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A B S T R A C T

Oxidative damage is one of the major contributors to retinal degenerative diseases such as age-related macular
degeneration (AMD), while RPE mediated antioxidant defense plays an important role in preventing re-
tinopathies. However, the regulatory mechanisms of antioxidant signaling in RPE cells are poorly understood.
Here we show that transcription factor MITF regulates the antioxidant response in RPE cells, protecting the
neural retina from oxidative damage. In the oxidative stress-induced retinal degeneration mouse model, retinal
degeneration in Mitf+/- mice is significantly aggravated compared to WT mice. In contrast, overexpression of
Mitf in Dct-Mitf transgenic mice and AAV mediated overexpression in RPE cells protect the neural retina against
oxidative damage. Mechanistically, MITF both directly regulates the transcription of NRF2, a master regulator of
antioxidant signaling, and promotes its nuclear translocation. Furthermore, specific overexpression of NRF2 in
Mitf+/- RPE cells activates antioxidant signaling and partially protects the retina from oxidative damage. Taken
together, our findings demonstrate the regulation of NRF2 by MITF in RPE cells and provide new insights into
potential therapeutic approaches for prevention of oxidative damage diseases.

1. Introduction

Oxidative stress is a common risk factor in normal aging and many
neural degenerative diseases. The retina is composed of retinal pigment
epithelial cells (RPE) and the neural retina, which is critical for visual
function and particularly susceptible to oxidative damage due to its
physiological structure and high metabolic activity [1–3]. Retinal oxi-
dative damage has been identified as one of the major causative factors
in retinal degenerative diseases, including age-related macular degen-
eration (AMD) [4–6]. Protecting the neural retina from oxidative da-
mage is a potential therapeutic approach for retinal degenerative dis-
eases and is an area of active investigation [7].

The RPE consists of a single layer of epithelial cells between the
neural retina and the choroid, from which it is separated by Bruch's
membrane. It constitutes the outer blood retinal barrier and plays vital
roles in retinal physiology including light absorption, epithelial trans-
port, anti-oxidative activity, ion buffering of the photoreceptors, se-
cretion of growth factors, involvement in the visual cycle, and phago-
cytosis of shed photoreceptor outer segments among others [2,8]. RPE
cells have evolved effective defense mechanisms against oxidative da-
mage, which are instrumental in clearing reactive oxygen species (ROS)
and counterbalancing the oxidative stress of the highly metabolically
active retina [8]. Deficiency in RPE cell antioxidant ability is critically
implicated in the pathogenesis of AMD, while increases in the

https://doi.org/10.1016/j.redox.2020.101537
Received 18 February 2020; Received in revised form 29 March 2020; Accepted 6 April 2020

∗ Corresponding author. Laboratory of Developmental Cell Biology and Disease, School of Ophthalmology and Optometry and Eye Hospital, Wenzhou Medical
University, China.

∗∗ Corresponding author.
E-mail addresses: jqu@wz.zj.cn (J. Qu), xyma2015@wmu.edu.cn (X. Ma).

1 These authors contributed equally to this work.

Redox Biology 34 (2020) 101537

Available online 16 April 2020
2213-2317/ © 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/BY-NC-ND/4.0/).

T

http://www.sciencedirect.com/science/journal/22132317
https://www.elsevier.com/locate/redox
https://doi.org/10.1016/j.redox.2020.101537
https://doi.org/10.1016/j.redox.2020.101537
mailto:jqu@wz.zj.cn
mailto:xyma2015@wmu.edu.cn
https://doi.org/10.1016/j.redox.2020.101537
http://crossmark.crossref.org/dialog/?doi=10.1016/j.redox.2020.101537&domain=pdf


antioxidant capability of RPE cells could protect the neural retina from
oxidative damage [9].

NRF2 (nuclear factor erythroid 2-related factor 2, NFE2L2) and
PGC1α (peroxisome proliferator-activated receptor-gamma coactivator
1 alpha, Ppargc1α) are two key regulators in maintaining the redox
balance of cells through activating multiple genes that combat oxida-
tion and free radicals [10,11]. Under basal conditions, NRF2 is an-
chored in the cytoplasm by KEAP1 (Kelch-like ECH-associated protein-
1). When cells are attacked by ROS or electrophilic agents, NRF2 dis-
sociates from KEAP1 and rapidly translocates into the nucleus where it
forms a heterodimer with the MAF (small masculoaponeurotic fi-
brosarcoma) proteins, and then binds to ARE (antioxidant response
element) consensus sequences in its target genes, leading to induction
of the antioxidant response [12]. Currently, mounting evidence sug-
gests that RPE redox homeostasis relies on the activation of NRF2. Nrf2-
deficient mice exhibit age-related pathology characteristic of AMD,
including RPE cell degeneration and visual hypofunction [13–18],
while AAV mediated Nrf2 expression promotes photoreceptor survival
in mouse models of inherited retinal degeneration [19]. As a key reg-
ulator of the antioxidant pathway, NRF2 is tightly regulated by several
mechanisms [20]. Most studies have been focused on post-transcrip-
tional regulation, including nuclear translocation, stability, and tran-
scriptional activity. p62 (also named SQSTM1, sequestosome 1) has
been reported to promote the nuclear translocation of NRF2 through
competitively binding with KEAP1 in the cytoplasm, which binds NRF2
confining it to the cytoplasm and facilitating its ubiquitination [21,22].
In RPE cells, X box-binding protein 1 (XBP1) was reported to regulate
the translation of NRF2 [23]. However, studies of the mechanism of
NRF2 regulation at the transcriptional level in RPE cells are limited.

RPE cells are precisely regulated by a variety of transcription factors
and signaling pathways, both during development and after maturation
[24]. Among them, MITF (Microphthalmia-associated transcription
factor) is a crucial transcription factor that plays an irreplaceable role in
RPE development and cellular functions [25]. In humans, MITF muta-
tions were reported to be associated with Waardenburg Syndrome
(WS), Tietz albinism deafness syndrome (TADS), Coloboma, Osteope-
trosis, Microphthalmia, Macrocephaly, Albinism and deafness
(COMMAD), nonsyndromic hearing loss, melanoma and renal carci-
noma [26–31]. Mitf-deficient mice exhibit pathological features of al-
binism, microphthalmia, retinal degeneration and deafness [32–35],
although the pathogenic mechanisms have only been partially eluci-
dated.

MITF is highly expressed in RPE cells [36], and regulates various
RPE cellular functions. It has been demonstrated that MITF regulates
RPE development and differentiation, melanogenesis, cell migration,
proliferation, growth factor secretion and visual cycle function [37–41].
We previously demonstrated that MITF regulates mitochondrial bio-
genesis through PGC1α in ARPE-19 cells [42]. However, the mechan-
isms through which MITF dysfunction induces retinal degeneration are
still only partially understood. Unaddressed questions include whether
MITF regulates the RPE antioxidant defense system in vivo and also
whether RPE cell specific expression of MITF protects the neural retina
from oxidative damage.

In order to address these questions, we used the sodium iodate
(NaIO3)- induced retinal degeneration mouse model and showed that
MITF haploinsufficiency exacerbates oxidative stress-induced retinal
degeneration in Mitf+/- mice. Conversely, overexpression of MITF in
RPE cells using Dct-Mitf transgenic mice or AAV-MITF mediated gene
transfer protects the mouse neural retina against oxidative damage.
Mechanistically, MITF protects against oxidative stress at least partially
through regulating the expression and nuclear translocation of NRF2, a
master regulator of antioxidant signaling pathways [43]. Moreover,
regulation of NRF2 by MITF is similar to that seen in other cell types
besides the RPE. Since oxidative damage is one of the key causative
factors for numerous human diseases, and NRF2 is reported to be a
master regulator of antioxidant signaling, the function of MITF in

regulating NRF2 and its downstream antioxidant signaling might have
therapeutic value for the prevention or treatment of retinal degenera-
tion and other oxidative stress-mediated human diseases.

2. Results

2.1. MITF haploinsufficiency exacerbates oxidative damage-induced retinal
degeneration

We have previously shown that Mitf−/− mice show serious retinal
degeneration, and overexpression of MITF in ARPE-19 cells can in-
crease resistance to oxidative stress [42], although it is unclear whether
MITF regulates RPE antioxidant defense in vivo. As Mitf−/− mice lack
mature RPE cells, it is difficult to use them for functional analysis of
MITF action. To address the question of whether MITF regulates anti-
oxidant signaling in RPE cells in vivo, we firstly used Mitf+/- mice,
which have no visible defects in either the structure of the RPE and
neural retina, or in the expression of Rhodopsin and Opsin (Fig. S1A-D),
but do show decreased MITF protein levels. In order to determine
whether MITF haploinsufficiency exacerbates retinal oxidative damage,
8-wk-old C57BL/6J (WT) and Mitf+/- mice were intraperitoneally in-
jected with NaIO3, which is a stable oxidizing agent that targets pri-
marily the RPE [44,45]. As shown in Fig. 1A–D, there is no significant
difference in the structure of the RPE and neural retina between WT and
Mitf+/- mice after injection of 10 mg/kg NaIO3. However, at a dose of
50 mg/kg NaIO3, the thickness of the Mitf+/- mouse retina was sig-
nificantly reduced, including thickness of the retinal ganglion cells
(RGC), inner nuclear layer (INL), outer nuclear layer (ONL), inner
segment/outer segment (IS/OS), and the inner plexiform layer (IPL).
Also, after injection of 50 mg/kg NaIO3, higher ROS production and
lower expression levels of Rhodopsin and Opsin were detected in Mitf
+/- mouse retinas (Fig. 1E and F). In addition, stronger TUNEL and
GFAP positive signals were observed in the retinas of Mitf+/- than WT
mice (Fig. 1G and H). Thus, the retinal degeneration was more severe in
Mitf+/- than WT mice after NaIO3-induced retinal oxidative damage,
which was also confirmed by results in the light/hyperoxia-induced
retinal oxidative damage models (Fig. S2).

2.2. Overexpression of MITF protects the retina against oxidative damage in
Dct-Mitf transgenic mice

The above results demonstrated that MITF haploinsufficiency ex-
acerbates oxidative stress-induced retinal degeneration. However, it
was still unclear whether overexpression of MITF in RPE cells could
protect the neural retina against oxidative damage. In order to address
this question, we constructed Dct-HA-Mitf transgenic mice, which ex-
press a HA-MITF fusion protein with HA (hemagglutinin) as a tagged
protein sequence (Fig. 2A). The HA-Mitf genotypic positive mice were
used for MITF expression analysis and functional studies (Fig. 2B). Real-
time PCR showed that the mRNA levels of Mitf (Fig. 2C) and its target
genes Pedf (pigment epithelium-derived factor) and Pgc1α in Dct-Mitf
RPE cell were up-regulated (Fig. 2D). Western blotting indicated the
protein levels of MITF, HA-tag, PGC1α and PEDF were increased in Dct-
Mitf RPE cells (Fig. 2E and F). Double immunostaining of OTX2 (or-
thodenticle homeobox 2) and MITF was performed on 8-wk-old WT and
Dct-Mitf RPE flat-mounts, which confirmed that MITF expression is
elevated in Dct-Mitf RPE cells (Fig. 2G). To determine whether over-
expression of MITF in RPE cells affects the normal retinal structure, the
retinal histological structure of 8-week-old WT and Dct-Mitf mice was
analyzed under normal conditions, which showed no significant dif-
ferences (Fig. S3A-D).

We then analyzed whether MITF overexpression could protect the
neural retina against oxidative damage. 8-wk-old WT and Dct-Mitf mice
were intraperitoneally injected with 50 mg/kg NaIO3. Four days after
the NaIO3 injection, HE staining showed the Dct-Mitf mouse retina was
thicker than that of WT mice, including the layers of RGC, IPL, ONL and
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Fig. 1. MITF haploinsufficiency exacerbates NaIO3-induced retinal degeneration. (A) HE staining of the WT and Mitf+/- retinal sections after 10 mg/kg or 50 mg/kg
NaIO3 intraperitoneal injection for 4 days. (B–D) Retinal thickness analysis of the NaIO3 injection mice based on the results of (A), which showed no significant
difference between the WT and Mitf +/- mice at the dose of 10 mg/kg NaIO3, while the thickness of the retinal layers in Mitf+/- mice were decreased compared to
the WT mice at the dose of 50 mg/kg NaIO3, including the layers of RGC, IPL, INL, ONL and IS/OS. (E) Green fluorescent probe CM-H2DCFDA detected ROS
production in Mitf+/- and WT mice retina after 50 mg/kg NaIO3 injection, which showed the ROS production increased in the retina of Mitf+/- mice (white arrow
indicated). (F) Immunostaining for Rhodopsin and Opsin was carried out in Mitf+/- and WT mice after injection of 50 mg/kg NaIO3 (white arrow indicated). (G)
GFAP and TUNEL staining in the mice retina after injection of 50 mg/kg NaIO3 (white arrow indicated). (H) Quantification of the TUNEL positive cells based on the
results of (G). Scale bar: 50 μm. (n=6; ns, no significant difference; **P < 0.01, *P < 0.05). (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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IS/OS (Fig. 2H–J). Immunostaining showed higher Rhodopsin and
Opsin levels and fewer TUNEL positive cells in the Dct-Mitf mouse re-
tinas compared to those of WT mice (Fig. 2K-M). ERG results showed a
higher a-wave and b-wave amplitude in Dct-Mitf than WT mice after the
injection of 50mg/kg NaIO3, while there is no significant difference
under normal conditions (Fig. 2N, O).

2.3. Gene transfer mediated RPE cell specific overexpression of MITF
protects the mouse retina against oxidative damage

The above data indicated that the increasing of MITF in RPE cells
could preserve the neural retina from oxidative damage. We further
addressed the approach of protecting neural retina from oxidative da-
mage through Mitf gene transfer. As MITF is specifically expressed in

Fig. 2. Overexpression of MITF protects the retina from oxidative damage in Dct-Mitf transgenic mice. (A) Schematic diagram of the Mitf overexpression transgenic
mice, F and R are primers used for genotyping, and HA is the molecular tag. (B) Dct-Mitf transgenic mouse genotyping result. Wild type (WT); negative control (NC).
(C, D) Real-time PCR showed the mRNA levels of Mitf (C) and Pedf and Pgc1α (D) were increased in the RPE cells of Dct-Mitf mice RPE cells. (E) Western blotting
analysis of the protein levels of MITF, HA-tag, PGC1α and PEDF in the RPE cells of Dct-Mitf mice. (F) Quantification of western blotting bands based on the results of
(E). (G) Double immunostaining for OTX2 and MITF was performed on WT or Dct-Mitf RPE flat-mount. Enlarged images in the white line boxes, which showed that
MITF expression was upregulated in Dct-Mitf RPE (white arrow indicated). Scale bar: 20μm. (H–J) HE staining showed that the thickness of the retinal layers of Dct-
Mitf mice was thicker than the WT after 4 days of 50 mg/kg NaIO3 injection, including the RGC, IPL, ONL and IS/OS layers. Scale bar: 50μm. (K) Immunostaining
showed the expression levels of Rhodopsin and Opsin were higher in the Dct-Mitf retinas after injection of 50mg/kg NaIO3 (white arrow indicated). Scale bar: 50μm.
(L) TUNEL staining showed that the apoptotic cell number was decreased in Dct-Mitf retina after injection 50mg/kg NaIO3 (white arrow indicated). Scale bar: 50μm.
(M) Quantitative analysis of the TUNEL positive cell number based on the results of Figure L. (N, O) ERG scotopic traces showed higher amplitude of a-wave and b-
wave in Dct-Mitf mice after injection 50mg/kg NaIO3. There was no significant difference in the group without NaIO3 injection. (n = 6; ns, no significant difference;
**P < 0.01, *P < 0.05).
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RPE cells, we used the RPE cell specific RPE65 (retinoid iso-
merohydrolase RPE65) promoter as previously described [46] and
constructed an AAV9-p.RPE65-Mitf adeno-associated viral expression
vector (hereafter referred to as AAV9-MITF) (Fig. 3A). Two weeks after
the injection of AAV9 empty vector virus or AAV9-MITF into the sub-
retinal space of 6-wk-old mice, MITF and OTX2 double immunostaining
was performed on retinal sections or RPE flat-mounts. As the data in
Fig. 3B and C shows, the MITF expression level was increased in the
RPE after infection with the AAV9-MITF virus. Additionally, western
blotting indicated that MITF, as well as its downstream target genes
PGC1α and PEDF were up-regulated in mouse RPE after AAV9-MITF
virus infection (Fig. 3D and E). Thus, AAV9-p.RPE65-Mitf gene transfer

results in overexpression of MITF in the RPE and also activates ex-
pression of its downstream target genes. To determine whether AAV9-
MITF gene transfer might alter normal retinal structure, two weeks after
AAV9 injection, mouse retinas were analyzed by HE staining and
Rhodopsin and Opsin expression. There were no significant differences
between the AAV9 and AAV9-MITF injected mouse eyes (Fig. S4A-D).

In order to assess whether exogenously expression of Mitf by gene
transfer could protect the retina against oxidative damage, the left eyes
of 6-wk-old WT mice were injected with AAV9, and the right eyes with
AAV9-MITF virus. Two weeks after injection of the virus the mice were
intraperitoneally injected with 50 mg/kg NaIO3 and four days later the
retinal structure was examined. Compared to the AAV9 injected retinas,

Fig. 3. AAV-mediated RPE cell specific overexpression of MITF could protect the mice retina against oxidative damage. (A) Schematic representation of AAV9-
p.RPE65-Mitf construction. (B, C) Two weeks after the injection of AAV9 or AAV9-MITF into the subretinal space of 6-wk-old WT mice, double immunostaining of
OTX2 and MITF was performed on retinal sections (B) or RPE flat-mount (C) as indicated. Enlarged images in the white line boxes, which showed that the MITF
expression was upregulated in the RPE specifically after the infection of AAV9-MITF virus (white arrow indicated). Scale bar: 20μm. (D) Western blotting analysis of
the protein levels of MITF, PGC1α and PEDF in RPE cells after the infection of AAV9-MITF virus. (E) Quantification of western blotting bands based on the result (D).
(F, I and J) HE staining showed the total retinal thickness and ONL layer were thicker in the AAV9-MITF infected mice retina than the AAV9 infected eyes after 4
days of 50 mg/kg NaIO3 injection. Scale bar: 20μm. (G) Immunostaining of the Rhodopsin and Opsin in the AAV9 or AAV9-MITF virus-infected mouse retinas after
injection of 50mg/kg NaIO3 (white arrow indicated). Scale bar: 50μm. (H) TUNEL staining showed the number of apoptotic cells was decreased in the AAV9-MITF
virus-infected mouse retinas after injection of 50mg/kg NaIO3 (white arrow indicated). (K) Quantitative analysis of the TUNEL positive cell number based on the
results of (H). Scale bar: 50 μm. (n = 6; ns, no significant difference; **P < 0.01, *P < 0.05).
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Fig. 4. MITF directly regulates the expression of NRF2
through binding to its promoter region. (A) Relative
mRNA expression levels of Mitf and a subset of anti-
oxidant genes were carried out in the WT or Dct-Mitf
mice RPE cells by real-time PCR. Gapdh was used as
endogenous control, and the value of each gene in the
WT group was normalized as 1. (B, C) Western blotting
analysis of MITF and NRF2 in WT or Mitf+/- mice RPE
cells. (D, E) Western blotting analysis of MITF and
NRF2 in WT or Dct-Mitf mice RPE cells. (F, G) Western
blotting analysis of MITF and NRF2 in the RPE cells of
AAV9-MITF or AAV9 virus-infected mice. (H) Real-
time PCR analyzed the MITF and NRF2 mRNA levels in
ARPE-19 + MITF cell. (I, J) Western blotting analysis
the protein level of MITF and NRF2 in ARPE-
19 + MITF cells. (K) The luciferase activity of ARE was
measured in ARPE-19 cells as indicated, when the en-
dogenous MITF was knocked-down with specific
siRNA. (L) Real-time PCR showed that relative mRNA
expression levels of Mitf, Nrf2 and its downstream an-
tioxidant target gene were upregulated in Dct-Mitf mice
RPE cell and decreased in Mitf+/- mice RPE cell. (M)
Real-time PCR showed that overexpression of MITF
upregulated the levels of NRF2 and its antioxidant
target genes, (N) but knockdown of MITF reduced their
transcription levels in ARPE-19 cells. (O) Schematic
diagram of potential binding sites motif (E-box) for
MITF in the human NRF2 gene promoter region, which
is conserved between human and mouse. Red font
marks the mutant E-box. (P) ChIP-PCR and enrichment
analysis (Q) were performed in ARPE-19 + MITF cells,
which showed that MITF can bind to the NRF2 prox-
imal promoter. (R) Luciferase reporter assay was car-
ried out in 293T cells, which showed that MITF sign-
ficantly stimulated the transcription of the wild type
but not the E-box mutant (Red font in O) NRF2 pro-
moter. (S) Real-time PCR showed that overexpression
of MITF in A375 cells upregulated the expression of
NRF2. (T, U)Western blotting analysis the protein level
of NRF2 in MITF overexpression A375 cells. (V, W)
Western blotting analysis the protein level of NRF2 in
MITF overexpression 293T cells. (n = 4, **P < 0.01,
*P < 0.05). (For interpretation of the references to
colour in this figure legend, the reader is referred to the
Web version of this article.)
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the AAV9-MITF virus injected RPE cell layers were relatively intact, and
the thickness of the ONL and the total retina were thicker as well
(Fig. 3F, I, J). Consistently, higher expression levels of Rhodopsin and
Opsin (Fig. 3G) and lower TUNEL-positive signals were detected in the

retinas of AAV9-MITF mice (Fig. 3H, K). Thus, gene transfer mediated
RPE cell specific overexpression of MITF can protect the neural retina
from oxidative damage. However, these results didn't delineate the
mechanism through which MITF regulates the antioxidant signaling

Fig. 5. MITF promotes NRF2 nuclear translocation
predominantly via up-regulating p62 expression. (A)
Immunostaining of NRF2 in ARPE-19 + EGFP or
ARPE-19 + MITF cells as indicated. Scale bar: 20μm.
(B, C) Western blotting analysis of the nuclear and
cytoplasmic proteins using specific antibodies as in-
dicated. (D) Double immunostaining of OTX2 and
NRF2 was performed on WT or Dct-Mitf mice RPE
flat-mount. Enlarged images in the white line boxes,
which indicated that NRF2 nuclear localization was
increased in Dct-Mitf RPE cells (white arrow in-
dicated). Scale bar: 20μm. (E) Immunostaining result
showed that NRF2 nuclear translocation was in-
creased in the AAV9-MITF infected mice RPE cells
(white arrow indicated). Scale bar: 20μm. (F) Real-
time PCR showed that MITF upregulated the mRNA
level of p62 in ARPE-19 cells. (G) Western blotting
analysis of the p62 protein level in ARPE-19 cell. (H)
Quantification of western blot bands based on the
result of (G). (I) Relative mRNA levels of Mitf and
p62 were carried out by real-time PCR in WT or
Mitf±mice RPE cells, which were decreased in Mitf
+/- mice RPE cells. (J) Western blotting analysis of
MITF and p62 in WT or Mitf+/- mice RPE cells. (K)
Quantification of western blotting bands based on
the result of (J). (L) Western blotting analysis of
MITF and p62 in WT or Dct-Mitf mice RPE cells. (M)
Quantification of western blot bands based on the
result of (L). (N) Western blotting analysis of MITF
and p62 in WT mice RPE cells after injection of AAV
or AAV-MITF virus. (O) Quantification of western
blotting bands based on the result of (N). (P) p62
knockdown efficiency was carried out by real-time
PCR in ARPE-19 + MITF cells. (Q, R and S) Protein
levels of p62 and NRF2 were analyzed by western
blotting, which showed that knockdown of p62 in
ARPE-19 + MITF cells reduces the nuclear translo-
cation of NRF2, but increases cytoplasmic NRF2
level. (T) Immunostaining of NRF2 in ARPE-
19 + MITF cells, which showed that after knock-
down of p62 in ARPE-19 + MITF cell, the nuclear
translocation of NRF2 was partial reversed. Scale
bar: 20μm.Representative images and quantitative
data (n = 4, **P < 0.01, *P < 0.05).
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pathways in RPE cells.

2.4. MITF directly regulates NRF2 expression through binding to its
promoter

To address the molecular mechanisms through which MITF reg-
ulates antioxidant signaling, we subsequently explored antioxidant
genes that might be regulated by MITF in RPE cells. Analysis of the
expression of antioxidant genes by real-time PCR was carried out to
determine which were upregulated in Dct-Mitfmice RPE cells relative to
WT mice (Fig. 4A). Among them, Nrf2 has been reported to be a master
regulator in the antioxidant pathway [47]. Nrf2 knockout mice respond
to oxidative stress with changes that present as age related retinopathy
[16], while pharmacological or microRNA potentiated Nrf2 activation
enhanced the antioxidant ability of RPE cell and protected the neural
retina from oxidative stress induced retinal degeneration [48,49]. In
order to elucidate whether MITF regulates the NRF2 dependent anti-
oxidant signaling pathway in RPE cells, NRF2 protein levels were
measured in Mitf +/-and Dct-Mitf mouse RPE cells. As shown in Fig. 4B
and C, NRF2 protein levels were decreased in Mitf±mouse RPE cells
compared to those of WT mice, and were upregulated in Dct-Mitf mice
(Fig. 4D and E) and AAV9-MITF injected mice RPE cells (Fig. 4F and G).
In addition, we also confirmed these results in MITF-overexpressing
ARPE-19 cells in culture (ARPE-19 + MITF cells), in which increasing
MITF levels promoted the expression of NRF2 at both the mRNA and
protein levels (Fig. 4H–J).

These results indicate that MITF promotes NRF2 expression in RPE
cells, but not whether MITF actives NRF2 dependent antioxidant sig-
naling. NRF2 controls both the basal and oxidative stress-inducible
expression of antioxidant genes that share in a common ARE consensus
sequences [50]. Here, we first showed that pARE-luc (a reporter gene
plasmid) elevated the transcriptional activity of the cis-acting element
ARE in ARPE-19 + MITF cells (Fig. 4K), and confirmed similar results
in 293T cells (Fig. S5). Moreover, we selected known downstream an-
tioxidant genes of NRF2 and tested their expression levels. Real-time
PCR showed that the relative mRNA expression levels of Mitf, Nrf2 and
its known downstream antioxidant genes were increased in Dct-Mitf and
decreased in Mitf+/- mice RPE cells (Fig. 4L). In addition, over-
expression of MITF upregulated the levels of NRF2 and its target genes
(Fig. 4M), while interference of MITF reduced their transcription levels
in ARPE-19 cells (Fig. 4N). Taken together, these data suggested that
MITF not only promotes the expression of NRF2, but also its physiologic
functions in regulating antioxidant signaling.

The above data demonstrated that MITF regulates the expression of
NRF2 in RPE cells, but did not elucidate the mechanism through which
MITF regulates NRF2. To address this question, we analyzed the pro-
moter region of the human NRF2 gene and identified a conserved E-box
binding site for MITF within 7102 bp upstream of the transcription start
site (NM_001145413, Fig. 4O), consistent with earlier ChIP-seq results
in HA-MITF overexpressing melanoma cell line using HA antibody [51].
In fact, ARPE-19 + MITF cell ChIP-PCR assays indicated that ampli-
mers containing NRF2 E-box detected positive signals in both Input and
anti-MITF lanes, while the ChIP-NC primers detected a positive band
only in the Input lane, but not in any immunoprecipitated sample
(Fig. 4P). Quantitation by real-time PCR, showed a significant enrich-
ment of anti-MITF ChIP compared to IgG (Fig. 4Q). Additionally, MITF
showed strong transcriptional activity with the NRF2 wild type but not
the E-box mutation promoter in dual luciferase reporter assays
(Fig. 4R). Taken together, these results demonstrated that MITF directly
binds to the NRF2 promoter and actives its transcription.

In order to examine whether MITF regulates the expression of NRF2
in general, we further analyzed their expressional regulation in other
cell types. As shown in Fig. 4S-U, overexpression of MITF can up-reg-
ulate NRF2 mRNA and protein levels significantly in the melanoma cell
line A375. In addition, overexpression of MITF in 293T cells, which do
not express endogenous MITF, also promotes the expression of NRF2 in

these cells (Fig. 4V, W). These results suggest that MITF might have a
general role in regulation of NRF2 expression in antioxidant signaling.

2.5. MITF promotes NRF2 nuclear translocation predominantly via up-
regulating p62

In addition to MITF regulation of NRF2 expression, it remained
possible that MITF altered the activity of NRF2 post-transcriptionally.
This was examined by comparing NRF2 immunofluorescence in ARPE-
19 + MITF to control ARPE-19 cells. As seen in Fig. 5A, NRF2 positive
signals are observed in both the cytoplasmic and nuclear compartments
in ARPE-19 + EGFP cells, whereas it was predominantly nuclear in
ARPE-19 +MITF cells, suggesting that MITF might regulate the nuclear
translocation of NRF2 in RPE cells. Confirming this observation, wes-
tern blotting of NRF2 isolated from the nuclear and cytoplasmic com-
partments showed that overexpression of MITF significantly increased
the nuclear level of NRF2 in ARPE-19 cells (Fig. 5B and C). Moreover,
nuclear levels of NRF2 were also increased in Dct-Mitf mice RPE cells
compared to those of WT mice (Fig. 5D, Fig. S6), and treatment with
AAV9-MITF also elevated nuclear levels of NRF2 compared to the
control group (Fig. 5E). These results clearly indicate that MITF not
only increases the transcription of NRF2, but also promotes its nuclear
translocation, although they did not delineate the mechanism.

It has been reported that p62 can promote nuclear translocation of
NRF2 through competitively binding KEAP1 [21,22]. Our previous
work demonstrated that MITF promotes the expression of PGC1α,
which can target p62 [42,52]. To determine the role of p62 in MITF
induced NRF2 nuclear translocation, we initially examined p62 ex-
pression levels in RPE cells in vivo and ex vivo. As seen in Fig. 5F–H,
MITF up-regulates p62 expression in ARPE-19 cells at both the mRNA
and protein levels. p62 Expression is decreased in Mitf+/- RPE cells
(Fig. 5I–K) but is increased in both Dct-Mitf (Fig. 5L, M) and AAV9-MITF
injected mice RPE cells (Fig. 5N, O). These results show that MITF
positively regulates the expression of p62 in RPE cells both in vivo and
ex vivo, but do not show whether MITF acts through p62 to promote the
NRF2 nuclear translocation directly. This question was addressed by
seeing whether knockdown of p62 could inhibit NRF2 nuclear trans-
location in ARPE-19 + MITF cells. After 48 h of efficient knockdown of
p62 in ARPE-19 cells (Fig. 5P–R), western blotting showed a significant
reduction in the nuclear translocation of NRF2, while its cytoplasmic
level was increased (Fig. 5Q, S), which was confirmed by immuno-
fluorescent localization of NRF2 in ARPE-19 + MITF cells with or
without knockdown of p62 (Fig. 5T).

2.6. Partial rescue of retinal oxidative damage in Mitf+/- mice by gene
transfer mediated RPE cell specific overexpression of NRF2

The above results demonstrated that MITF directly regulates the
expression of NRF2 and promotes its nuclear translocation, but it re-
mained unclear whether NRF2 mediates MITF function in antioxidant
responses in RPE cells. To address this question, we knocked-down
NRF2 in ARPE-19 + MITF cells using a specific siRNA (Fig. 6A–C),
which didn't affect the expression of MITF, but down-regulated the le-
vels of the NRF2 downstream target genes (Fig. S7). Under normal
conditions, there is only a minimal difference in the ROS level between
the si-NC and si-NRF2 transfected ARPE-19 + MITF cells, but exposure
of the cells to 0.65 mmol/l H2O2 resulted in a marked increase in ROS
levels in NRF2 knockdown but not the si-NC transfected ARPE-
19 + MITF cells (Fig. 6D). We also evaluated whether gene transfer-
mediated expression of Nrf2 in Mitf+/- RPE cells could protect the
retina from oxidative damage. Mouse Nrf2 (NM_010902) was inserted
into the AAV9-p.RPE65-Nrf2 vector (AAV9-NRF2) and injected into the
subretinal space of mice. Two weeks later, immunostaining showed that
NRF2 was specifically overexpressed in the RPE cells of AAV9-NRF2
injected mice (Fig. 6E and F). Quantitation of both mRNA (Fig. 6G) and
protein levels (Fig. 6H and I) of NRF2 target genes confirmed the
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activation of NRF2-dependent antioxidant signaling in mouse RPE cells
after gene transfer mediated high expression of NRF2 in vivo.

Two weeks after injection of AAV9 into the left subretinal space and
AAV9-NRF2 into the right of 6-wk-old Mitf+/- mice eyes, the mice

were intraperitoneally injected with 50 mg/kg NaIO3 and four days
later, the retinal structure and TUNEL staining were examined.
Compared to the AAV9 injected retina, the AAV9-NRF2 injected Mitf
+/- mice retina have a thicker ONL layer and a lower percentage of

Fig. 6. Gene transfer mediated RPE cell specific overexpression of NRF2 could partial rescue retinal oxidative damage in Mitf±mice. (A) NRF2 knockdown
efficiency was carried out by real-time PCR in ARPE-19 + MITF cells as indicated. (B) NRF2 protein was analyzed by western blotting in ARPE-19 + MITF cell after
transfected with si-NRF2. (C) Quantification of western blotting bands based on the result of (B). (D) Immunostaining of DHE (red signal) in ARPE-19 + MITF cells,
which showed that after knockdown of NRF2, the intracellular ROS production increased with 4h H2O2 treatment. Scale bar: 20 μm (n = 3). (E, F) Two weeks after
the injection of AAV9 or AAV9-NRF2, double immunostaining of OTX2 and NRF2 was performed on RPE flat-mount (E) or retinal sections (F) as indicated, which
showed that the NRF2 expression was upregulated in the RPE specifically after the infection of AAV9-NRF2 virus (white arrow indicated), scale bar: 10μm. (G) Real-
time PCR showed that relative mRNA expression levels of Nrf2 and its downstream target genes were upregulated in the AAV9-NRF2 injected mice RPE cell. (H)
Western blotting analysis of the protein levels of NRF2 and HMOX1 in mice RPE cells after the infection of AAV9-NRF2 virus. (I) Quantification of western blotting
bands based on the result of (H). (J, K) HE staining showed that the thickness of ONL layer was thicker in the AAV9-NRF2 infected mice retina than the AAV9
infected eyes after 4 days of 50 mg/kg NaIO3 injection, scale bar: 50μm. (L) TUNEL staining showed that the number of apoptotic cells was decreased in the AAV9-
NRF2 virus-infected mouse retinas after injection 50mg/kg NaIO3 (white arrow indicated), scale bar: 50μm. (M) Quantitative analysis of the TUNEL positive cell
number based on the results of (L). (n= 6; ns, no significant difference; **P < 0.01, *P < 0.05). (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)
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TUNEL positive cells (Fig. 6J-M). These results suggest that while
overexpression of NRF2 in RPE cells of Mitf+/- mice could not com-
pletely compensate for the MITF haploinsufficiency, it could partially
rescue the neural retina from oxidative damage.

Taken as a whole, our data demonstrate that MITF directly regulates
transcription of NRF2 directly by binding to the promoter region and
also promotes its nuclear translocation partially through upregulating
p62. This then activates antioxidant pathway signaling in RPE cells and
protects the neural retina from oxidative stress-induced degeneration
(Fig. 7).

3. Discussion

The RPE is critical for maintaining homeostasis of the neural retina
through numerous biological functions, including its antioxidant
properties [2,8]. RPE abnormalities are associated with several re-
tinopathies, while defects in the antioxidant ability of the RPE generally
are related to AMD [4]. One approach to treat RPE deficiency induced
degenerative retinal disease is to replace deficient cells with healthy
and fully functional RPE cells. Another potential approach is to elevate
the endogenous neuroprotective functions of the RPE, including sup-
plying neuroprotective factors and enhancing the antioxidant defense
system. Here, we show that the transcription factor MITF acts as a
potent antioxidant inducer to protect the neural retina from oxidative
stress-induced degeneration by regulating NRF2 dependent antioxidant
signaling in RPE cells. Haploinsufficiency of MITF in RPE cells ex-
acerbates oxidative stress induced retinal degeneration, while over-
expression of MITF in RPE cells does not impair the retinal physiolo-
gical structure, but can enhance its antioxidant ability and protect the
neural retina from oxidative damage in both Mitf transgenic and AAV9-
p.RPE65-Mitf mediated gene transfer mice.

NRF2 and PGC1α are two transcription factors important in reg-
ulating cellular redox balance. PGC1α was reported to regulate the
expression of NRF2 [11,53], while the PGC1α promoter also contains
ARE consensus sequences for the binding of NRF2 [54], but, it is

unclear whether a positive feed-back regulatory loop between NRF2
and PGC1α exists in RPE cells. Moreover, mice deficient in Pgc1α are
susceptible to light-induced retinal damage [55] and conditional
knockout of Pgc1α in adult mice resulted in RPE dysfunction and severe
photoreceptor degeneration [56], while Nrf2 knockout mice exhibit
age-related retinopathies [16]. Nrf2/Pgc1α double knockout mice ex-
hibit significant age-dependent RPE degeneration, accumulation of
oxidative stress markers and damaged mitochondria [13]. These results
suggest that PGC1α and NRF2 might share overlapping functions and
possible cross-talk in antioxidant pathways.

NRF2 is a master regulator of antioxidant pathway signaling. Its
activation regulators or co-factors have been well studied, including
p62 [57]. However, the transcriptional regulation of NRF2 is still lar-
gely uncharacterized. In RPE cells, XBP1 positively regulates NRF2 at
the protein but not mRNA level [23] and ID2 (inhibitor of DNA binding
2) was also reported to regulate expression of NRF2, especially under
conditions of oxidative stress [58]. Here we demonstrate that MITF
directly regulates the transcription of NRF2 by binding to the promoter
region and activating its transcription in RPE and other cells. Interest-
ingly, we have previously demonstrated that MITF directly regulates
the expression of PGC1α in ARPE-19 cells [42], which suggests MITF
might play a key role in antioxidant signaling through regulating both
PGC1α and NRF2 simultaneously.

p62 has been demonstrated to regulate nuclear translocation of
NRF2, and our data indicate that MITF promotes the nuclear translo-
cation of NRF2 in RPE cells partial through p62. However, the me-
chanism through which MITF regulate p62 is still unclear. Our previous
work has demonstrated that MITF directly regulates the expression of
PGC1α in RPE cells [42], which was reported to activate expression of
p62 [52]. Thus, one possible mechanism through which MITF might
promote the expression of p62 is through regulation of PGC1α. The
precise regulatory network among MITF, NRF2 and PGC1α is not only
intrinsically interesting, but is also important for understanding the
regulatory mechanisms of antioxidant signaling.

Although our data suggests that MITF regulates the antioxidant
pathway through NRF2 and protects the neural retina from oxidative

Fig. 7. Graphical summary of MITF action as a potent antioxidant in RPE cells through regulating NRF2-dependant antioxidant signaling to protect the neural retina
against oxidative stress-induced degeneration. MITF directly binds to the NRF2 promoter to stimulate its transcription. Meanwhile, MITF up-regulates p62 to promote
the nuclear translocation of NRF2, which actives the antioxidant signaling in RPE cells and protects the neural retina against oxidative damage (left). MITF
dysfunction will impair the NRF2-dependent antioxidant signaling and exacerbates retinal degeneration under oxidative stress (right).
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damage, it also regulates other target genes in RPE cells, including
PGC1α and PEDF, which also have neuroprotective and/or antioxidant
functions [42,59]. In fact, our data show that overexpression of NRF2 in
Mitf± RPE cells only partially rescues the retina from NaIO3-induced
oxidative degeneration. It is possible that MITF also regulates other
target genes in different functional pathways, and that combination of
NRF2 with other MITF downstream factors, such as PEDF and PGC1α
might lead to a more complete rescue.

Retinal degenerative diseases lead to visual impairment, and
blindness in severe cases. The RPE plays important roles in the patho-
logical mechanisms of these diseases, while RPE cell dysfunction can
lead to various types of retinopathies including RP (retinitis pigmen-
tosa) and AMD, which still lack effective treatment. Preventing vision
loss in patients suffering from retinal degenerations is a major chal-
lenge. Currently, hundreds of genes have been implicated in retinal
degenerations (RetNet:https://sph.uth.edu/retnet/disease. htm), even
though the genes responsible for approximately 40% of retinal degen-
eration cases are currently unknown [60]. This indicates that the total
number of genetic mutations capable of causing retinal degenerations is
huge. To address each genetic deficit individually would be a difficult
and expensive approach. Although the genes and mutations causing
retinal degeneration vary, many retinopathies share common char-
acteristics, including oxidative stress, protein misfolding, abnormalities
of the visual cycle, and photoreceptor damage [61]. The RPE plays a
critical role in maintaining retinal structure through providing trophic
factors, antioxidant activity, maintaining ionic balance, phagocytosis of
shed photoreceptor outer segments and involvement in the visual cycle.
MITF previously has been reported to regulate the expression of trophic
factors, visual cycle enzymes and antioxidants in RPE cells
[39,41,42,59]. It is reasonable to hypothesize that increasing the level
of MITF in RPE cells might enhance multiple cellular functions to
protect against retinal degeneration. In fact, a transgenic approach of
ectopic expression of MITF in Mitf deficient mouse RPE cells can par-
tially rescue the microphthalmia and RPE pigmentation seen in this
model [62]. Our current data show that high expression of MITF can
protect the retina from oxidative damage, but, whether MITF could
prevent or slow the retinal degeneration in inherited retinal degen-
eration diseases is an important and interesting question which will
need to be investigated in suitable animal models.

Besides RPE cells, MITF and NRF2 are also widely expressed in other
cell types, suggesting that they might have a role in antioxidant re-
sponses in general. Interestingly, MITF also positively regulates the
expression of NRF2 in melanoma and 293T cells, suggesting that reg-
ulation of NRF2 by MITF is a general phenomenon and suggested that
MITF might play roles in regulating antioxidant signaling pathways
through NRF2 in other non-ocular oxidative diseases. Consistent with
this hypothesis, MITF has been reported to participate in antioxidant
regulation in melanocyte and melanoma cell lines, and was associated
with melanocyte destruction in vitiligo [63,64]. Beside RPE and mela-
nocytes, MITF mutations were also reported to be associated with
nonsyndromic hearing loss in patients [31] and Mitf mutant mice also
show cardiac hypertrophy and reduced nephron number [65,66], while
NRF2 and oxidative stress have also been implicated in cardiomyo-
pathies and kidney diseases [43,67,68]. This suggests that MITF might
also protect other tissues from oxidative damage in extraocular disease
models.

In summary, this study shows that MITF plays a key role in anti-
oxidant signaling by regulating the antioxidant master regulator, NRF2.
Increasing MITF levels in RPE cells can prevent the neural retina from
oxidative stress induced degeneration. As oxidative damage contributes
to numerous human diseases, MITF with its potent ability to regulate
NRF2 and antioxidant signaling, might have therapeutic value for the
prevention or treatment of retinal oxidative damage and oxidative
stress diseases in general.

4. Material and methods

4.1. Animals

Mitf mi-vga9 mutant mice [33], here designated Mitf−/− mice were
from NIH Dr. Arnheiter. The HA-Mitf plasmid and Dct promoter were
from NIH Dr. Heinz Arnheiter and University of Maryland School of
Medicine Dr. Thomas J. Hornyak separately. The construction of Dct-
HA-Mitf transgenic mouse was performed in Nanjing Biomedical Re-
search Institute of Nanjing University, China. The wild type mice were
purchased from the Charles River Laboratories, China. All the mice
were kept on the C57BL/6J background and rd8 mutation of Crb1 gene
was excluded. Experimental mice were bred in the SPF facility of
Wenzhou Medical University, and the animal care and experimental
procedures were performed in compliance with the Association for
Research in Vision and Ophthalmology (ARVO) Statement on the Use of
Animals in Ophthalmic and Vision Research and were approved by the
Wenzhou Medical University Animal Care and Use Committee
(wydw2019-0353).

4.2. NaIO3 induced retinal degeneration

NaIO3 induced retinal degeneration animal model was previously
reported to be used for studying retinal oxidative damage [45,69].
NaIO3 (BBI Life Sciences) was dissolved in sterile normal saline at a
stock concentration of 1% (w/v), and was given via intraperitoneal
injection (10mg/kg or 50mg/kg). The control group was the mice in-
jected with the same volume of normal saline. After 4 days, the eyeballs
were taken for the follow-up experiments.

4.3. Electroretinography (ERG)

Methods for mice ERG were as described previously [70]. A RETI-
port ERG system (Roland Consult, Germany) was used to record the
dark-adapted ERGs and Photopic ERGs of mice. The a-wave and b-wave
amplitudes in the ERG responses were analyzed.

4.4. Immunostaining

For immunostaining, mice eyes were fixed in 4% paraformaldehyde
(PFA) for 2 h, dehydrated in 30% sucrose, and embedded in OCT
compounds and snap frozen using liquid nitrogen. Sections (10μm)
were collected on a cryostat, and fixed in 4% PFA for 10 min. After
rinsing, the sections were blocked with 3% BSA for 1 h at room tem-
perature. The samples were incubated with specific primary antibodies
overnight at 4 °C. Staining was indicated by appropriate secondary
antibodies. The information of the antibodies used is shown in sup-
plementary Table S1. Each stain was performed on a glass slide of at
least 6 animals under each condition, sex in half. Immunostaining re-
sults were observed and photographed on a Zeiss con-focal microscope.

4.5. ROS fluorescence assay

ROS levels were determined using the GENMED kit (Genmed
Scientifics Inc., Shanghai, China) according to the manufacturer's in-
structions. Briefly, prepare 10μm thick unfixed retinal frozen sections,
adds 200μl of preheated GENMED staining solution incubate for 30 min
in a light-protected moistened incubator at 37 °C. Immediate observa-
tion under a fluorescence microscope. The method for determining ROS
in ARPE-19 + MITF cell was described in our previous work [42].

4.6. Histological analysis and TUNEL staining

Histological analysis of the mice retina was carried out by HE
staining. The methods for retinal image acquisition and thickness
analysis and comparison were as described previously [71]. Briefly,
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under a 100X magnification, the Zen analysis software system was used
to measure the thickness of the ventral and dorsal retinas of the mice,
respectively, from the optic nerve head to the peripheral retina at a
distance between 100μm and 1200μm, the average was taken. At least 6
eyeballs were measured in each group. TUNEL staining was performed
in the cryopreserved tissue sections using a TUNEL Kit (Roche), ac-
cording to the instructions. Then the Images were obtained on a Zeiss
confocal microscope.

4.7. Cell culture and transfection

The ARPE-19 cell line was purchased from ATCC and cultured in
F12/DMEM (Gibco) supplemented with 10% FBS and 1% penicillin/
streptomycin at 5% CO2, 37 °C. A375 and 293T cells were cultured in
DMEM growth medium with 10% FBS and 1% penicillin/streptomycin
at 5% CO2, 37 °C. MITF-overexpressing ARPE-19 cells (ARPE-
19 + MITF) were produced and described in our previous work [39].
The siRNAs (400nM/60mm dish) were transfected into the cell using
lipo2000 (Mirus Corp), and plasmid DNA was transfected into the cell
using PolyJet™ reagent (Signagen) at the indicated concentrations ac-
cording to the manufacturer's instructions. siRNA sequences were de-
signed and synthesized by Gene Pharma Co., Ltd (Shanghai) as follows:
si-NC:5′ UUCUCCGAACGUGUCACGUTT; si-NRF2-1: 5′ CGCUCAGUUA
CAACUAGAUTT; si-NRF2-2: 5′ CCCGUUUGUAGAUGACAAUTT; si-
NRF2-3: 5′ CCAGUUGACAGUGAACUCATT; si-MITF-1: GCUCAUGGAC
UUUCCCUUAdTdT; si-MITF-2: GUAUGCAGAUGGAUGAUGUdTdT; si-
p62-1: 5′ GGAACAGAUGGAGUCGGAUTT; si-p62-2: 5′ CCUACGUGAA
GGAUGACAUTT.

4.8. Western blotting and quantitative real-time PCR

The methods for western blotting and quantitative real-time PCR
were described previously [39,42,72]. GAPDH was used as the en-
dogenous control in quantitative real-time PCR experiments, the re-
lative value of each gene was normalized to GAPDH. Primers used in
quantitative real-time PCR are listed in Table S2. A full list of antibodies
is shown in Table S1, which were recognized by the fluorescein-con-
jugated secondary antibodies (LI-COR) at room temperature for 1 h in
the dark. The protein bands were scanned using the odyssey CLx system
(LI-COR) and quantitative densitometry of the bands was performed
using ImageJ software. All experiments were performed a minimum of
4 times.

4.9. Chromatin immunoprecipitation

ChIP analysis was carried out in ARPE-19 + MITF cells as described
in our previous work [72] using a Magna ChIP™ A/G Chromatin Im-
munoprecipitation Kit (Millipore) following the supplier's suggested
protocol, and antibodies of anti-Human IgG (Abcam) and anti-MITF
(D5) (Neo Markers, Fremont CA). Primers used for ChIP-PCR were as
follows: NRF2-ChIP-F: gatatgattcatgttccacctgg; NRF2-ChIP-R: cccctga-
gatccttccttca; NRF2-ChIP–NC–F: ctgtaagtcctggtcatcgga; NRF2-
ChIP–NC–R: tgaagtcaacaacagggaggt. MITF ChIP enrichment analysis
was carried out by real-time PCR and normalized with the Input group.

4.10. Luciferase reporter assay

The 641bp human NRF2 promoter was amplified using the primers
of NRF2-Report-F: atacgcgtggctggtctcaaactcctgggct and R: atctcgagga-
gaatgacaggaaggtggtggg, which was cloned into the PGL3-basic vector
(Promega) between XhoI and MluI restriction sites. Luciferase activity
was carried out as described previously [42,72].

4.11. AAV9 vector construction and virus injection

AAV9-p.RPE65-MCS-SV40-PolyA vector was acquired from the

Shanghai Genechem Co., LTD, China. Mouse HA-Mitf (NM_008601) was
from NIH Dr. Arnheiter, which was constructed into the AAV9 vector
using the restriction enzymes NcoI/HindIII. Mouse Nrf2 (NM_010902)
was constructed into the AAV9 vector using the restriction enzymes
EcoRI/HindIII. Approximately 0.5μl of AAV9, AAV9-MITF or AAV-NRF2
virus supernatant (1012–1013 genome copies/ml) was injected into the
subretinal space of the mice, using a pulled angled glass pipette under
direct observation aided by a dissecting microscope under dim light.

4.12. Statistical analysis

Each experiment was repeated a minimum of four times and all
quantitative results were presented as mean ± standard deviation
(SD). Each mouse experiment was carried out using at least 6 mice, half
of each sex. All statistical analyses were carried out by a non-parametric
Mann-Whitney U test. P < 0.05 was considered as a significant dif-
ference.
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