment were used in a neuron-like cell model (differentiated N2a cells) to induce 

intracellular ROS production. By examining the cell death-related signaling pathways, we 

showed that the phosphorylated levels of p53, p38, and JNK were rapidly increased as early 

as 10 min after H2O2 treatment, and were clearly visible for up to 3 h in H2O2-treated cells 

compared to control cells (Fig. 1A and 1B). Since previous studies have identified 

neuroprotective effects of Sig-1R activity [11, 12], agonists of Sig-1R (DHEA/DHEAS) 

were used to study whether activated Sig-1R protects cells against H2O2-induced 

cytotoxicity (Fig. 1C to 1F). The data in Fig. 1C and 1D demonstrates that DHEA and 

DHEAS treatment significantly attenuated the phosphorylation of p53, p38, and JNK in 

H2O2-treated N2a cells. In addition, the levels of PARP 1 cleavage fragments, remnants of 

an apoptotic marker following cleavage by caspases 3 and 7, and of phospho-p53, revealed 

that DHEAS significantly reduced not only p53 signaling in an early stage of apoptosis, but 

also downstream components (the late-stage nuclear events) of the apoptotic pathway (Fig. 

1E and 1F). Notably, the neuroprotective effects of DHEAS were inhibited by the selective 

Sig-1R antagonist, BD1063 (Fig. 1G). Quantification of the levels of phospho-p53 and 

phospho-JNK in H2O2−, DHEAS-, and/or BD1063-treated cells confirmed that DHEAS, via 

Sig-1R activation, suppressed H2O2-induced cell death signaling (Fig. 1H). Taken together, 

these data suggest Sig-1R is capable of reducing ROS-induced cytotoxic damage.

Sig-1R associates with Znf179 and affects Znf179 protein expression

We next examined the downstream targets of Sig-1R. By using an in vitro His-tag protein 

pull-down assay, we found that Sig-1R associated with several proteins, including ER 

proteins (BiP), nuclear envelope proteins (emerin, lamin A/C, Nesprinl, Sun2), transcription 

factors (Sp3, BAF), and cytoplasmic-nuclear proteins (HDAC1, HDAC2, HDAC3, Znf179), 

but not with ATF6, MeCP2, lamin B, lamin-B receptor, ERK, etc., which are shown in Fig. 

2A and our more recent study [24]. Immunoprecipitation assay was subsequently performed 

to confirm the in vivo protein interactions. A result showed here that the interaction between 

Sig-1R and Znf179 was significantly increased after H2O2 treatment (Fig. 2B and 2C). In 

analyzing the functional effect of Sig-1R on Znf179, DHEA and DHEAS were found to 

significantly elevate Znf179 protein levels (Fig. 2D and 2E). By contrast, a significant 

decrease in Znf179 was detected in BD1063 treatment (Fig. 2D and 2E) and Sig-1R 

knockdown (Fig. 2F and 2G) relative to control treatment. In summary, Sig-1R stimulation 

plays a critical role in the regulation of Znf179 expression levels.
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Znf179 protects cell survival against cell death signaling pathway

Since H2O2 increased the interaction of Sig-1R and Znf179, and Sig-1R affected Znf179 

expression, we studied the expression of Znf179 after peroxide intoxication to correlate 

Znf179 expression with oxidative stress. Differentiated N2a cells were treated with H2O2 for 

different time intervals (0–24 h, Fig 3A and 3B) or with different doses of H2O2, for 18 h 

and 24 h (Fig. 3C and 3D). Western blotting results demonstrated that Znf179 was a 

statistically significant increase in response to H2O2 exposure in a time- and dose-dependent 

manner (Fig. 3).

Znf179 overexpression was subsequently used to study the role of Znf179 in oxidative 

stress. Increasing Znf179 levels attenuated H2O2-induceded phosphorylation of p53, p38, 

and JNK, but did not affect ERK (Fig. 4A to 4C). In addition, the apoptotic markers cleaved-

caspase 3 and non-cleaved-PARP 1, and the inflammation marker tumor necrosis factor 

alpha (TNF-alpha), were also investigated in Znf179-overexpressing N2a cells (Fig. 4D). We 

found that Znf179 reduced apoptosis and TNF-alpha production after H2O2 exposure. 

However, a significant increase in p53 activation was detected when Znf179 was knocked 

down using a short hairpin RNA (Fig. 4E and 4F). Taken together, these results provide the 

first demonstration of Znf179 expression as being neuroprotective against oxidative stress.

Zn179 expression reduces oxidative injury via increasing antioxidant enzyme levels

In order to clarify the protective effects of Znf179, a stable cell line for constitutive Znf179 

expression was established (Fig. 5A). This cell line and control cells were then treated with 

different doses of H2O2 for 24 h (Fig. 5B), or with 50 μM H2O2 for different time intervals 

(Fig. 5C), and cell viability was then measured using the MTT assay. Znf179 was able to 

prevent cell death induced by oxidative stress. Based on this result, antioxidant-related 

enzyme levels were analyzed in the hippocampus of control and Znf179 knockout mice (Fig. 

5D and 5E). Znf179 knockout was correlated with decreased levels of peroxiredoxin 3 

(Prx3) and superoxide dismutase 2 (SOD2), but not SOD1. We also quantified cellular ROS 

and found that elevating Znf179 protein reduced ROS levels at 3 h after H2O2 treatment 

(Fig. 5F). Taken together, Znf179 modulates antioxidant enzyme levels in a manner 

suggestive of a neuroprotective effort.

The Sig-1R-Znf179 pathway is critical for the protective effect of DHEAS against cell 
apoptosis

Since Sig-1R activity and Znf179 expression were regulated by DHEAS, we studied whether 

the Sig-1R-Znf179 pathway mediated the ability of DHEAS to protect against oxidative 

stress using a short hairpin RNA-mediated Znf179 knockdown. Figure 6 demonstrates that 

reduced Znf179 levels attenuated the protective capability of DHEAS similarly to the Sig-1R 

antagonist BD1063 (Fig. 1G and 1H). Taken together, the data suggest that DHEAS utilizes 

the Sig-1R-Znf179 pathway to prevent cell death from oxidative injury.

Discussion

Overall, these data demonstrate that stimulation of the Sig1-R-Znf179 pathway plays a role 

in mitigating cell death following cellular injury and oxidative stress. Specifically, we 
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demonstrated here that: 1) Znf179 is a downstream effector of Sig-1R; 2) Znf179 is a novel 

neuroprotective factor and its accumulation correlates with H2O2 exposure time; and 3) 

agonist stimulation of Sig-1R is necessary for Sig-1R to provide maximal protection. 

Oxidative stress may partially induce endogenous Sig-1R-Znf179 pathway activity, but ROS 

accumulation is more potent at inducing cell death than this partial induction is at protecting 

the cells. In this study, the neurosteroids DHEA/DHEAS, known agonists of Sig-1R [13–

15], served to activate the Sig-1R-Znf179 pathway, and in doing so significantly decreased 

cell death. Indeed, our current data demonstrated that the protective effect of DHEAS was 

blocked by the Sig-1R antagonist, BD1063. Notably, Znf179 was upregulated by DHEA/

DHEAS, and downregulated by BD1063 as well as by Sig-1R knockdown. When Znf179 

was overexpressed in cells, its protective ability after H2O2 exposure was similar to that of 

DHEAS treatment. We confirmed this ability of Znf179 by demonstrating that ROS 

accumulation in oxidative stress was decreased by Znf179 overexpression. Additionally, 

Znf179 knockdown blocked the protective effect of DHEAS similarly to Sig-1R antagonist 

treatment. Overall, our findings indicate that the Sig-1R-Znf179 neuroprotective pathway is 

enhanced by DHEA/DHEAS, and could provide new therapeutic approaches to mitigate or 

prevent the extensive damage in neurodegenerative and neurotraumatic diseases (Fig. 7).

ROS/free radicals are accumulated, and contribute to cell death, during traumatic injury. 

This is a complex process involving oxidative stress, glutamate excitotoxicity, inflammatory 

damage, and other mechanisms [5, 25, 26], though they all support the idea that free radicals 

and ROS play a decisive role in the pathology of neurotraumatic diseases. In addition, a key 

role of ROS for neuronal damage is further indicated by studies on the pathology of 

neurodegenerative diseases, such as AD, PD, or ALS, where increased ROS levels were 

detected in degenerating neurons [27]. Therefore, it is noteworthy that inhibition of ROS-

induced cell death is important for both neurotraumatic and neurodegenerative diseases. 

Although DHEA/DHEAS and Sig-1R protect neurons against oxidative stress [28–31], the 

mechanism of ROS damage mitigation by DHEA/DHEAS and Sig-1R was never examined. 

Our current data indicate Znf179, a downstream target of Sig-1R, regulates antioxidant 

enzymes, and that both DHEA and DHEAS increase Znf179 expression. Even though the 

mechanism of how Znf179 alters enzyme expression is still unclear, the Sig-1R-Znf179 

pathway appears to be a possible way to regulate ROS levels after DHEA/DHEAS 

treatment. Further study of the mechanism by which Sig-1R and Znf179 regulate gene 

expression will be performed in future.

In nervous system development, Znf179 is critically important during embryogenesis [21]. 

When P19 cells are treated with retinoic acid to induce neuronal differentiation, Znf179 is 

upregulated and increases p35 gene expression and p27 protein accumulation, which causes 

cell cycle arrest at the G0/G1 phase and initiates cell differentiation. By using RNA 

interference to inhibit Znf179 expression, neuronal differentiation is significantly suppressed 

[21]. A further study indicated that Znf179 may affect gene regulation via altering the levels 

of transcription repressors, such as Plzf [23]. When Znf179 is co-overexpressed with Plzf 

together in cells, Znf179 associated physically with Plzf. The interaction then results in a 

translocation of Znf179 from cytoplasm to nucleus, and an increase in Plzf protein 

abundance [23].
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A recent study indicated that Znf179 in astrocytes can be upregulated by CCAAT/enhancer 

binding protein delta (CEBPD) upon pro-inflammatory cytokine (interleukin-1β) treatment. 

Znf179 subsequently associates with Plzf to play an anti-apoptotic role in astrocytes. The 

protein complex suppresses several pro-apoptotic genes, including insulin-like growth factor 

binding protein 3 (IGFBP3) and BCL2-interacting killer (BIK) [32]. Here, we demonstrated 

that Znf179 is also upregulated in cortical brain tissues (data not shown) and N2a neuron-

like cells after environmental stress. In addition, we find the protective functions of Znf179 

not only to reduce apoptotic actions, but also to increase antioxidant enzymes. The previous 

study detected 339 downregulated genes and 98 upregulated genes in Znf179-overexpressing 

glioblastoma cells [32]. We assume that Znf179 downregulates gene expression through 

enhancing transcriptional repressors such as Plzf, and upregulates gene expression through 

enhancing a transcriptional activator. However, the mechanisms of Znf179-altered 

downstream gene expression still need to be further examined.

Sig-1R interacts with antipsychotic drugs (such as haloperidol), psychotropic drugs (such as 

pentazocine, SKF10047, and fluvoxamine), and steroid hormones (such as DHEA/DHEAS) 

[7–9, 17]. These drugs regulate the ability of Sig-1R to bind with other protein partners, 

improve learning and memory, and reduce depression and anxiety [33]. As mentioned above, 

agonist stimulation of Sig-1R also has neuroprotective functions [34–36]. For example, 4-

phenyl-1-(4-phenylbutyl) piperidine (PPBP) prevents neuronal death in an experimental 

stroke model [34], and Pre084 protects motor neuron survival in a mouse ALS model [35]. 

Although previous studies indicated that those agonists act through Sig-1R to promote 

neuronal survival [37], the molecular mechanisms were not discerned. Our current results 

indicated that Znf179 is a previously unidentified downstream target of Sig-1R, and the 

Sig-1R-Znf179 pathway contributes to the neuroprotection of DHEA/DHEAS against 

oxidative stress. It is possible that this pathway can be also regulated by other Sig-1R 

agonists. Notably, in our results, the activity of Sig-1R may be critical for Znf179 protein 

expression. If the Sig-1R-Znf179 pathway is indeed activated by multiple Sig-1R agonists, it 

implies that better and more stable compounds than DHEA/DHEAS could stimulate the 

neuroprotective ability of the Sig-1R-Znf179 pathway. Finally, we hope that the finding can 

be applied to animal models and clinical treatment of neurological disorders.
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Highlights

1. Znf179 is a downstream effector of Sig-1R

2. Znf179 is a novel neuroprotective factor

3. DHEA/DHEAS treatment increase the expression of Znf179

4. DHEA/DHEAS treatment enhance Sig-1R-Znf179 neuroprotective pathway

5. Agonist stimulation of Sig-1R is necessary for Sig-1R to provide maximal 

protection
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Figure 1. 
Activated sigma-1 receptor (Sig-1R) by dehydroepiandrosterone sulfate (DHEA/S) 

attenuates the activation of cell death signaling pathways significantly. (A) N2a cells, which 

were differentiated into neuron-like cells, were treated with 50 μM H2O2 and collected after 

different time intervals (0, 10, 20, 30, 60 and 180 min). Proteins were analyzed via western 

blot using the indicated antibodies. (B) Results from five independent experiments in A (t-

test: **p < 0.01, ***p < 0.001). (C to F) The cells were treated with 50 μM H2O2 or co-

treated with different doses of DHEAS and DHEA as indicated for 1 hour (C), or 3 and 18 

hours (E). The cells were then analyzed by western blot using the indicated antibodies. The 

phosphorylated levels of p53 (Ser15), p38 (Thr180/Tyr182), and JNK (Thr183/Tyr185) 

normalized to their total protein expression (D) and the cleaved (clea-) PARP normalized to 

total PARP (F) were quantified. Bars represent means ± s.e.m. from three to four 

independent experiments (t-test: *p < 0.05, **p < 0.01, ***p < 0.001). (G) The cells were 
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pre-treated with (+) or without (−) 1 μM BD1063, a Sig-1R antagonist, for 30 min as 

indicated before H2O2 treatment and/or DHEAS co-treatment, and were then analyzed by 

immunoblotting. (H) Results from three to four independent experiments in G (t-test: **p < 

0.01, ***p < 0.001).
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Figure 2. 
Oxidative stress induces the interaction of sigma-1 receptor (Sig-1R) and Znf179, and 

Sig-1R affects the expression level of Znf179. (A) Differentiated N2a cells were transiently 

transfected with (+) or without (−) pcDNA3.1-Sig-1R-His to overexpress Sig-1R-His. The 

cell lysates were then incubated with Ni-NTA agarose to precipitate Sig-1R-His and its 

associating proteins. The precipitated samples were then analyzed by immunoblotting 

analysis with antibodies as indicated. (B) Differentiated N2a cells were treated with (+) or 

without (−) 50 μM H2O2 for 30 min. After treatment, these cells were used for the 

immunoprecipitation assay with anti-Znf179 antibodies and rabbit IgG, and analyzed via 

immunoblotting. (C) H2O2 increased Sig-1R association with Znf179. Bars represent means 

± s.e.m. from four independent experiments. (t-test: **p < 0.01) (D) Cells were treated with 

10 μM dehydroepiandrosterone (DHEA), 10 μM DHEA sulfate (DHEAS), or 1 μM BD1063 

as indicated for 18 h, and protein was then analyzed via immunoblotting. (E) Results from 

four independent experiments in D (t-test: **p < 0.01, ***p < 0.001). (F) Differentiated N2a 

cells were transfected with control shRNA (sh-C) or Sig-1R shRNA (sh-S1R). After 48 h 

incubation, cells were analyzed via western blot with the indicated antibodies. NS is 

nonspecific bands at 80 kDa, 100 kDa, and 130 kDa recognized by the anti-ZNF179 

antibody. (G) Sig-1R knockdown reduced Znf179 protein levels. Bars represent means ± 

s.e.m. from five independent experiments (t-test: ***p < 0.001).
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Figure 3. 
The protein level of Znf179 is upregulated in H2O2 injury cell model. Differentiated N2a 

cells were treated with 50 μM H2O2 and collected after different time intervals (0, 3, 6, 18, 

and 24 hours, A and B) or were treated with different doses of H2O2 as indicated for 18 and 

24 hours (C and D). Proteins from these cells were then analyzed via western blot with the 

indicated antibodies. (B and D) Znf179 levels normalized to the loading control were 

quantified in A and C. Bars represent means ± s.e.m. from three to four independent 

experiments (t-test: *p < 0.05, **p < 0.01, ***p < 0.001).
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Figure 4. 
Znf179 expression suppresses H2O2-induced activation of cell death pathways. (A) 

Differentiated N2a cells were transfected with pCMV-Tag 2A control vector or Flag-Znf179 

expressing vector. After 1 day transfection, cells were treated with or without 50 μM H2O2 

for 1 hour and the lysates from these cells were then analyzed via western blot with the 

indicated antibodies. (B) The phosphorylated levels of p53, p38, and JNK normalized to 

their total protein expression were quantified (t-test: *p < 0.05, **p < 0.01, ***p < 0.001). 

(C and D) Transfected cells with Flag- or Flag-Znf179-expressed vector were treated with 
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50 μM H2O2 and collected after different time intervals (0, 10, 20, and 30 min in C, and 18 

and 24 hours in D). The cells were then analyzed by using immunoblotting with indicated 

antibodies. (E) Differentiated N2a cells were transfected with or without Znf179 shRNA. 

After 24 hours incubation, cells were treated with 50 μM H2O2 for 1 hour and analyzed by 

immunoblotting. (F) Bars represent means ± s.e.m. of phosphorylated p53 that were 

normalized to total p53 from three independent experiments (t-test: ***p < 0.001).
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Figure 5. 
Znf179 protects cell survival and affects expression of antioxidant enzymes including 

peroxiredoxin 3 (Prx3) and superoxide dismutase 2 (SOD2). (A) Green fluorescent protein 

(GFP-) and GFP-Znf179 expressed N2a stable cells were analyzed by immunoblotting with 

anti-GFP antibodies to confirm Znf179 protein levels. (B and C) Differentiated N2a cells 

were treated with different doses of H2O2 as indicated for 24 hours (B), or were treated with 

50 μM H2O2 and collected after different time intervals (C). Cell viability was then assessed 

by colorimetric MTT assay. (D and E) Hippocampus from wild-type or Znf179 knockout (−/

−) mice were analyzed by western blot with the indicated antibodies. (E) Bar graphs 

represent means ± s.e.m. from three independent experiments (t-test: *p < 0.05). (F) GFP- 

and GFP-Znf179 expressed N2a stable cells were treated with 100 μM H2O2 and collected 

after different time intervals. Intracellular reactive oxygen species (ROS) levels were 

measured by using dihydroethidium (DHE). (Results from three independent experiments, t-

test: *p < 0.05)
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Figure 6. 
Knocking down Znf179 blocks protection by dehydroepiandrosterone sulfate (DHEAS). (A) 

Differentiated N2a cells were transfected with or without Znf179 shRNA as indicated. After 

24 h incubation, cells were treated with 50 μM H2O2 or co-treated with 10 μM DHEAS for 1 

h, and analyzed by immunoblotting. NS is a nonspecific band at 80 kDa recognized by the 

anti-ZNF179 antibody. (B) Bars represent means ± s.e.m. of phosphorylated p53 that were 

normalized to total p53 from three independent experiments (The effects of Znf179 

knockdown and DHEAS in H2O2-treated N2a cells, t-test: **p < 0.01 and ***p < 0.001; the 

effects of Znf179 knockdown in H2O2- and DHEAS-treated N2a cells, t-test: #p < 0.05).
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Figure 7. 
Simplified diagram illustrating the neuroprotective mechanism of dehydroepiandrosterone 

sulfate (DHEAS), which regulates Sig-1R-Znf179 pathway to affect antioxidant enzyme 

expression and mitigate reactive oxygen species (ROS)-mediated cytotoxic effects.
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