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ARTICLE INFO ABSTRACT

Keywords: The accumulation of reactive oxygen species (ROS) commonly occurs during normal aging and during some
Znf179 acute/chronic progressive disorders. In order to avoid oxidative damage, scavenging of these radicals is im-
SAHA portant. Previously, we identified zinc finger protein 179 (Znf179) as a neuroprotector that increases antioxidant

HD'AC? enzymes against superoxide radicals. However, the molecular mechanisms involved in the activation and reg-

Oxidative stress . . . . .. . L

Antioxidant ulation of Znfl79 remain unresolved. Here, by performing sequence alignment, bioinformatics analysis, im-
ntioxidants

munoprecipitation using two specific acetyl-lysine antibodies, and treatment with the histone deacetylase
(HDAC) inhibitor SAHA, we determined the lysine-specific acetylation of Znf179. Furthermore, we investigated
Znf179 interaction with HDACs and revealed that peroxide insult induced a dissociation of Znf179-HDAC1/
HDACS, causing an increase in Znf179 acetylation. Importantly, HDAC inhibition by SAHA further prompted
Znf179 hyperacetylation, which promoted Znf179 to form a transcriptional complex with Spl and increased
antioxidant gene expression against oxidative attack. In summary, the results obtained in this study showed that
Znf179 was regulated by HDACs and that Znf179 acetylation was a critical mechanism in the induction of
antioxidant defense systems. Additionally, HDAC inhibitors may have therapeutic potential for induction of
Znf179 acetylation, strengthening the Znf179 protective functions against neurodegenerative processes.

1. Introduction

Reactive oxygen species (ROS), including singlet oxygen (*02), su-
peroxide anion (‘O-), hydroxyl radical (*OH), hydrogen peroxide
(H,0,), and others are produced during normal oxidative processes
related to cell metabolism [1]. Normally, ROS levels are tightly con-
trolled by endogenous antioxidant enzymes but impaired mitochondrial
function and environmental stresses, including inflammation, hypoxia/
ischemia, and excitatory neurotransmitter release, cause a reduction in
the antioxidant capacity and an increase in ROS production [2-4]. Left
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unchecked, the accumulated ROS will damage cellular organelles and
induce apoptosis leading to tissue atrophy and dysfunction [5]. ROS has
been proposed to play crucial roles in the pathogenesis of neurode-
generative disorders. Therefore, preventing ROS accumulation or en-
zymatically eliminating them is an important subject in the treatment of
chronic and subacute degenerative diseases in the brain and other
organ systems of the body.

Znfl179, also known as RING finger protein 112 (Rnfl12), brain
finger protein (BFP), and neurolastin, is abundant in the nervous system
and plays a critical role in the regulation of embryonic brain
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development [6]. Recently, we determined the neuroprotective effects
of Znf179 and found that Znf179 interaction with sigma 1 receptor (Sig-
1R), an inter-organelle protein chaperone involved in the stress re-
sponse, is capable of reducing ROS-induced cellular damage [7]. Fur-
thermore, to examine Znfl79 expression and its protein sub-cellular
localization, we demonstrated that nuclear import of Znf179 results in
its ability to bind and transactivate its own promoter through a Spl-
dependent mechanism, causing the upregulation of endogenous neu-
roprotective factors against oxidative insults [8]. Although we have
shown an elevation in the levels of Znf179 in response to oxidative
stress, the regulatory mechanism of Znfl79 interacting with target
proteins to increase gene transcription remains unclear.

In eukaryotes, acetylation is one of the major post-translational
modifications (PTMs) and it may induce new functions of targeted
proteins [9], including protein-protein interactions, subcellular locali-
zation, and transcriptional potential [10,11]. The acetyl group from
acetyl coenzyme A is transferred to the e-amino group of lysine residues
on a polypeptide chain by histone acetyltransferases (HATs), but sev-
eral lysine deacetylases such as histone deacetylases (HDACs) coun-
teract HATs [10]. Previous studies have indicated that protein deace-
tylation and transcriptional initiation induced by HDACs are associated
with a wide variety of brain disorders. Treatment with HDAC inhibitors
like suberoylanilide hydroxamic acid (SAHA), which is also known as
Vorinostat and is permeable to the blood-brain barrier, causes a net
increase in protein acetylation and facilitates gene transcription, re-
sulting in extended survival and improved pathological phenotypes in
several animal models of neurodegeneration [12,13].

In the current study, we investigated Znfl179 acetylation and de-
termined that oxidative stress slightly increased the amount of acety-
lated Znf179 and that SAHA co-treatment further enhanced the acet-
ylation levels of Znf179. Additionally, we revealed that SAHA promoted
Znf179 interaction with Spl, leading to positive autoregulation of its
own transcription and elevated expression of antioxidant enzymes that
protected cells in a Znf179-dependent manner. These findings indicate
potential therapeutic value in that HDAC inhibitors may induce an in-
crease in Znfl79 acetylation and strengthen the Znfl79 protective
functions against neurodegenerative processes.

2. Materials and methods
2.1. Materials

Common reagents, bovine serum albumin (BSA), streptavidin-
agarose beads, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT), and anti-HDAC1 antibody were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Cell culture supplies, fetal bovine serum
(FBS), Lipofectamine 2000, and anti-SUMO1 antibody were purchased
from Thermo Fisher Scientific (Waltham, MA, USA). Polyvinylidene
difluoride (PVDF) membrane was purchased from Bio-Rad Laboratories
(Hercules, CA, USA). Ultra ECL-HRP Substrate and the EasyPrep
plasmid extraction kit were purchased from Biotools Co., Ltd. (Taipei,
Taiwan). The Dual-Luciferase Reporter (DLR) Assay System was pur-
chased from Promega (Madison, WI, USA). Anti-Sp1, anti-actin, anti-
HDAC2, and anti-HDAC3 antibodies were purchased from Millipore
(Billerica, MA, USA). Anti-acetyl-lysine, anti-SOD1, anti-SOD2, anti-
catalase, anti-Prx3, and anti-GPx1 antibodies were purchased from
Genetex Inc. (Irvine, CA, USA). Anti-p53, anti-phospho-p53 (Serl5),
anti-acetyl-lysine, and anti-HDAC6 antibodies were purchased from
Cell Signaling Technology (Danvers, MA, USA). Anti-Nrf2 and horse-
radish peroxidase (HRP)-conjugated anti-mouse and HPR-conjugated
anti-rabbit antibodies were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). The anti-Znf179 antibody was described pre-
viously [6].

75

Redox Biology 19 (2018) 74-80

A

Homo 1 MPRPALSVISFCHRLGKRERKQSFMGNSGNSWSHTPFPKLELGLGPOPMAPRELPTCSIC 60
bippuLSVIfFCHRLGKRERKRSENGNSINS s PKLEL GLG IR ERPTCS I

Mus 1 MPRPVLSVTAFCHRLGKRESKRSFNGNSSNSWSHASFPKLELGLGHRPSPTREPPTCSIC 60

Homo 61  LERLRDPISLDCGHDECIRCESTHRLPGCEPPCCPECRKICKOKRGLRSLGEKMKLLPQR 120
ERLREP SLDCGHDFCIRCF STHR¥PGCEJPCCPECRK I CKOR#GLRSLGEAMKLLPQR

Mus 61  LERLREPISLDCGHDFCIRCESTHRIPGCELPCCPECRKICKQRKGLRSLGERMKLLPQR 120

Homo 121  PLPPALQETCPVRAEPLLLVRINASGGLILRVGAINRCLKHPLARDTPVCLLAVLGEQHS 180
[PLPPALQET [LLLVRINASGGL ILRMGAINRCLKHPLARDTPVCLLAVLGEQH:

Mus 121  PLPPALQETCAVRAERLLLVRINASGGLILRVGAINRCLKHPLARDTPVCLLAVLGEQHS 180

Homo 181 GKSFLLNHLLOGLPGLESGEGGRPRGGEASLQGCRWGANGLARGIWMWSHPFLLGKEGKK 240
K SFLLEHLLUGLELESGHEGRERENERST JORVGANGLIRGTVMVSHPFLLGKEGK

Mus 181 GKSFLLDHLLSGLPSLESGDSGRPRA-EGSLPGIRWGANGLTRGIWMWSHPFLLGKEGKK 239

Homo 241  VAVELVDTGDAMSPELSRETRIKLCALTTMLSSYQILSTSQELKDTDLDYLENFVHVAEV 300
V GDEMSPELS CALTIMLSSYQILETSQELKDTDUJYLEMEVHVAE

Mus 240 VAVFLVDTGDVMSPELSKETRVKLCALTMMLSSYQILNTSQELKDTDLGYLEMFVHVAEV 299

Homo 301 NGKHYGMVPTQHLDLLVRDSSHPNKAGQGHVGNIFQRLSGRYPKVOELLQGKRARCCLLP 360
GRHYGIVPIQHLDLLVRDSSH 1A

Mus 300 MGKHYGMVPIQHLDLLVRDSSHHNKSGQGHVGDILOKLSGKYPKVQELLLGKRARCYLLP 359

Homo 361 AP(;RRR\INO(:HASP GDTDDDFRHLLGAYVSDVLSAAPQHAKSRCQGYWNEGRAVARGDR 419
PRI N SPRGR T DDFRE IR A YD VL SPAPQHAK SROQGYWREGRAVARGDR

Mus 360 APERQWNKDOASPRGNTEDDFSHHFRAYILDVLSTAPQHAKSROGGYVSECRAVARGDR 419

Homo 420 RLLTGQQLAQEIKNLSGWMGRTGPGFTSPDEMAAQLHDLRKVEAAKREFEEYVRQODVAT 479
IRLLTGOQLAQEIKNL SGWNG+TGPJF#SPDEMAAQLHDLRK VEAAKSEFEEYVROQQDEA

Mus 420  RLLTGQOLAQEIKNLSGWNGKTGPSFNSPDEMAAQLHDLRKVEAAKKEFEEYVRQODIAT 479

Homo 480 KRIESALRVLPDTVRNLLSTOKDAILARHGVALLCKGROOTLEALEAELQTAKARIDSY - 539

S ¢ G (IR +QTLEALEAEL QANAKAFNDSY

Mus 480 KRIFSALRVLPDTVRNLLSTOKDAILARHGVALLCKEREQTLEALEAELOAEAKARNDSY ~ 539

Homo 540 TMRFCGHLAAVGGAVGAGLMGLAGGVVGAGHAAAALAAEAGMVAAGAAVGATGAAVVGGG 599
IRFCGHLAAVGGAVGAGLNGLAGGVVGAGMAAAALAAEAGNVAAGAAVGATGAAVV

Mus 540 TMRECGHLAAVGGAVGAGLMGLAGGVVGAGMAAAALAAEAGMVAAGAAVGATGAAVVGGG 599

Homo 600 VGAGLAATVGCMEKEEDERLLEGDREPLLQEE 631
VGAGLAATVGCMEKEEDER$SGDREPLLQEH]

Mus 600 VGAGLAATVGCMEKEEDERVQGGDREPLLQEE 631

B
Mus Znf179 acetylation

Predicted site(s):
I

! {

k17 K340 K401 K465 K613

Fig. 1. Sequence alignment of the mouse vs. human Znf179 protein motifs. (A)
Comparison of mouse Znfl79 protein sequence to its human counterpart.
Identical amino acids, presented using their standard single-letter abbrevia-
tions, are in black background and similar amino acids (+) are in gray back-
ground. The conserved lysine residues are marked in yellow background. (B)
Schematic visualization of the predicted lysine acetylation sites in the Znf179
protein sequence.

Table 1

The acetylation of lysine residues of mouse Znf179 was predicted by the GPS-
PAIL 2.0 software (http://pail.biocuckoo.org/online.php). Position: The posi-
tion of the site which is predicted to be acetylated. HAT: The histone acetyl-
transferase which is predicted to acetylate Znf179. Score: The value calculated
by group-based prediction and scoring (GPS) algorithm to evaluate the poten-
tial of acetylation.

D Position Peptide HAT Score
Mus-Znf179 17 AFCHRLGKRESKRSF EP300 0.452
Mus-Znf179 17 AFCHRLGKRESKRSF KAT5 1.281
Mus-Znf179 340 ILQKLSGKYPKVQEL KAT2A 2.333
Mus-Znf179 401 STAPQHAKSRCQGYW KATS 0.781
Mus-Znf179 465 LRKVEAAKKEFEEYV KAT2B 1.67

Mus-Znf179 613 ATVGCMEKEEDERVQ CREBBP 1.577

2.2. Cell culture

As described in previous studies [7,8], mouse neuroblastoma Neuro-
2a (N2a) cells (ATCC; Manassas, VA, USA) were grown in complete
culture Eagle's Minimum Essential Medium (EMEM) containing 10%
FBS and were induced to differentiate into a neuron-like phenotype by
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serum deprivation in 0.2% BSA EMEM for 48 h. The differentiated N2a
cells were used for all experiments. Cell monolayers at 80% confluency
were used for drug treatment including H,O, and SAHA. Cell mono-
layers at 50% confluency were used for transfection with plasmids in-
cluding pGL2-Basic-znf179 [8], pEGFP, pEGFP-Znf179 [14], pLKO-
shLuc, and pLKO-shZnf179 [6] using Lipofectamine 2000, which pro-
vided lower toxicity and higher than 80% of transfection efficiency in
N2a cells (https://www.thermofisher.com), according to the manufac-
turer's protocol (Thermo Fisher Scientific). One pl of Lipofectamine was
incubated with 1pg of different plasmids in 0.2ml of serum-free
medium for 30 min at room temperature. Subsequently, the cells in a
3.5-cm dish were transfected by the DNA-Lipofectamine complexes in
2 ml of differentiation medium (0.2% BSA EMEM), and then incubated
at 37 °C in 5% CO,, for 6 h. The cells were then incubated for an addi-
tional 36 h using 2 ml of fresh medium. The transfection efficiency was
mostly greater than 80%. Znf179 silencing efficiency was determined
by immunoblotting.
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2.3. Immunoblot analysis

Total cell lysates were separated by electrophoresis on sodium do-
decyl sulfate (SDS)-polyacrylamide gels, and transferred onto PVDF
membranes. The membranes, after transfer, were blocked with 5% skim
milk in TBST (10 mM Tris, pH 8.0; 150 mM NacCl; and 0.5% Tween 20)
for 1h and incubated with primary antibodies for 2h at room tem-
perature. After incubation with the primary antibodies, the membranes
were washed with TBST buffer and incubated with HRP-conjugated
secondary antibodies for 1 h. The membranes were again washed and
the peroxidase was developed using the Ultra ECL-HRP Substrate
system.

2.4. Immunoprecipitation (IP)

Differentiated neuron-like N2a cells (1 x 107) were lysed with cell
lysis buffer (50 mM Tris, pH 7.6; 150 mM NaCl; 0.5% Triton-X100;
0.1% Nonidet P-40) containing 0.5 uM SAHA and protease inhibitors.
Following centrifugation, the supernatants (600 png) were subjected to
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Fig. 3. SAHA treatment induces Sp1-Znf179 complex formation on the Znf179
promoter. (A) N2a cells were treated with different concentrations of SAHA (0,
0.5, and 1 pM) for 30 min. After treatment, the cells were used in IP assays and
analyzed via immunoblotting using anti-Sp1, anti-Znf179, or anti-HDAC1 an-
tibodies. The protein interaction of Sp1l, Znf179, and HDAC1 were normalized
to their total protein and quantified (t-test: *p < 0.05, **p < 0.01). (B) GFP-
Znfl79-overexpressing cells were treated without or with 0.5pM SAHA for
30 min. DNA affinity precipitation assay (DAPA) analysis was then performed
using the cell extracts with a biotinylated DNA probe containing wild-type (ZS)
or mutated (mZS) Sp1 binding sequence. The precipitated samples from DAPA
were analyzed by immunoblotting. Bars represent means = SEM from three
independent experiments (t-test: **p < 0.01).

IP using the antibody indicated with the immunoblotting being per-
formed as described previously [7,15].

2.5. Luciferase reporter assay

The mouse znf179 promoter fragment (— 533 to — 5) was cloned
into the pGL2-Basic vector [8] to produce a promoter-luciferase con-
struct. Subsequently, cells were transfected with the reporter construct
and treated with reagents as indicated. After one day of incubation, the
luciferase activity from the cell lysates was measured using the Dual-
Luciferase Reporter Assay System (Promega) as per the manufacturer's
instructions.

2.6. DNA affinity precipitation assay (DAPA)

The 5’-biotinylated double-stranded DNA probes (2 pg), Znf179-Sp1
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probe (5-GCTCTCCCCCTCCCCTCCCCCTCCCTGTCCTT-3") and Znf179-
Spl mutant probe (5-GCTCTCaCaaTCaaCTCaCaaTCaCTGTCCTT-3")
were incubated with the cell extracts (300 pg) in 500 ul of binding
buffer (20 mM Tris-HCI, pH 8.0; 60 mM KCl; 2 mM MgCl,; 5% glycerol;
0.05% Nonidet P-40; and protease inhibitors) for 2h at 4°C.
Subsequently, the reaction mixture was combined with 30 ul of strep-
tavidin-agarose beads and further incubated for 1 h at 4 °C to pull down
the DNA-protein complexes.

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

Cells were washed with phosphate-buffered saline (PBS) and in-
cubated with MTT solution (0.5 mg/ml in culture medium) at 37 °C for
1h. After incubation, the MTT medium was removed and 300 ul of
100% dimethyl sulfoxide (DMSO) was added to dissolve the MTT for-
mazan crystals to visualize the metabolic activity of the cells. The
amount of resultant crystals was determined by measuring the absor-
bance at 570 nm using an iMark Microplate Absorbance Reader (Bio-
Rad).

2.8. Statistical analysis

All experiments were performed more than three independent times
with duplicate samples in each test. Statistical analyses of the data from
the immunoblotting, IP, reporter, DAPA, and MTT assays were per-
formed using the unpaired, two-tailed Student's t-test. The level for
statistical significance was set at less than 0.05.

3. Results
3.1. Znf179 is acetylated

Protein sequences of the human and mouse Znf179 were aligned
using the Basic Local Alignment Search Tool (BLAST) provided by the
National Center for Biotechnology Information (NCBI) and the results
revealed that both proteins were quite similar with 88% sequence
identity (Fig. 1A). Meanwhile, 26 of the 28 lysine sites in the human
Znf179 were shared by the mouse protein, suggesting these lysine re-
sidues were conserved in the Znfl179 protein across humans and mice.
Lysine acetylation is one of the most abundant PTMs in eukaryotic cells
and plays important roles in regulating protein function, including
protein-protein interaction and subcellular localization. To investigate
whether Znf179 was acetylated, we performed bioinformatic prediction
analysis on the mouse Znf179 protein sequence using the GPS-PAIL 2.0
software (http://pail.biocuckoo.org/online.php), which was developed
for predicting substrates and 7 lysine-acetyl-transferases (KATs) sites
including CREBBP, EP300, HAT1, KAT2A, KAT2B, KAT5, and KAT8
[16]. Five lysine residues were identified as candidate sites for acet-
ylation targeted by KATs in the mouse Znfl79 protein sequence
(Table 1 and Fig. 1B). We subsequently examined Znfl79 protein
acetylation using two pan acetylated-lysine (ac-K) antibodies (Fig. 2A).
The immunoblots revealed a robust band that specifically corresponded
to Znfl179, indicating that Znf179 was acetylated in the differentiated
N2a cells. Since a lysine residue is also targeted by small ubiquitin-like
modifier (SUMO) proteins, Znfl79 sumoylation was further in-
vestigated using an anti-SUMO1 antibody. However, no SUMO-mod-
ified GFP-Znf179 bands of the expected 120, 140, or 160 kDa sizes were
detected (Fig. 2A, panel a).

To examine whether oxidants altered Znf179 acetylation levels, the
differentiated neuron-like N2a cells were treated with 50 pM H,O, for
1 h with the results showing that Znf179 acetylation was induced by
H,0, treatment (Fig. 2B). A previous study revealed that oxidative
stress reduces HDAC activity [17]. Thus, the interaction between
Znf179 and class I HDACs, such as HDAC1, HDAC2, HDACS3, or a class II
HDAC, HDAC6, was further investigated following oxidative stress. By
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Fig. 4. SAHA upregulates Znfl79 transcription and pro-
tects cells against oxidative stress. (A) N2a cells were
treated with SAHA for 1 day, and the levels of Znf179 and
actin proteins were analyzed by immunoblotting. (B)
pGL2-Basic-Znf179-transfected N2a cells were treated with
different concentrations of SAHA as indicated for 1 day
and the luciferase activity was measured. Bars represent
luciferase activity (mean = SEM) obtained in nine in-
dependent experiments (t-test: **p < 0.01,
***%p < 0.001). (C and D) N2a cells were treated with
.0 100 uM H,0, or co-treated with 0.5 uM SAHA for 1 day.

(n=9)

OControl
WH202

*kk

C

-+ +

D

SAHA
-+ + H202

P-p53

*%

o
o

[¢)]
o
-
o N
(&)

o

= =2 NN W
o
o

o U,
o

p53

0
o

()}
o
o

actin

Protein levels (%)
o

o

MTT conversion (%)
~
(&)}

)
Tl
£
Z
m%
%
%

performing co-IP assays we detected an obvious association between
Znf179 and HDAC1 and HDACS, but the association was significantly
suppressed following H,0, treatment (Fig. 2C). Moreover, treatment of
cells with the HDAC inhibitor SAHA caused increased acetylation of
Znf179, which was much more highly induced by the combined treat-
ment of H,O, and SAHA than that of their individual treatments se-
parately (Fig. 2B). These results suggested that Znf179 acetylation was
regulated by HDACs and that oxidative stress could attenuate the
Znf179-HDACs interaction to elevate the levels of Znfl179 acetylation.

3.2. SAHA causes the recruitment of Znf179 to the Sp1 bound znf179
promoter

Lysine acetylation regulates protein functions, such as protein in-
teractions and transcriptional activity [10]. Since both HDAC1 and
Znfl179 are cofactors that bind with Spl [8,18], the interaction of
Znfl179, HDAC1, and Spl after SAHA treatment was further evaluated
by co-IP. As shown in Fig. 3A, SAHA increased the level of Znf179-Sp1
association, but dissociated HDAC1 from the protein complexes. Since
our previous study revealed that Znf179 is able to autoregulate its own
transcription via binding to Spl [8], these cofactors on Spl-binding
sites of the znf179 promoter were investigated by performing DAPA
assays. An Spl-binding oligonucleotide that localized from — 372 to
— 341 bp within the znf179 promoter was used to demonstrated that
SAHA enhanced Znfl179 binding to Spl elements but that it had no
effect on Spl binding (Fig. 3B). Additionally, the presence of SAHA
decreased the recruitment of HDAC1 to the DNA-protein complex.
Taken together, these results provided the first demonstration of SAHA-
mediated Znfl179-Spl complex formation at Spl-binding elements,
which may activate promoter transcription.

3.3. SAHA increases Znf1l79 protein levels and protected cells against
oxidative injury

The expression of Znf179 following SAHA treatment was examined
in differentiated N2a cells. Immunoblotting results illustrated that
Znf179 levels significantly increased in response to SAHA exposure in a
dose-dependent manner (Fig. 4A). To further investigate the Znf179
promoter activity, a luciferase reporter (pGL2-Basic-znf179) system was
generated and the results demonstrated that SAHA induced Znfl79
upregulation by increasing its promoter activity (Fig. 4B). Since Znf179

SAHA ( HM)

DM SA DM SA
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After treatment, the phosphorylated levels of p53 (Ser15)
was analyzed using immunoblotting and the results nor-
malized to levels of total p53 (C). Cell viability was as-
sessed using MTT assays (D). Bars represent
means * SEM from three to eight independent experi-
ments as indicated (t-test: **p < 0.01, ***p < 0.001).

H202

is a neuro-protector against oxidative stress [7,8], we then examined
the effect of SAHA in H,O,-treated cells. As shown in Fig. 4C, im-
munoblotting results verified that SAHA decreased the phosphorylation
of p53 at Ser15, a general marker for the induction of apoptosis [19]. In
addition, cell viability was also measured using MTT assays, which
demonstrated that SAHA protected cells against H,O»-induced cyto-
toxicity (Fig. 4D). Taken together, these data suggested that Znf179
upregulation may play a role in the mitigation of cell death by SAHA
under oxidative stress.

3.4. SAHA stimulates Znf179-dependent expression of antioxidant defense
enzymes

Our previous study indicated that Znf179 expression is correlated
with protein levels of cellular antioxidant enzymes [7]. To investigate
whether SAHA stimulated expression of cellular antioxidants through
Znf179, we screened for the expression of multiple ROS-detoxifying
enzymes, including superoxide dismutase 1 (SOD1), SOD2, catalase,
glutathione peroxidase (GPx), peroxiredoxin (Prx), and oxidant re-
sponse transcription factor Nrf2. We found three enzymes, SOD2, cat-
alase, and Prx3 were significantly upregulated following treatment with
SAHA (Fig. 5A). Additionally, we used a short hairpin RNA (shRNA) to
knockdown Znf179 in order to further determine the role of Znf179 in
the expression of these antioxidant proteins. The results revealed that
reducing levels of Znf179 attenuated the SAHA-induced expression of
all three enzymes (Fig. 5B). Moreover, knockdown of Znfl79 also
abolished the protective effects of SAHA (Fig. 5C). Taken together, the
data suggested that Znf179-mediated its own transcription, as well as
the expression of downstream antioxidants, which are novel targets of
SAHA for ensuring cell survival following oxidative stress. For this
protection, acetylated Znfl79 interacting with Spl in the promoter
region was a critical mechanism resulting in transcriptional upregula-
tion following SAHA treatment (Fig. 6).

4. Discussion

The data obtained in this study demonstrated that SAHA mediated
the upregulation of Znf179 and downstream antioxidants in order to
play a role in the mitigation of cell death following oxidative stress.
First, we showed that peroxide insult induced a dissociation of Znf179
from HDACs, causing an increase in Znf179 acetylation. Second, SAHA-
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Fig. 5. SAHA treatment increases expression of antioxidant enzymes via a
Znf179-dependent mechanism. (A) N2a cells were treated with 0.5 uM SAHA
for 1 day. Following treatment, protein levels of antioxidant enzymes and their
upstream regulator were analyzed by immunoblotting. Bar graphs represent
means + SEM from five independent experiments (t-test: **p < 0.01). Cat,
catalase. (B) Cells were transfected with a Znf179-specific shRNA (shZnf179) or
a control shRNA targeting luciferase (-) as indicated. After knockdown of
Znf179, cells were treated with 0.5 M SAHA for 1 day and analyzed by im-
munoblotting. (C) N2a cells were transfected with a control shRNA (C) or a
Znf179-specific shRNA (shZ) as indicated. After transfection, cells were pre-
treated with or without 0.5 uM SAHA for 1 h and treated with 100 uM H,O, for
1 day. Cell viability was assessed using MTT assays (t-test: ***p < 0.001).

inhibited HDACs activation, which highly elevated levels of Znf179
acetylation and enhanced formation of the Znf179-Sp1l complex at the
targeted promoter Spl sites. Finally, SAHA induced the positive Znf179
autoregulation and enrichment of antioxidant proteins SOD2, catalase,
and Prx3, providing maximal protection against oxidative injury. These
findings indicated that HDAC inhibition induced an increase in the
neuroprotective function of the Znf179-Sp1 pathway, which may allow
for the development of new therapeutic approaches in the prevention or
reduction of oxidative damage during degenerative diseases.

Znf179, a novel nuclear—cytoplasmic RING finger protein, is highly
expressed in the brain and it regulates multiple genes involved in ner-
vous tissue development, synaptic plasticity, and cellular survival.
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Fig. 6. SAHA protects cells against oxidative stress via increasing Znfl79
acetylation to affect Znfl79 autoregulation and expression of its downstream
antioxidant enzymes.

During the neuronal maturation process, Znf179 is upregulated in order
to increase the expression of cell cycle suppressors, promoting an ir-
reversible arrest in the GO/G1 phase of the cell cycle and initiating
neuronal differentiation [6]. In addition, a recent study revealed im-
portant functions of Znf179 in blood vessel development [20]. In the
adult brain, Znf179 can affect membrane trafficking, dendritic spine
density, and synaptic plasticity through its endosomal localization
mediating endosomal membrane dynamics [21]. Furthermore, our
previous studies demonstrated the neuroprotective activity of Znf179
against cell apoptosis in response to oxidative stress [7,8]. Those results
indicate that Znf179 plays critical roles in neuronal development and
functions by interacting with different types of protein, including the
membrane-bound chaperone Sig-1R [7], E2 ubiquitin-conjugating en-
zymes [21], transcriptional factors like Spl [8], promyelocytic leu-
kemia zinc finger (Plzf) [14], CCAAT/enhancer binding protein delta
(CEBPD) [22], and others. While Znf179-mediated cell cycle arrest and
cell death/survival is intensely investigated, the regulatory mechanisms
of Znf179 interacting with many different types of proteins in response
to environmental stress and developmental signals remains poorly un-
derstood. Besides phosphorylation, protein acetylation is probably the
most abundant and important PTM and it is recognized as a regulatory
signal in many cellular processes [9]. In the current study, we examined
the human and mouse protein sequences of Znf179 and demonstrated
that Znf179 could be acetylated. Furthermore, we found a significant
increase in protein acetylation (Fig. 2B) and the transactivation of
Znf179 after treatment with H,O, and an HDAC inhibitor (Fig. 4B and
[8]). Since oxidative stress is known to reduce HDAC activity
[17,23,24], we suggest that HDACs are key players in redox signaling.
Moreover, we determined that HDACs like HDAC1 and HDAC6, were
regulators upstream of Znfl79 and that the inhibition of HDACs by
H,0, or SAHA increased the level of Znf179 acetylation and enhanced
formation of the Znf179-Sp1 complex. Therefore, lysine acetylation was
a critical regulatory mechanism controlling the interaction of Znfl179
with transcriptional factors, which enabled the upregulation of defense
factors that target oxidative stress. However, identifying the precise
lysine residues in Znfl79 marked by acetylation and determining
whether lysine acetylation affects Znf179 function in neuronal devel-
opment require further investigation. In addition, SAHA is a pan HDAC
inhibitor, affecting HDAC classes I and II. Although the study demon-
strated the occurrence of the complex of Znf179-HDAC1/HDACS6, the
HDAC subtypes involved in the Znfl79 acetylation and subsequent
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transcriptional activation of antioxidant enzymes remains unclear. Fu-
ture studies are thus necessary to identify the HDAC subtypes mediating
the SAHA-induced actions shown in this report.

Classical HDACs are comprised of 11 family members and are a
family of zinc-dependent enzymes with specific and critical functions in
development and tissue homeostasis [25,26]. In previous studies, in-
creasing evidence has suggested that the dysregulation of HDAC ac-
tivity is associated with and contributes to neurodegenerative diseases
[12]. Generally, an increase in histone deacetylation induced by HDACs
results in chromatin compaction, thus attenuating the interactions of
transcription factors with target gene promoters and silencing key
genes involved in neuroprotection [12,27]. In addition to histones,
HDAGs also target many non-histone proteins such as tubulin, p53, p73,
retinoblastoma, Hsp90, HIF-1a, steroid receptors, E2F family members,
and others, which enables them to regulate several cellular functions
associated with metabolism, signaling, and death [12,28]. In the cur-
rent study, we demonstrated that HDAC1/HDAC6 were able to interact
with Znf179 and inhibited Znf179 activation by catalyzing lysine dea-
cetylation of the protein, but SAHA reversed that effect and induced a
defective cellular antioxidant response. In addition to oxidative stress,
previous reports have revealed that HDAC inhibition has neuroprotec-
tive effects in many brain disorders, including amyotrophic lateral
sclerosis (ALS), Alzheimer's disease, Parkinson's disease, Huntington's
disease (HD), stroke, spinal cord injury, and traumatic brain injury
[12]. Furthermore, it is known that Znf179 expression is reduced in
ALS, HD, and Smith-Magenis syndrome [20]. Therefore, the HDAC-in-
hibitor induced the downregulating function of HDACs and upregulated
the expression of Znf179, which may protect neurons against the effects
of different types of stress in neurodegenerative diseases.

In conclusion, the results obtained in this study indicated that
HDAGCs represent novel upstream regulators of Znf179 and that protein
acetylation plays a positive role in enhancing Znf79 binding to Spl.
Notably, an HDAC inhibitor increased Znfl179 acetylation and its ex-
pression via an Spl-dependent autoregulatory loop, enhancing protec-
tive action of Znfl179 against cellular stress. The results from the study
may be useful in the further development of novel treatments of oxi-
dative damage that may occur during neurodegenerative processes.
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