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Abstract

Photoreceptor cell death is recognized as the key pathogenesis of retinal degeneration, but the molecular basis
underlying photoreceptor-specific cell loss in retinal damaging conditions is virtually unknown. The N-myc
downstream regulated gene (NDRG) family has recently been reported to regulate cell viability, in particular NDRG1
has been uncovered expression in photoreceptor cells. Accordingly, we herein examined the potential roles of NDRGs
in mediating photoreceptor-specific cell loss in retinal damages. By using mouse models of retinal degeneration and
the 661 W photoreceptor cell line, we showed that photoreceptor cells are indeed highly sensitive to light exposure
and the related oxidative stress, and that photoreceptor cells are even selectively diminished by phototoxins of the
alkylating agent N-Methyl-N-nitrosourea (MNU). Unexpectedly, we discovered that of all the NDRG family members,
NDRG2, but not the originally hypothesized NDRG1 or other NDRG subtypes, was selectively expressed and specifically
responded to retinal damaging conditions in photoreceptor cells. Furthermore, functional experiments proved that
NDRG2 was essential for photoreceptor cell viability, which could be attributed to NDRG2 control of the photo-
oxidative stress, and that it was the suppression of NDRG2 which led to photoreceptor cell loss in damaging
conditions. More importantly, NDRG2 preservation contributed to photoreceptor-specific cell maintenance and retinal
protection both in vitro and in vivo. Our findings revealed a previously unrecognized role of NDRG2 in mediating
photoreceptor cell homeostasis and established for the first time the molecular hallmark of photoreceptor-specific cell

death as NDRG2 suppression, shedding light on improved understanding and therapy of retinal degeneration.

Introduction

Photoreceptor cell death is recognized as a major con-
tributor to visual impairment in retinal degeneration such as
age-related macular degeneration (AMD) and the hereditary
retinitis pigmentosa (RP), two leading causes of blindness in
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the modern world with only few available treatments' ™,
Current pathophysiological understanding of photoreceptor
cell damages has highlighted etiological significance of optical
and chemical stimuli, as well as genetic alterations, which
initiate photoreceptor cell apoptosis through mechanisms
including multiple pathways and transcriptional regula-
tions*”. Especially, it is notable that among all the retinal cell
types, photoreceptor cells are particularly sensitive to light
exposure and the induced oxidative stress, despite the pos-
sibly affected retinal ganglion cells (RGCs), and that photo-
receptor cells are even selectively diminished by
certain phototoxins, such as the DNA alkylating agent N-
Methyl-N-nitrosourea (MNU)*®. However, the molecular
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basis underlying this photoreceptor-specific cell loss is still
unknown, the elucidation of which will provide a clearer and
more complete comprehension of retinal damages that
benefits approaches to retinal degeneration.

The N-myc downstream regulated gene (NDRG) family
of proteins, which consists of 4 members denoted as
NDRG1—-4, are well conserved factors originally reported
to participate in tumorigenesis and metastasis’ .
Emerging evidence has further uncovered the importance
of NDRGs in regulating cellular viability and various
behaviors, in particular NDRG1-3 have been revealed to
confer apoptotic protection effects in response to cellular
stress conditions of oxidative and alkylating damages'*"*.
Accumulating data also suggest organ/tissue-specific
biological function of NDRGs in development and post-
natal homeostasis, among which NDRGI, 2, and 4 are
widely distributed in the nervous system and are involved
in neural degenerative diseases'®>™". Particularly, for the
specialized neurons in the vertebrate retina, which include
rod and cone photoreceptors, interneurons, and RGCs'®,
only NDRG1 has been documented expression with
contributions to morphology in zebrafish photoreceptors,
while NDRG2 was detected in murine astrocytes except
the proliferative retinal Miiller glia'®®°. At the present
time, it is unclear as to whether existence and altered level
(s) of certain NDRG subtype(s) correlate with functional
outcomes in retinal damaging conditions, and whether the
effects are cell-type specific.

In this study, we aimed to establish the molecular
characteristics of photoreceptor-specific cell death in
retinal degeneration with regard to expression and func-
tion of the NDRG family. We intended to address the
following issues: (1) Whether and which NDRG family
member(s) specifically respond to photoreceptor cell
damages; (2) Whether modulation of the certain NDRG(s)
preserves photoreceptor cell viability in damaging condi-
tions; and (3) Whether alterations of the NDRG candidate
(s) contribute to the development and treatment of retinal
degeneration induced by photoreceptor-specific cell
death. On the basis of light exposure/oxidative stress-
provoked and MNU-provoked retinal damaging models
both in vitro and in vivo, we hereby provided that decline
of NDRG2, but not the originally hypothesized NDRG1 or
other NDRG subtypes, characterized photoreceptor-
specific cell loss in the mouse retina. Our results unra-
veled for the first time the specific molecular hallmark of
photoreceptor cell death, shedding light on improved
understanding and therapy of retinal degeneration.

Results
Photoreceptor cells are highly susceptible to damages in
retinal degeneration

To investigate the molecular hallmark(s) of
photoreceptor-specific cell death, we firstly established

Official journal of the Cell Death Differentiation Association

Page 2 of 14

retinal degeneration models in mice characterized by
photoreceptor cell loss. Extensive studies have indicated
that light exposure is involved in the progress of retinal
degeneration and that light-induced retinal damages in
animals are generally similar to those seen in human
AMD patients®. In this study, we confirmed previous
findings that correspondent with its physiological func-
tion of sensing photons®?, photoreceptor cells are sensi-
tive to the light exposure pressure, as demonstrated by
decline of the thickness of the outer nuclear layer (ONL)
in the light-damaged mouse retina, where the bodies of
photoreceptor cells reside'® (Fig. 1a, b). To more specifi-
cally induce photoreceptor cell loss, we have also applied
the selective phototoxin MNU® and detected sharp abla-
tion of the retinal ONL thickness in the treated mice
(Fig. 1a, b).

To build up photoreceptor-specific cell death condi-
tions in vitro mimicking the in vivo changes, we used a
mouse retinal cell line with photoreceptor origin,
661 W22, and examined its response to the retinal dama-
ging factors. The photo-oxidative stress has received sig-
nificant attention as the key pathogenic contributor to
retinal damages induced by light exposure, which is pre-
disposed to produce reactive oxygen species (ROS) in
the retinal tissue microenvironment with high oxygen
tension®*, We provided here that both the hydrogen
peroxide (H,O,) and MNU triggered loss of 661 W cell
viability, particularly MNU with remarkable impacts, as
indicated by the morphological observation (Fig. 1c, d).
Furthermore, the loss of 661 W cell viability could be
attributed to provoked cell death by H,O, and MNU, as
shown by increased positively stained proportion of pro-
pidium iodide (PI) for dead cells®*° (Supplementary
Fig. 1A). However, despite recent controversies regarding
the RGC origin of this cell line*’, RGC-5 cells exhibited
lower degree of susceptivity to both H,O,-induced and
MNU-induced damages, consistently with previous
results that these cells have damage-resistant features not
part of the characteristics of the 661 W cells*® (Fig. 1e, f;
Supplementary Fig. 1B). The above findings collectively
suggested that photoreceptor cells are indeed highly sus-
ceptible to damages in retinal degeneration.

NDRGT1 is generally suppressed in retinal cells under
damaging conditions

To explore whether the NDRG family member(s) con-
tribute to photoreceptor-specific cell loss, we originally
hypothesized that NDRG1 was the putative candidate,
considering that NDRG1 is the only NDRG subtype
currently found expression in the retina, and that NDRG1
is involved in forming a normal morphological shape in
zebrafish photoreceptors’®. Accordingly, we indeed
detected major distribution of NDRGL1 in the inner seg-
ment/outer segment (IS/OS) of photoreceptor cells®,
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Fig. 1 Responses to retinal damaging factors in retinal tissues and cells. a, b Representative H&E staining of retinal tissues (a) and statistical
analysis of thickness of the outer nuclear layer (ONL, representing photoreceptor cell bodies) (b). Scale bar = 20 um. N =4~5 per group. RPE retinal
pigment epithelium, IS/OS inner segment/outer segment, OPL outer plexiform layer, INL inner nuclear layer, IPL inner plexiform layer, GCL ganglion
cell layer, NF nerve fiber, MNU N-Methyl-N-nitrosourea. ¢, d Cell morphology (c) and viability analysis (d) by methyl thiazolyl tetrazolium (MTT) of the
661 W photoreceptor cell line. e, f Cell morphology (e) and viability analysis (f) by MTT of the retinal ganglion cell-5 (RGC-5) cell line. Scale bar = 5 um.
N = 3 per group. H,0,, hydrogen peroxide. Data represents mean + SD. *P < 0.05

while NDRG1 was also present in the inner plexiform  Furthermore, mRNA expression levels of NDRGI in the
layer (IPL)/ganglion cell layer (GCL), as well as the outer =~ mouse retina were significantly reduced by light and
plexiform layer (OPL) (Fig. 2a), respectively, indicating its ~MNU treatments, associated with declined protein
expression in RGCs and interneurons/Miiller glia'®.

Official journal of the Cell Death Differentiation Association



Hu et al. Cell Death Discovery Page 4 of 14

DAPI NDRG1 Merged
B " * C
e 124 Retina
A==
S 094 NDRG1 | =
o ©
Ec
- 2 0.6 :
8; ACHIN | e ———— ag——
S 03
o > o L
'-E 0 |_I—| I‘ﬁl O‘& @QG 600
K < ' e & S
> > L P P S
o & S RS N
> & \'/\Q»
O NS
&
D RGC-5  661W E
0
0 -
E 1.2 - * " RGC-5 661W
g ] S
QZE:O.Q‘ % NDRGT [ e ammm—
~
O 0.6
g ] ACtin [e— e — — —
2 0.3
2 1 ’—I—l EI Control H202 Control H202
§ oL LILL
o © O
& &
o°° W&
F RGC-5 661W O
S 1.57
2 % RGC-5 661W
% 124 %
€ 0.9- NDRG1 [ o ——
é 0.6
% Actin | ———
o 0.34
2
5 0 : r{_l . |_I—| Control MNU Control MNU
& <°\ \\0 &°\ Q\O
& & &S
(&) (&)

Fig. 2 Involvement of N-myc downstream regulated gene 1 (NDRG1) in retinal damages. a Immunofluorescent staining of NDRGT1 in the
retinal tissue. Scale bar =20 um. b, ¢ Quantitative real time polymerase chain reaction (qRT-PCR) analysis of the mRNA expression level (b) and
western blot analysis of the protein expression level (c) of NDRGT1 in the retinal tissue. d-g mRNA and protein expression levels of NDRG1 in the
661 W and RGC-5 cell lines. N =3 per group. Data represents mean + SD. *P < 0.05
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expression levels (Fig. 2b, c). These results supported
participation of NDRG1 in retinal degeneration.

Nevertheless, by comparing NDRGI1 alterations in
RGC-5 and 661 W cell lines, we found that NDRG1 did
not specifically characterize photoreceptor cells in
damage conditions. As demonstrated, H,O, treatment
inhibited mRNA and protein expression levels of RGC-5
and 661 W cells to similar extents (Fig. 2d, e). Further-
more, although that MNU selectively induced 661 W cell
death (Fig. 1c, d), NDRG1 expression in both RGC-5 and
661 W cells was suppressed (Fig. 2f, g). These data sug-
gested that decline of NDRG1 was not a specific marker of
photoreceptor cell death.

NDRG2 represents the specifically expressed NDRG family
member in photoreceptor cells

Given the above analysis on NDRG1, we continued to
examine whether other NDRG family members are
expressed specifically in the retina with potential function
to regulate cell death. Quantitative real-time polymerase
chain reaction (QRT-PCR) screening on the 4 subtypes of
NDRGs demonstrated that only NDRG2 was expressed
substantially higher in 661 W cells compared to RGC-5
cells, with over 600-fold mRNA level changes (Fig. 3a).
The specific expression of NDRG2 in 661 W cells was
further confirmed in the protein level, for NDRG2 protein
was barely detected in RGC-5 cells (Fig. 3b). Moreover,
in vivo data of the mouse retina showed primary location
of NDRG2 expression in the photoreceptor IS/OS, despite
slight expression in OPL and IPL (Fig. 3c). These findings
indicated that NDRG2 represents the specifically expres-
sed NDRG family member in photoreceptor cells.

NDRG2 specifically declines in photoreceptor cells in
responses to damages

We next examined whether NDRG2, or perhaps
NDRG3 and NDRG#4 as well, specifically participated in
photoreceptor cell damages. After the selective photo-
toxin MNU treatment, compared to the basal mRNA
expression level in RGC-5 cells, NDRG2 mRNA expres-
sion in 661 W cells underwent a sharp decrease from
approximately 600 fold to about 200 fold (Fig. 4a). Sup-
pression of NDRG2 by MNU in 661 W cells was con-
firmed in the protein level, while NDRG2 protein
expression remained scarce in RGC-5 cells (Fig. 4b).
Expression of NDRG3 and NDRG4, however, was gen-
erally inhibited in RGC-5 and 661 W cells under MNU
stress (Fig. 4c-f). Furthermore, for H,O,-driven oxidative
damages, only NDRG2 was specifically suppressed in
661 W cells (Fig. 4g-i). The down-regulation of NDRG2 in
the cytoplasm of 661 W cells in retinal damaging condi-
tions was also revealed by immunocytochemistry (Sup-
plementary Fig. 2). These data indicated that
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NDRG2 specifically declines in photoreceptor cells in
responses to damaging stresses.

NDRG2 maintains photoreceptor cell viability and
counteracts oxidative stress

Next, we evaluated function of NDRG2 in regulating
photoreceptor cell viability. By using a green fluorescent
protein (GFP)-containing lentivirus vector, we established
the NDRG2-overexpression tool and successfully up-
regulated both mRNA and protein levels of NDRG2 after
transfection into 661 W cells (Fig. 5a, b). Furthermore, we
applied a short hairpin RNA (shRNA) for NDRG2 and
partially silenced NDRG2 expression in 661W cells
(Fig. 5¢, d). Importantly, neither NDRG2 overexpression
nor silencing influenced the levels of NDRG1, 3, and 4 in
661 W cells, which proved the specificity of NDRG2
intervention (Fig. 5e-g). With regard to the photoreceptor
cell viability, data demonstrated that NDRG2 over-
expression in the basal condition did not regulate 661 W
cell viability, while down-regulation of NDRG2 exerted
detrimental effects (Fig. 5h). Significantly, NDRG2 over-
expression under MNU treatment partially maintained
661 W cell viability, indicating NDRG2 opposes photo-
receptor damages (Fig. 5i). The NDRG2 protection on
photoreceptor viability was further confirmed under
H,0;-induced oxidative damages, where NDRG2 over-
expression prevented 661 W cell loss to some extent
(Fig. 5j). These findings suggested that down-regulation of
NDRG?2 in responses to retinal damaging factors mediates
photoreceptor cell loss and damages.

Then, we intended to provide clues of how NDRG2
protected photoreceptor cells under MNU and H,O,
damages. Notably, despite its well-known role as an
alkylating agent®, MNU induction on DNA damages and
cell apoptosis could also be attributed to its trigger of
oxidative stress*’. Accordingly, we indeed discovered that
amelioration of ROS contents in photoreceptor cells
served as a common reason underlying NDRG2 protec-
tion on 661 W cell viability under both MNU and H,O,
treatments (Supplementary Fig. 3). Furthermore, NDRG2
alleviation of photoreceptor oxidative stress resulted in
restriction of the stimulated photoreceptor antioxidant
defense responses under damaging conditions, as shown
by inhibited mRNA expression levels of the antioxidant
master transcription factor Nuclear factor E2-related
factor 2 (Nrf2)>" and the regulated antioxidant genes
Heme oxygenase-1 (Ho-1)*> and NAD(P)H:quinone
oxidoreductase-1 (Nqo-1)** (Fig. 5k, 1). These data indi-
cated that counteraction of oxidative stress plays a part in
the underlying mechanism of NDRG2 protection on
photoreceptor cell viability.
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NDRG2 contributes to photoreceptor cell loss and
protection in the mouse retina

The above results prompted us to examine the role of
NDRG?2 in photoreceptor-specific cell death in vivo. On
the basis of MNU-induced retinal degeneration model
caused by photoreceptor-specific cell loss, as confirmed
again by the dramatic disruption of ONL morphology, we
discovered that expression of NDRG2 in the photo-
receptor IS/OS layers was specifically reduced, to an
extent that is almost comparable to the background level
(Fig. 6a). The suppression of NDRG2 in photoreceptor
cells led to declined NDRG2 expression in the whole
retina tissue, and the decrease was dose-dependent on
MNU in both mRNA and protein levels (Fig. 6b, c).
Furthermore, considering that NDRG2 could be translo-
cated into nuclei upon cell stress**, we also examined the
nuclear protein expression level and found that a small
amount of NDRG2 protein was indeed imported (Sup-
plementary Fig. 4). These results collectively indicated
that NDRG2 suppression in photoreceptor cells con-
tributed to degeneration of the mouse retina.

Finally, we aimed to evaluate whether NDRG2 pre-
servation contributes to protection of retina in damaging
conditions. Nicotinamide (NAM), a water-soluble B-
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group vitamin (vitamin B;), has been well documented to
block MNU-induced photoreceptor cell loss and retino-
pathy in rodents®>*”. Accordingly, we confirmed in the
present study that NAM treatment completely blocked
detrimental effects of MNU on the mouse retina, with
preserved expression of NDRG2 in the photoreceptor IS/
OS layers (Fig. 6d). As further demonstrated in the whole
retinal mRNA and protein levels, NDRG2 expression was
totally rescued by NAM, underlying the maintained
photoreceptor cell viability and the protection of the
mouse retina (Fig. 6e, f). These findings suggested that
NDRG?2 preservation was indeed of importance in retinal
homeostasis.

Discussion

Photoreceptor cell death is well documented as the key
pathogenesis of retinal degeneration, but the molecular
basis underlying the distinguished sensitivity of photo-
receptor cells to damaging factors including light and
chemical stimuli is virtually unknown*”. In this study,
we examined the potential roles of NDRGs, a family with
wide distribution in the nervous system'>™'” and putative
function to regulate cell viability'>™* in mediating
photoreceptor-specific cell loss. We discovered that of all
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(see figure on previous page)

Fig. 5 Function of NDRG2 in maintaining photoreceptor cell viability and counteracting oxidative stress. a, b gRT-PCR analysis of the mRNA
expression level (a) and western blot analysis of the protein expression level (b) of NDRG2 in the 661 W cell line. 661 W cells were transduced
with either green fluorescent protein (GFP)-based lentiviral vector for NDRG2 overexpression (the NDRG2 group) or the vacant vector (the GFP
group). ¢, d gRT-PCR analysis of the mRNA expression level (c) and western blot analysis of the protein expression level (d) of NDRG2 in the 661 W cell
line. 661 W cells were transfected with either a short heparin RNA (shRNA) for NDRG2 knockdown (the shNDRG2 group) or the scrambled shRNA (the
scramble group). e-g gRT-PCR analysis of the mRNA expression levels of NDRG1, 3 and 4 in the 661 W cell line upon NDRG2 manipulations. h-j MTT
analysis of cell viability of the 661 W cell line upon NDRG2 manipulations. k, I gRT-PCR analysis of the mRNA expression levels of the antioxidant
master transcription factor Nuclear factor E2-related factor 2 (Nrf2), the regulated antioxidant genes Heme oxygenase-1 (Ho-1) and NAD(P)H:quinone
oxidoreductase-1 (Ngo-1) in the 661 W cell line upon NDRG2 manipulations. N =3 per group. Data represents mean + SD. *P < 0.05

the NDRG family members, NDRG2, but not the origin-
ally hypothesized NDRG1 or other NDRG subtypes, was
selectively expressed and specifically responded to retinal
damaging conditions in photoreceptor cells. Furthermore,
functional experiments proved that it was the suppression
of NDRG2 by both H,O, and MNU that led to photo-
receptor cell loss. More importantly, NDRG2 preservation
contributed to photoreceptor cell maintenance and retinal
protection in damaging conditions, which could be
attributed to NDRG2 amelioration on the photo-oxidative
stress. Our findings for the first time established the
molecular hallmark of photoreceptor-specific cell death,
shedding light on improved understanding and therapy of
retinal degeneration.

The mammalian retina is a complex array of specialized
neurons and glia that converts and encodes light energy
into electrical impulses to begin the visual process'®.
Pathophysiologically, despite multiple genetic mutations,
it is the damages of photoreceptor cells by prolonged light
activation or chemical insults that contribute to most
cases of blindness in retinal degeneration'. Current
mechanistic studies of photoreceptor cell death
have revealed the importance of several key processes,
including the increased permeability of cation channels®,
disordered intracellular calcium homeostasis®”, the
occurrence of oxidative stress>’, changes in autophagic
events®, and finally the triggering of apoptosis via path-
ways dependent or independent on caspase® and trans-
ducin®, the dying photoreceptor cells during which
released chemokines to activate microglia** and purines
to induce death of neighboring photoreceptors* thus
further aggravating the cell loss. However, although
remarkable advance has been achieved in understanding
the mechanisms of photoreceptor cell death per se, almost
all of the above processes also contribute to impaired
viability of other cells such as RGCs in various damaging
conditions*~*¢, At the present time, compared to RGCs,
the particular sensitivity of photoreceptor cells to light
exposure and selective phototoxins including MNU has
been noticed®®, but the putative molecular basis is still
lacking. In this study, we provided for the first time the
hallmark of photoreceptor-specific cell death, NDRG2,
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which selectively expressed and specifically responded to
retinal damaging factors in photoreceptor cells. Our
findings help to establish a clearer, more complete deci-
phering of the distinguished characteristics of photo-
receptor cell loss in retinal damages.

The NDRG family of proteins, originally known as
tumor suppressors’ ', have been uncovered expression
across developmental and the postnatal organism in an
organ/tissue specific pattern, especially in the nervous
system'>™'7. Particularly, NDRG1 is expressed in the
photoreceptor layer of the developing retina and con-
tributes to photoreceptor OS formation in zebrafish'?,
while NDRG2 was previously reported absence in the
retinal Miiller glia*. Here, we screened and surprisingly
found that it is NDRG2 that represents the major NDRGs
in photoreceptors and is specifically expressed in the
mouse photoreceptor cells. This differential expression
patterns of NDRG family proteins in the retina are also
prominent in the whole nervous system, where each
NDRG may play a partially redundant role in specific cells
in the brain*’. Furthermore, for a certain NDRG family
member such as NDRG1, differential expression has also
been revealed between even rod and cone photoreceptor
cells in carp*®. For the upstream regulation, NDRG genes
are transcriptionally repressed by Myc, a master switch for
cell proliferation and differentiation, but the regulation by
Myc constitutes one common mechanism among differ-
ent NDRG family members*>*°. However, each NDRG
gene is transcribed into multiple isoforms with distinct
mRNAs and proteins, despite the shared 57-65% amino
acid identity across family members’. Therefore, although
each NDRG gene might still be transcriptionally regulated
by distinguished factors'>”!, epigenetic®®>, and post-
transcriptional regulations®** are assumed to participate
in the expression level determination of NDRGs in
responses to certain environmental stimuli. The very
reason underlying specific expression of NDRG2 in pho-
toreceptor cells remains to be elucidated in future studies.

One particular clue that may contribute to specific
regulation of NDRG2 in photoreceptor cells lies in the
functional need of NDRG2 to modulate photoreceptor
cell viability in variable visual conditions. Indeed, we
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detected high sensitivity of NDRG2 to both optical/oxi- H,O,-induced apoptosis of skeletal muscle cells, in which
dative and chemical stimuli, upon which suppression of ~NDRG2 ameliorated endoplasmic reticulum (ER) stress,
NDRG2 mediated loss of photoreceptor cells. Previously, reduce cleavage of caspase-3, and poly (ADP-ribose)
NDRG2 has also been documented protection against polymerase (PARP), inhibited expression of pro-apoptotic
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Bax while enhanced the pro-survival Bcl-2 and Bcl-xL
protein levels'®. Beyond these mechanisms collectively to
prevent apoptosis also in photoreceptor cells*!, in the
present study, we further proved that NDRG2 functions
fundamentally to alleviate oxidative stress in photo-
receptor cells under both H,O,-provoked and MNU-
provoked damages. The mechanism of NDRG2 to alle-
viate oxidative stress should be attributed to direct
scavenging of cellular ROS contents, but not stimulation
of the antioxidant defense system, as shown by our data
that expression of the antioxidant genes merely correlated
with ROS density in contrast to NDRG2 levels in photo-
receptor cells. Besides, NDRG2 protection on photo-
receptor cell viability might also be due to mechanisms
such as maintained autophagy, for which certain NDRG is
involved in the autophagic mammalian target of rapa-
mycin (mTOR) signaling-determined tumor resistance
toward alkylating chemotherapy'®. We have additionally
found that deprivation of serum in culture of 661 W cells,
which stimulated autophagic reactions, offered protec-
tion against MNU-induced damages (unpublished data).
The molecular pathways underlying NDRG2 scavenging
of ROS and potential contributions of other protective
mechanisms in photoreceptor cells should be explored in
the future.

The most important finding of the current study is to
unravel NDRG2 as the molecular hallmark of
photoreceptor-specific cell viability, which was confirmed
not only in vitro but also in vivo in retinal degeneration
and treatment. In fact, there is a multitude of treatment
strategies and compounds that at least partially prevent
retinal degeneration in animal models, including the cal-

cium channel blocker D-diltiazem®*®’, various anti-
. 24, o Lles X .
oxidants***%, caspase inhibitors®**°, multiple
. i . 35,36
neuroprotective agents including NAM>>*® and other

neurotrophic cytokines®, apoptotic gene therapies®>?,

and the recent stem cell transplantation64’65. Nevertheless,
while retinal degeneration in preclinical studies could be
effectively prevented, there does not seem to be a single
treatment available at present that rescues photoreceptor
cell damages in human®>®’, Here, by using MNU-induced
mouse models of retinal degeneration and NAM-based
treatment, we proposed that specifically preservation of
NDRG2 in photoreceptor cells contributes to main-
tenance of retinal homeostasis, paving an avenue for
feasible targeted therapies in context of reducing the
sensitivity of photoreceptor cells to retinal damaging
factors in vivo. Actually, previous proof-of-concept
reports have established interfering approaches to slow
down the visual cycle based on rhodopsin inhibition®®*’,
but the selective molecular intervention strategies on
photoreceptor cells were not provided. Based on our
findings, despite pharmacological agents of NDRG2
modulators await to be clarified, genetic overexpression of
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photoreceptor NDRG2 based on cell-targeting techniques
such as the aptamer-modified liposomes’®”! may repre-
sent a promising solution to prevent and rescue retinal
degeneration, which is worth to be evaluated by further
experiments.

In summary, NDRG2 contributes to photoreceptor cell
homeostasis, and NDRG2 suppression serves as a mole-
cular hallmark of photoreceptor-specific cell death in the
mouse retina. These findings shed light on improved
understanding and therapy of retinal degeneration.

Materials and Methods
Animals

All experiments were approved by Xi’an Jiaotong Uni-
versity and were performed following the Guidelines of
Intramural Animal Use and Care Committee of Xi'an
Jiaotong University. Animal experiments were also per-
formed following the ARRIVE guidelines.

The 12-week-old male C57BL/6 mice (weight, 22-25 g)
(Laboratory Animal Center, Xi'an Jiaotong University,
China) were used and were randomly assigned to
experimental groups. The light exposure-induced retinal
damaging model was established based on the published
protocol with modifications®>. Briefly, mice were exposed
to 5000-lux white light for 24 h followed by a 3-day dark
recovery before sacrifice. For the MNU-provoked retinal
damaging model, accordingly’’, MNU (Sigma-Aldrich,
USA) was injected intraperitoneally once at typically
60 mg/kg and were sacrificed after 3 days. The dosage of
MNU varies at 30, 45, 60, and 75mg/kg at certain
experiments. For NAM-mediated rescue of MNU-
induced retinopathy, accordingly’’, NAM (Sigma-
Aldrich, USA) was subcutaneously administrated at
50 mg/kg immediately after MNU injection. The mice
were maintained with good ventilation and a 12-h light/
dark cycle, and were kept feeding and drinking ad libitum
before being euthanized.

Cell culture

The 661 W cell line was derived from mouse retinal
tumors and has been characterized previously to be of
cone photoreceptor cell lineage®*. Both 661 W and RGC-5
cell lines were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% fetal bovine
serum (FBS), 2-mM L-glutamine, 100-U/mL penicillin,
and 100-g/mL streptomycin (all from Invitrogen, USA) at
37°C in a humidified atmosphere of 5% CO,*. H,O,
(Sigma-Aldrich, USA) treatment was performed at
200 uM for 6 h, while MNU was applied at 400 pg/ml for
6h.

Lentiviral vector construction and transduction
Loss-of-function and gain-of function experiments for
NDRG2 were performed based on lentiviral vectors
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according to our previous report’>. The coding region of
NDRG?2 was amplified by PCR from genomic DNA using
primer sequences as below: Forward, 5-CGGACCTA
AGTCAAAGGCAAG-3'; Reverse, 5'-CCCAGTGCCCT-
GATAACACC-3'. Target sequences for NDRG2 shRNA
were: Forward, 5'-CCGGGATGTAGGCCTCAACTATA
AGCTCGAGCTTATAGTTGAGGCCTACATCTTTTT

G-3’; Revers, 5'-AATTCAAAAAGATGTAGGCCTCA
ACTATAAGCTCGAGCTTATAGTTGAGGCCTACAT

C-3’. The PCR product was digested with restriction
enzymes Agel and EcoRI, and inserted into the PLKO.1
vector (Thermo Fisher Scientific, USA). A lentiviral vector
constructed with scrambled NDRG2 sequence was used as
the negative control. Target sequences for NDRG2 over-
expression were provided as below: Forward, 5-GGG
GTACCACCATGGCAGAACTTCAGGAG-3’; Reverse,
5-CCGCTCGAGGAGGGTCATTCAACAGGAGAC-3'.

The PCR product was digested with restriction enzymes
EcoRI and BamHI, and inserted into the pLenti6.3/V5-
GW/EmGFP vector with green fluorescence (Thermo
Fisher Scientific, USA). Vacant lentiviral vector was used
as the negative control.

The inserted fragments were verified by Sanger
sequencing (Sangon Biotech, China). Transfer vector and
two packaging vectors of psPAX2 and pMD2.G (Thermo
Fisher Scientific, USA) were co-transfected into
293 T cells to produce lentivirus. The lentivirus was then
purified, filtered, quantified, and transduced into 661 W
cells with a Calcium Phosphate Transfection System
(Promega, USA). Following tests for transducing effi-
ciency and function were performed after 24 h.

Cell viability and death assay

Methyl thiazolyl tetrazolium (MTT)-based assay was
used to determine cell viability, as stated before”®”*.
Briefly, after treatment by H,O, or MNU, or transfected
with lentiviral vectors, cells were incubated with 20-ul
5mg/ml MTT (MP Biomedicals, USA) for 4 h. The pre-
cipitates were extracted with 180-pl DMSO and the
absorbance was measured at the optical density (OD) of
490 nm as the viability index. Cell death was determined
by PI staining, as previously reported*>*¢, according to
manufacturer’s instruction (Sigma-Aldrich, USA).

ROS detection

Total intracellular ROS contents were measured using
the fluorescent probe Dichlorodihydrofluorescein Diace-
tate (DCFH)”". Briefly, 25-mM DCFH was added to cells
at indicated time points, and was incubated for an addi-
tional 30 min at 37 °C. After washing with PBS twice to
eliminate the unlabeled DCFH, cells were examined under
a fluorescence microscope (Olympus, Japan) with excita-
tion at 488 nm.
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Immunofluorescent staining

Immunofluorescent staining of cell and tissue samples
was performed according to our previous work’®””. For
tissue samples, specimens were fixed overnight with 4%
paraformaldehyde, cryoprotected with 30% sucrose,
embedded in the optimal cutting temperature compound,
snap-frozen, and sectioned into 15 pm sagittal sections
(CM1950; Leica, Germany). For cell samples, specimens
were fixed with 4% paraformaldehyde at room tempera-
ture for 30 min followed by permeabilization with 0.3%
Triton-X 100 for 15 min at room temperature. Tissue and
cell specimens were then blocked with 5% bovine serum
antigen (BSA) (Sigma-Aldrich, USA) dissolved in PBS for
1h at room temperature, stained overnight at 4 °C with
primary antibodies as below: a rabbit anti-mouse/rat
NDRG1 antibody (Cell Signaling Technology, USA) or a
rabbit anti-mouse/rat NDRG2 antibody (Cell Signaling
Technology, USA) at both concentrations of 1:100. The
specimens were then stained by goat anti-rabbit-PE/FITC
secondary antibodies for 1h at room temperature at
concentrations of 1:200, and were counterstained with
DAPI (Sigma-Aldrich, USA).

Retinal tissue histology

At sacrifice, retinal tissues from different experimental
groups were rapidly isolated, fixed overnight with 4%
paraformaldehyde, and embedded in paraffin. Five
micrometer serial sections were prepared (RM2125; Leica,
Germany) and underwent H&E staining for tissue his-
tology and morphology, according to previous
reports’®’®, Quantification of ONL thickness was deter-
mined using the ImageJ 1.47 software.

gRT-PCR analysis

Total RNA was collected from cells or retinal tissues by
direct adding Trizol Reagent (Takara, Japan) and was
purified by phenol-chloroform extraction. cDNA synth-
esis and PCR procedures were performed as descri-
bed*?°. The primer sequences of the genes detected in
this study were listed in the Supplementary Table 1.
Relative expression level of each gene was obtained by
normalizing against S-actin abundance.

Western blot analysis

Western  blot was performed as previously
described”®®, Lysates of cells or retinal tissues were
prepared using the Cell Lysis Buffer (Beyotime, China)
and whole-cell proteins or nucleoproteins were, respec-
tively, extracted. Protein samples were then loaded on
sodium dodecyl sulfate-polyacrylamide gels, transferred to
polyvinylidene fluoride membranes (Millipore, USA), and
blocked with 5% BSA (Sigma-Aldrich, USA) in PBS with
0.1% Tween for 2 h in room temperature. The membranes
were incubated overnight at 4°C with the following
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primary antibodies: rabbit anti-mouse/rat primary anti-
bodies at a concentration of 1:1000 for NDRG1, NDRG2,
NDRG3, and NDRG#4 (all from Cell Signaling Technology,
USA); a rabbit anti-mouse/rat primary antibody at a
concentration of 1:1000 for Lamin (Abcam, UK); and a
rabbit anti-mouse/rat primary antibody at a concentration
of 1:4000 for B-actin (Abcam, UK). The membranes were
then incubated with peroxidase-conjugated goat anti-
rabbit secondary antibodies (Boster, China) at a con-
centration of 1:100,000 for 1 h in room temperature. The
blotted bands were visualized using an enhanced chemi-
luminescence Kit (Amersham Biosciences, USA) and a gel
imaging system (5500; Tanon, China).

Statistical analysis

All the results are represented as the mean + standard
deviation (SD). The data were analyzed using two-tailed
Student’s ¢ tests for two group comparisons or One-way
analysis of variance (ANOVA) followed by the Newman-
Keuls post-hoc tests for multiple group comparisons in
the GraphPad Prism 5.01 software. Values of P<0.05
were considered to be statistically significant.
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