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Abstract

The retinal pigment epithelium (RPE) is critical to the survival of the overlying photoreceptors.
Subject to light exposure and active metabolism, the RPE and photoreceptors are particularly
susceptible to oxidative damage that plays an important part in age-related macular degeneration
(AMD). Recent meta-analyses identified TMEMZ97 as a new putative AMD risk locus, though

it is yet to be functionally verified. The role of TMEM97 in the retina and RPE is not known.
Here we investigated TMEMO97 function using the sodium iodate model of oxidant-induced retinal
degeneration in TMEMO97 knockout (KO) mice. We found markedly increased reactive oxygen
species (ROS) and loss of photoreceptos in TMEM97 KO mouse retinas relative to wild type
(WT) controls. /n vitro, sodium iodate treatment of CRISPR-mediated TMEM97 KO RPE cells
resulted in diminished abundance of the master antioxidant transcription factor NRF2 and its
target gene product SOD2, the mitochondrial superoxide dismutase, as well as elevated ROS and
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apoptosis markers. Moreover, TMEM97 KO affected proteins key to mitochondrial and lysosomal
stability and impeded autophagy flux. These findings suggest that the absence of TMEM97 in
RPE cells disturbs redox-balancing systems, thereby heightening oxidative stress. As TMEMZ97 is
a druggable target, this study may inspire interest in basic and translational research in the context
of retinal degeneration.
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1. Introduction

Reactive oxygen species (ROS) are integral to normal cellular signaling. However,
imbalance in ROS production and removal begets excessive oxidative stress leading to

a broad-spectrum of disorders, especially age-related diseases. A prominent example is
age-related macular degeneration (AMD), a major cause of blindness in developed countries.
A key hallmark of AMD is degeneration of the retinal pigment epithelium (RPE) in
association with oxidative damage and the ensuing loss of the overlying photoreceptors [1].
Unfortunately, clinical trials with antioxidant supplements have shown limited benefits [1].
In fact, it is increasingly recognized that the use of antioxidants that nonspecifically cleanse
both physiologic and pathologic ROS can be detrimental [1,2]. Endogenous self-protective
regulators within the RPE, which neutralize oxidative stress within the cell, hold promise as
specific targets for effective therapeutic options for conditions linked to oxidative damage
[3,4].

Recent meta-analyses of genome—/transcriptome-wide association studies (GWAS/TWAS)
identified TMEM97 (transmembrane protein 97) as a putative new AMD risk locus,
although functional verification is still lacking [5,6]. Of the few functional studies of
TMEM97, most have focused on its expression and role in cancer cells; its molecular
function is not well characterized. Recent literature implicates its involvement in cholesterol
homeostasis and Niemann-Pick disease [7-9].

Separately, with its coding gene unknown, the sigma-2 receptor (S2R) [10] had been
pharmaceutically targeted for decades in treating psychotic disorders [11]. Very recently, this
coding gene was identified to be 7TMEM97[12]. Serendipitously, TMEMZ97 thus became
targetable, with experimental compounds in clinical trials or drugs used in practice that

act on S2R [13-15], unlocking the potential for clinical intervention. Indeed, S2R ligands
showed neuroprotective benefits in preclinical tests (e.g. Alzheimer's disease) and clinical
trials [13,15], and even a potential for treating COVID-19 [16]. On the other hand, reports
revealed off-targets of some S2R ligands [17] or TMEM97-independent ligand activity

[18], underscoring the importance of determining TMEM97(S2R) functions using genetic
approaches. Moreover, the role of TMEM97 in the retina remains unclear.

We observed prominent TMEM97 expression in human and mouse RPE. To investigate its
potential role in the retina and RPE, here we used a TMEM97 knockout (KO) mouse line.
To induce oxidative retinal degeneration, we performed tail-vein injection of sodium iodate
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(NalOg3). This is a well-characterized model whereby NalO3 selectively damages the RPE
resulting in photoreceptor loss, hence recapitulating some basic features of AMD [19-21].
Evidence indicates that NalO3 induces RPE cell apoptosis involving endoplasmic reticulum
stress response pathways such as X-box-binding protein 1 [22]. Interestingly, we observed
increased RPE damage and photoreceptor loss in TMEM97 KO (vs WT) mice treated

with NalOg. Similarly, knockout of TMEM97 in RPE cells in vitro exacerbated oxidative
stress and destabilization of nuclear factor erythroid 2-related factor 2 (NRF2) as well as
organelles (mitochondria and lysosomes) whose dysfunction elevates ROS [23]. To the best
of our knowledge, this is the first report of genetic evidence suggesting that TMEM97 is a
novel regulator of endogenous antioxidant processes.

2. Materials and methods

2.1. Materials

The sources of major reagents are listed in Table S1, or otherwise specifically stated below.

2.2. Ethics statement

All studies on human tissues followed the guidelines of the Declaration of Helsinki.

The study of deidentified tissues from deceased individuals obtained from various eye

banks in the United States was exempted from IRB review by the University of Virginia
Institutional Review Board for Health Sciences Research in accordance with U.S. Health

& Human Services human subject regulations. All animal procedures were approved by

the Institutional Animal Care and Use Committee, and were performed in accordance with
the association for research in vision and ophthalmology (ARVO) statement for the Use

of Animals in Ophthalmic and Vision Research. Mice were maintained on a 4% fat diet
(Harland Teklad, 8604 M/R) with standard light/dark cycles (12h/12h). Age-matched male
mice (40-50 days old) were used. To induce RPE degeneration and associated photoreceptor
loss, we used the established model of systemic delivery of NalOs, which is a potent oxidant
[19-21]. Mice received single tail-vein injection of NalO3 (30 mg/kg of body weight, from
Sigma-Aldrich) or PBS control [22]. Injection was performed under isoflurane anesthesia
(through inhalation, flow rate 2ml/min). Animals were euthanized at post-injection day 3 in
a chamber gradually filled with CO,.

2.3. Immunohistochemistry using human retinal tissues

Eyes from individuals without a history or evidence of retinal disease upon gross
examination were obtained within 12 h of death and preserved in formalin and embedded in
paraffin. Five-micron thick sections were prepared for immunohistochemistry by bleaching
pigment using oxalic acid/potassium permanganate solution followed by heat-induced
epitope retrieval with Tris-EDTA buffer (pH 9) at 60 °C for 1 h. Immunohistochemical
staining of bleached eye sections was performed with rabbit anti-hnuman TMEM97 antibody
(Proteintech Cat. No. 26444-1-AP, diluted 1:100 in DAKO antibody diluent) overnight

at 4 °C. Rabbit 1gG isotype control was applied to adjacent sections in place of the

primary antibody to ascertain the specificity of staining. Slides were incubated with a
biotin-conjugated secondary antibody, followed by incubation with VECTASTAIN® ABC-
AP reagent and development using Vector Blue (Vector Laboratories, Cat No. AK-5000
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and SK-5300, respectively). Images were obtained using an Olympus VS120-S6-W slide-
scanning microscope.

2.4. TMEM97 knockout mice

To establish a TMEM97 KO mouse colony, cryoprotected sperms of the C57BL/6
N-Tmem97imL1(KOMP)Vicg strain were purchased from the KOMP Repository at UC
Davis (stock#10753A-D5). The strain was revived at the Ohio State University
Genetically Engineered Mouse Modeling Core, on the background of C57BL/6

J (JAX#000664) and backcrossed for at least 9 times. Homozygous KO and

WT littermates from heterozygous breeders were used in experiments. In normal
conditions, these littermates showed no overt phenotype in appearance and body size.
Their genotypes were confirmed by PCR using primers as the following: WT(f)
(GGGTAACATTTGAATTATGGCTAG) and WT(r) (CACACTGGGGGCTCCTGCATC), to
detect a 464-bp WT Tmem97 sequence; KO(f) (ACTTGCTTTAAAAAACCTCCCACA)
and KO(r) (GGTGTCACACACCTTTAATCCCAGC), responsible for a 722-bp deleted
sequence.

2.5. Spectral domain optical coherence tomography (SD-OCT)

The mice treated with PBS or NalO3 (30 mg/kg, tail-vein injected) were anesthetized via
i.p. injection of ketamine-xylazine (90 mg/kg ketamine mixed with 10 mg/kg xylazine)
with topical tetracaine eye drops (0.5%) for additional topical numbing. For live animal
imaging, the mouse was restrained in place on a platform, and its eyes were dilated with
topical tropicamide drops (1%). Animals were kept on a heated pad until observed to wake.
SD-OCT was performed on mice on both eyes using a Leica/Bioptigen Envisu R2200
SDOIS, a mouse bore lens, the InVivoVue 2.4.34 software, and the InVivoVue Diver 3.3.7
software. On each eye, three scans were acquired centered on the optic nerve: a 1.4 mm
1000x1x60 frames (1000 A-scans per B-scan, 1 B-scan, 60 B-scans per frame) linear B-scan
for high quality images, a 1.4 x 1.4 mm 1000x6x25 frames radial scan for data collection,
and a 1.4 x 1.4 mm 400x400x4 frames volumetric scan for volume intensity projection
(VIP) views. Retinal layers were measured using auto-segmentation and manual marker
segmentation in the Diver software.

2.6. Cryosection preparation, histology, and bright-field microscopy

Enucleated mouse eyes were fixed at 4 °C overnight in 4% paraformaldehyde and
cryoprotected with sucrose (30% in PBS). Cryosections of 12 um each were cut from the
eyeballs frozen in optimum cutting temperature embedding medium (Sakura Finetek USA,
Inc., Torrance, CA). The sections were stained with haematoxylin and eosin (H&E). High
and low magnification images were acquired within 200 um of the optic nerve head (on both
sides) with a Nikon microscope. The ONL thickness was manually measured.

2.7. Confocal fluorescence microscopy

We followed the method in our previous report [24]. Briefly, enucleated eyes were fixed
overnight in 4% paraformaldehyde and cryoprotected with 30% sucrose. Cryosections of
12 um each were cut. The sections were permeabilized with 0.1% Triton X-100 in PBS

Cell Signal. Author manuscript; available in PMC 2022 February 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shen et al.

Page 5

for 20min, blocked with 5% normal donkey serum (017-000-121; Jackson Immunoresearch
Lab, MS) for 1h at room temperature, and then incubated with a primary antibody overnight
at 4 °C. To illuminate the specific staining, a fluorescently labeled secondary antibody
(Alexa-488 conjugated donkey-anti-rabbit or Alexa-594-conjugated donkey-antimouse) was
applied (final 0.2ug/ml or diluted by 1:1000) for 2 h at room temperature. Rinsed sections
were counterstained with DAPI and then mounted in Prolong Gold mounting medium
(Invitrogen, Carlsbad, CA) and sealed under a cover slip. The primary and secondary
antibodies are listed in Table S2. To visualize cones, sections were incubated with
Fluorescein-labeled Peanut Agglutinin (PNA, Vector Laboratories, FL-1071, 1:500 dilution)
for 1 h at room temperature and rinsed. Images were acquired under a 20x objective lens
with a Nikon A1RS microscope. Immuno-fluorescence from central and mid-peripheral
regions was quantified using ImageJ.

2.8. Photoaffinity labeling

2.9.

Before S2R was cloned, photoaffinity labeling was essentially the only way to visualize
S2R with a clear molecular size on a SDS gel [10,25]. The experiment was previously
performed at University of Wisconsin-Madison, as described in our report [25]. Briefly,

the neural retina was peeled off the mouse eyecup and RPE cells were gently dislodged

and pipetted out, from which tissue homogenates and cell lysates were prepared. To detect
specific S2R and S1R photolabeling, two aliquots (200 pg protein in each) of the same
sample were pre-incubated without or with 20 uM 1,3-di-o-tolylguanidine (DTG, equal
affinity for S2R and S1R) for 30 min at 32 °C in 50 mM Tris—HCL (pH 7.4) and 150 mM
NaCl. The S2R/S1R-binding photoaffinity probe [12°1]-1AF (lodoazido-fenpropimorf) was
then added (final 1 nM) and incubated for another 40 min with gentle shaking in the dark. To
photo-crosslink [1251]-1AF to the proteins it binds, samples were exposed to a high-pressure
AH-6 mercury lamp for 5 s followed by SDS-PAGE to separate proteins. Photo-labeled
bands were visualized through autoradiography of dried SDS gel using Phosphoimager
(Molecular Dynamics).

[llumination of reactive oxygen species (ROS)

The cell-permeable ROS-reactive fluorescent dye 2',7'-dichlorodihydrofluorescein diacetate
(Ho,DCFDA, Sigma-Aldrich, cat. D6883) was used. Once taken up by cells, the acetyl
groups are cleaved off by intracellular esterases, resulting in HoDCFH, which is oxidized
by ROS and converted to the highly fluorescent molecule DCF [26]. ARPE19 cells (ATCC,
CRL2302) were grown for 24 h in DMEM/F12 (ThermoFisher Scientific, cat#10565042)
supplemented with 10% FBS in a 24-well plate, and treated with PBS or 5 mM NalOj3 for
various hours indicated in figure legends. To detect cellular ROS, the cells were changed

to NalO3-free medium and incubated with 10 /M H,DCFDA for 60 min at 37 °C prior

to imaging [26]. The strong green fluorescence from DCF tended to saturate the detection
channel. Therefore, to show a robust difference in ROS level between WT and TMEM97
KO cells, red fluorescence (Ex/m: 520/605 nm) was imaged for the 0-12 h time points of
treatment with NalO3 and green fluorescence (Ex/m: 485/528 nm) was imaged for the 24 h
time point, using an EVOS microscope (ThermoFisher Scientific). For ROS imaging in vivo,
non-fixed retinal cryosections were incubated with 10M HoDCFDA for 60 min at 37 °C
and imaged under the EVOS microscope.
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2.10. Analysis of the mitochondrial membrane potential (A¥))

We used an assay kit of 5,5,6,6'-tetrachloro-1,1',3,3" tetraethylbenzimi-dazoylcarbocyanine
iodide (JC-1) from Biotium (Fremont, CA) following the manufacturer's instruction. JC-1
is a lipophilic, cationic dye which exhibits green fluorescence. After entering the negatively
charged mitochondria with normal AY'y,, the dye forms red fluorescent J-aggregates in a
concentration-dependent manner [27]. ARPE19 cells were cultured to ~80% confluency
and treated with 5 mM NalO3 for 3 h. At the end of treatment, cells were washed once
with warm PBS (~37 °C) and incubated with the JC-1 (final 2 uM) working solution

for 15 min in the cell culture incubator. The red or green fluorescence (Ex/m: 550/600

nm or 485/535 nm, respectively) intensity was measured by a TECAN Infinite 200Pro
(Switzerland) spectrometry microplate reader. AY), is expressed as the intensity ratio of red
vs green fluorescence.

2.11. Fluorescent detection of autophagosome-lysosome fusion via confocal microscopy

We followed the method as we recently reported [24] with minor modifications. We used

an updated version of GFP-RFP-LC3 vector, namely, pHIuorin (GFP variant)-mKate2 in
tandem with human LC3 [28] (Addgene, #61460, product name FUGW-PK-hLC3). Briefly,
cells were seeded onto glass-bottom dishes (NuncTM, 150680), stabilized for 24 h, and then
transfected with the vector for 24 h. The cells were then treated with PBS or 5 mM NalO3
for 24 h and stained with 10 pM Hoechst 33342 (ThermoFisher, H3570) prior to live cell
confocal microscopy. Images were acquired with a Nikon A1RS confocal microscope under
a 40x oil objective lens.

2.12. TMEM97 KO single-clone ARPE19 cell lines

The generation of TMEM97 KO single-clone cell lines was performed using the same
CRISPR/Cas9 genome-editing approach as we recently reported [29]. Briefly, one effective
SgRNA sequence (5'-TCCGGCAACCAGGCGCTGCG -3') selected from 3 candidates
(Table S3) was cloned into LentiCRISPR v2. Lentivirus was packaged and produced in
HEK?293FT cells (Invitrogen) with the second-generation packaging system, using pSPAX2
(Addgene, #12260) and pMD2.G (Addgene, #12259). ARPE19 cells (ATCC, CRL2302)
were transduced with the lentivirus in DMEM/F12 supplemented with 10% FBS, at 37 °C
under humidified conditions and 5% CO». The culture continued for 3 days, and then treated
with 5 pg/ml puromycin for 2 weeks. Single clones were selected through serial dilutions
and cultures. The cells transduced with the empty vector served as WT control.

2.13. TMEM97 overexpression ARPE19 cell lines

The cDNA of human TMEM97 ORF was cloned from APRE19 cells, and subcloned into the
pLenti-puro vector (Addgene, Cat#39481) in fusion with the V5 tag at the C terminus.

The primers: TTCGGATC-CATGGGGGCTCCGGCAACCAG (forward); TTCGAATTCT-
CATTTTTTTTTTCTTTTCTC (reverse). Lentivirus was produced as described above.
Lentivirial titer was determined using Lenti-X GoStix Plus (TaKaRa) by measuring viral
RNA content. ARPE19 cell transduction and single clone selection are described above. The
selected clones were maintained in the DMEM/F12 medium supplemented with 10% FBS
and 2 pg/ml puromycin.
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2.14. Immunoblotting

The assay was performed as we previously reported [8]. Briefly, total protein amounts were
quantified using DC Protein Assay Kit (Bio-Rad, Cat#5000111) and 50 ug per sample was
loaded for SDS-PAGE. After transferring onto PVDF membrane, each specific protein was
detected by using a primary antibody and a secondary antibody (listed in Table S2). Western
blot images were recorded using Amersham Imager 680 (GE Healthcare) and processed
with Image-J. Protein band densitometry was first normalized to loading control (GAPDH or
B-actin) and then to the basal condition in each experiment (see the first bar in figures), and
finally quantified as fold change. Fold changes from at least 3 independent experiments were
averaged, and mean = SEM was calculated.

2.15. Quantitative real time PCR (QRT-PCR)

Total RNA was extracted from cell lysates using TRIzol (ThermoFisher Scientific,
cat#15596026) following the manufacturer's instructions. Purified mRNA (1 ug) was used
for the first-strand cDNA synthesis and quantitative RT-PCR was performed using the
Quant-Studio3 Real-Time PCR System (Applied Biosystems, Carlshad, CA). Each cDNA
template was amplified using SYBR Green PCR Master Mix. Primer sequences are provided
in Table S4.

2.16. Statistical analysis

Prior to the analysis using GraphPad Prism, data sets were tested for normality using
Shapiro-Wilk test. For two group comparison, Student's #test was used. For multiple group
comparisons, one-way analysis of variance (ANOVA) and post hoc test (specified in figure
legends) was performed. Data are presented as mean * standard error of the mean (SEM).
Statistical significance was set as *~ < 0.05.

3. Results

3.1. TMEM97 KO exacerbates retinal degeneration in an oxidant-induced mouse model

As shown in Fig. 1A (and Fig. S1), viaimmunostaining on healthy human retina sections,
we were able to detect TMEM97 in the RPE layer. Moreover, through photoaffinity
labeling, a sensitive pharmacology-based technique [10,25], S2R(TMEM?97) was found to
be expressed in both the RPE and neural retina (Fig. 1B). These results agree with the
reported single-cell sequencing data indicative of the presence of TMEM97 transcripts in
RPE/retinal cells [30]. To assess TMEM97's functional importance in oxidatively induced
retinal degeneration, we administered sodium iodate (NalO3) intravenously to mice [31].
In WT mice, the outer nuclear layer (ONL, composed of photoreceptor cell bodies)
became thinner 3 days after NalOs injection. Interestingly, the ONL thickness was further
reduced in TMEM97 KO mice compared to wild type controls (Fig. 2A and B, Fig. S2).
In addition, consistent with RPE damage [32], NalOs-treated TMEM97 KO mice also
exhibited intraretinal pigmented blebs (yellow arrows, Fig. 2B). Moreover, a fluorescent
reactive oxygen species-sensitive probe revealed elevated ROS in TMEM97 KO compared
to WT retinas during oxidative injury (Fig. 2C).
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3.2. TMEM97 KO-induced retinal degeneration is attenuated by the antioxidant NAC

To explore potential contributors to the increase of ROS in the retinas of TMEM97 KO
mice, we determine the expression of anti-oxidant enzymes in different pathways, including
superoxide dismutases (SOD1, SOD?2), catalase (CAT), and glutathione peroxidases (GPX1,
GPX4). At 3 days after NalOj3 injection, neuroretina and RPE were carefully extracted from
the dissected eyecup. As shown in Fig. 3, the neuroretina showed minor levels of RPE65,

a bona fide RPE marker which is minimally expressed in the neuroretina [33], suggesting
clean preparation of the two different tissue samples. The mMRNA level of mitochondrial
superoxide dismutase (SOD2) was significantly lower in the KO (vs WT) RPE in the mice
injected with PBS. A significant KO-vs-WT difference was not detected in the RPE of
NalOs-treated mice (likely due to overall lowered mMRNA after retinal damage), nor in the
neuroretina of PBS- or NalOs-treated groups. SOD1 mRNA levels showed a very similar
pattern of decrease in PBS-treated KO mice compared to controls, although it did not

reach statistical significance. Similarly, there was a trend of reduced mRNA levels in the
PBS-treated, but not NalOs-treated, KO vs WT RPE for other three anti-oxidant enzymes
(without reaching statistical significance) and no change in the neuroretina. Overall, these
results, in accordance with KO-induced retinal ROS surge (Fig. 2C), implicated an important
role for TMEMO97 against ROS elevation in the retina.

To further determine this novel role of TMEM97, we injected (i.p.) a commonly used
antioxidant, A-acetyl cysteine (NAC) [34], following tail vein NalOg3 injection in mice.
Indeed, NAC significantly inhibited the ONL thickness loss mediated by NalO3 oxidative
stress in TMEM97 KO mice (Fig. 4). In WT mice, NAC slightly increased (albeit non-
significantly) the ONL thickness which was reduced by NalOs treatment. Taken together,
the results indicate that TMEMO97 is a novel antioxidant player in the mouse retina/RPE.

3.3. TMEM97 KO exacerbates RPE cell oxidative stress and degenerative phenotype

In an /n vitro model of oxidative damage, ROS levels induced by NalO3 dramatically
increased in TMEM97 KO ARPE19 cells as compared to WT controls (Fig. 5A), as

did the gene expression of ROS-producing enzymes [35] (Fig. S3). To determine the
impact of TMEM97 KO on the development of a degenerative RPE cell phenotype, we
measured active (cleaved) caspase-3, its substrate PARP1, and NFxB (p65, master pro-
inflammatory transcription factor). In normal conditions (PBS control), these degenerative
markers showed no significant changes between WT and TMEM97 KO (between a pair of
black bars), whereas under NalO3 treatment they increased remarkably due to TMEM97
KO (comparison between a pair of red bars, Fig. 5B). We also measured DRP1, a key
factor executing mitochondrial fragmentation which is often associated with apoptosis
[36]. Consistently, DRP1 was markedly elevated during oxidative treatment in TMEM97
KO compared with WT controls (Fig. 5B). Further confirming the TMEM97 functional
specificity, overexpression of TMEM97 diminished all 4 markers during oxidative stress
(Fig. 5C), an effect opposite of TMEM97 KO during oxidative stress. Recent evidence
indicates that certain degrees of mild oxidative stress can be protective by activating
cytoprotective mechanisms such as antioxidant and autophagy pathways [1]. Our data
appeared to be consistent, as NalO3 treatment reduced active caspase-3, NFxB, and DRP1
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(Fig. 5) and increased NRF2 (Fig. 6) in WT cells, but not KO cells where ROS was
substantially elevated.

3.4. TMEM97 KO down-regulates master antioxidant regulator NRF2 and its target gene
product SOD2

We next measured the abundance of NRF2, the antioxidant master transcription factor, and
SOD2, a bona fide downstream product of NRF2 transcriptional activity. Abundance of both
proteins was reduced in TMEM97 KO cells, either with or without NalOs treatment (Fig.
6A/B). The difference in NRF2 abundance between WT and KO cells was not abolished

by NAC (ROS quencher) (Fig. 6C). We also determined the levels of POLDIP2 which

is a recently identified mitochondrial protein associated with ROS elevation [37], and
TOM20, a mitochondrial membrane protein whose accumulation is often used to monitor
impaired autophagic clearance of damaged mitochondria [38]. Interestingly, abundance

of both proteins was increased in TMEM97 KO cells with or without NalO3-treatment

(Fig. 6A/B). gRT-PCR revealed that SOD2mRNA was diminished by TMEM97 loss and
increased by TMEMZ97 overexpression (Fig. 6D), consistent with SODZ2being a NRF2 target
gene. Changes were insignificant or minor in NRF2and POLDIPZ2 mRNA levels, suggesting
that TMEMB97 ablation mainly affected their protein levels rather than mRNA expression.

3.5. TMEM97 KO affects mitochondrial and lysosomal stability

In addition to the impact on the SOD2, POLDIP2, and DRP1 proteins involved in
mitochondrial functions, the mitochondrial membrane potential (AYy) was lower in
TMEM97 KO (vsWT) cells, as revealed by JC-1 assay (Fig. 6E), in which a reduced

red- vs-green fluorescence intensity ratio reflects mitochondrial membrane depolarization
[27]. Moreover, TOMZ20 which, along with damaged mitochondria, is typically removed
through lysosome-mediated mitophagy [39], instead accumulated in KO cells (Fig.

6A/B), implicating lysosomal malfunction. Indeed, TMEMZ97 loss- and gain-of-function,
respectively, reduced and increased ATP6VOD1 (Fig. 7A), which is a subunit key to

the proton pump activity of v(vacuolar)-ATPase, the multi-subunit complex enabling
lysosomal acidification and hence proteolytic function [40]. Consistently, lysosomal
protease cathepsin-D was markedly lower, and the lysosome-mediated turnover of LC3lI
and p62 (markers of autophagosome cargo) was impaired in KO compared with WT

cells (Fig. 7B). Moreover, TMEM97 KO ARPE19 cells showed evidence of compromised
lysosomal function under NalO3 treatment, as measured by the pHIuorin-mKate2-hL.C3
reporter vector [28] (Fig. 7C, Fig. S4). A recent study reported that dysfunctional lysosomes
in normoxic conditions raised levels of the HIF1a protein, the master hypoxia response
factor [40]. Interestingly, we also observed elevated HIF1a protein (but not mRNA) in
NalOs-treated TMEM97 KO cells compared to WT cells (Fig. 7D), in line with lysosomal
dysfunction. On the other hand, the total mass of lysosomes was unaltered, as indicated by
no change in LAMP1 and LAMP?2 levels (Fig. S5).

4. Discussion

The major finding of this study is that TMEM97 ablation aggravates oxidant-induced retinal
degeneration. Specifically, in TMEM97 KO vs WT mice, retinal ROS and photoreceptor
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loss were both heightened under NalOs-induced oxidative stress. Consistently, in oxidant-
stressed ARPE19 cells, TMEM97 KO increased ROS levels and promoted an RPE
degenerative phenotype. Further analyses revealed that TMEM97 KO not only reduced the
antioxidant master transcription factor NRF2 but also disturbed mitochondria, lysosomes,
and autophagy flux - all subcellular systems important for redox homeostasis [1,23]. These
results together suggest that TMEMZ9Y7 is a previously uncharacterized multifunctional
modulator of redox balancing processes.

To the best of our knowledge, this is the first report of TMEMZ97 countering oxidant-induced
retinal degeneration. Our finding is pathophysiologically relevant. First, using different
methods, we detected an abundance of TMEMO97 protein in both mouse and human RPE.
Second, our finding was based on a well-characterized /n vivo oxidative stress model,
whereby NalO3 induces retinal degeneration by initially damaging the RPE [19-21]. Third,
the NalO3 dose we used was well within the range that does not cause systemic toxicity in
pharmacokinetics studies in mice [41]. Moreover, echoing our finding, recent GWAS and
TWAS studies discovered several putative new risk loci associated with AMD, including
TMEM97, implicating its potential importance in the retina and RPE [5,6,30]. Without
follow-up functional studies available, it is unclear whether the TMEM97 variant could truly
impact retinal degeneration, and it remains an interesting question whether the TMEM97
SNP (rs11080055) [5] could have a similar functional impact in the RPE as the TMEM97
KO observed here. Taken together, our study suggests that TMEM97 could play an
important role in the RPE by mitigating oxidative damage, although a definitive elucidation
of this role will require future studies using, for example, RPE-specific TMEM97 KO mice.
Nevertheless, we observed marked damage in the RPE layer following oxidant treatment

of TMEM97 KO mice. In addition, we found dramatic increases of ROS and degenerative
phenotype markers in KO (vsWT) ARPE19 cells under NalO3 treatment. These results
offer /n vitro evidence of RPE-specific TMEM97 function against oxidative damage. In
accordance with our finding of an antioxidant function of TMEM97, the Bowen lab showed
that a S2R agonist reduced ROS, albeit in a different context using a cancer cell line [42].
Much research is needed to reconcile sometimes contradicting results from pharmacologic
and genetic studies, especially considering recently revealed TMEM97-independent S2R
ligand activities [18].

NRF2 is a master transcription factor that governs an antioxidant response system comprised
of around one hundred genes [43]. In this light, our novel finding of TMEMO97 regulation of
NRF2 protein levels is significant. Cytosolic NRF2 is bound with KEAP1 which promotes
NRF2 ubiquitination [1]. NRF2 is constantly degraded due to this association until disrupted
by ROS oxidation of KEAPL. Since ROS as a signal elevate NRF2, down-regulation of
NRF2 in TMEM97 KO cells observed herein does not appear to be a secondary event

of KO-caused ROS surge. In fact, in the presence of an ROS quencher (NAC), NRF2

still decreased in KO (vs WT) cells. Binding of KEAP1 by other proteins such as p62
(SQSTML), a key factor in autophagy flux, can also stabilize NRF2 [1]. This may not
account for the impact of TMEM97 KO on NRF2 either, since no significant change in

p62 occurred in KO vs WT cells. Interestingly, the Smith group reported an important role
of S1R in regulating NRF2 [43]. However, caution should be taken in correlating results
derived from S1R and TMEM97(S2R), as these two differ not only in their coding genes but

Cell Signal. Author manuscript; available in PMC 2022 February 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shen et al.

Page 11

also functions [44,45]. Since our data showed that TMEM97 ablation led to reduced NRF2
protein but not mMRNA, the next logic step would be to explore whether NRF2 ubiquitination
and proteasomal degradation account for the observed NRF2 protein level change. Thus,

the TMEMZ97 molecular action underlying its regulation of NRF2 stability represents an
intriguing research direction that warrants further investigation.

Beyond the regulation of NRF2, the negative impact of TMEM97 KO on organelle

stability is another new finding. While metabolically active mitochondria maintain cellular
bioenergetics, lysosomes recycle cellular wastes [39]. Dysfunction of these organelles,
which culminates in dysregulated autophagy flux, heightens oxidative stress [23]. In fact,
these endogenous redox-balancing systems, namely, NRF2, mitochondria, lysosomes, and
autophagy, constitute a network viatheir interplay [46], as also implicated in our results. For
instance, the mitochondrion-residing superoxide dismutase (SOD2) is encoded by NRF2's
target gene. Indeed, the changes of SOD2 protein (and also mMRNA) levels mirrored that

of NRF2 protein in response to oxidant treatment and/or TMEM97 KO. POLDIP2 is

a recently identified redox regulator found in mitochondria as well [38]. The POLDIP2/
NOX4 axis was reported to elicit oxidative mitochondrial damage [47]. The portions of
damaged mitochondria are typically removed through DRP1-assisted fission and mitophagy
directed to recycling in lysosomes. Consistently, DRP1 which can augment mitochondrial
dysfunction [36], was herein found upregulated due to TMEM97 KO, a change opposite to
that of NRF2. This result concurs with a recent report of a novel regulation whereby NRF2
promotes DRP1 degradation [48]. Though traditionally viewed as merely a “garbage bag”,
the lysosome is increasingly recognized as a signaling hub [40,49]. Moreover, dysfunctional
lysosomes leak ROS into the cytosol [49]. Interestingly, a very recent study found that
lysosomal dysfunction due to v-ATPase instability manifested aberrant normoxic increase
of HIF1a protein, the master hypoxic response factor [40]. Herein we also observed

a significant increase of HIF1a under non-hypoxic conditions in oxidatively stressed
TMEM97 KO cells vs WT controls. Moreover, it is known that heightened HIF1a activity
inhibits mitochondrial function, hereby linking dysfunctional lysosomes to mitochondrial
dysregulation [40]. Importantly, suggestive of lysosomal dysfunction, TMEM97 KO reduced
levels of ATP6VOD1, a key subunit in the v-ATPase assembly. Destabilized v-ATPase

is known to jeopardize lysosomal protease stability [40], as also exemplified by our
observation of decreased cathepsin-D in TMEM97 KO vs WT cells. Reduced lysosomal
proteolytic capacity inevitably impairs autophagic cargo digestion [50]. Indeed, we observed
impeded turnover of LC3I1 and p62 as well as TOM20 (a marker of mitophagy cargo) due
to TMEMO97 KO. Taken together, TMEM97 appears to play an important role in regulating
not only NRF2 stability but also organelle homeostasis in oxidatively stressed ARPE19
cells. The molecular details of these regulations await future elucidation (see a hypothetical
working model in Fig. 8). Nonetheless, the functional importance of TMEM97 that
manifests under oxidative stress could be rationalized by its broad subcellular distribution
(and redistribution) in the endoplasmic reticulum, lysosome, and plasma membranes [7].

5. Conclusion

TMEMO97 ablation exacerbates retinal degeneration in an oxidant-induced mouse model, and
complementary in vitro results suggest that TMEM97 regulates NRF2 as well as organelle
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stability in oxidatively stressed ARPE19 cells. Further studies may help evaluate TMEM97
as a potential interventional target against retinal degeneration or beyond, especially in view
of recent advances in clinical trials of S2R ligands for Alzheimer's, Schizophrenia, and
COVID-19 [13,15,51].
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Fig. 1. Detection of TMEM 97 in human and mouse RPE and neural retina tissues.
A. Immunostaining of TMEM97 on human retinal sections. To minimize the interference

of the pigmented background (see the brownish color in the RPE layer of H& £

stained section), the pigments were bleached, and immunohistochemistry rather than
immunofluorescence (autofluorescence is high) was performed using an alkaline
phosphatase-conjugated secondary antibody. RPE: retinal pigment epithelium. OS/IS:
Photoreceptor outer and inner segments. ONL/INL: Outer and inner nuclear layer. GCL:
Ganglion cell layer.

B. Photoaffinity labeling of mouse TMEM97(S2R). Neural retinal tissues and RPE cells
were isolated as described in Methods. DTG is a ligand selective for both sigma-1 receptor
(S1R) and S2R (TMEM97) with equal affinity. Thus, photolabeling blockage (bands
disappearing) by DTG as a competitor of the radiolabeled photoaffinity ligand indicates
photolabeling specificity for TMEM97 and S1R.
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Fig. 2. Exacerbated retinal degeneration in TMEM97 KO mice.
A. Exacerbated photoreceptor loss in KO vs WT retinas (SD-OCT imaging). Live animal

imaging was performed on PBS control mice and NalOs-treated mice on day 3 post
injection. Retinal (ONL) thickness was measured with the Bioptigen InVivoVue Diver
software using manual marker placement and auto-segmentation where applicable (non-
damaged retina). WT NalO3 41.68 + 3.86 um vs TMEM97 KO NalOs3: 20.49 £ 2.12 um, n
=4, Students #test: p=0.0002. RPE: retinal pigment epithelium. BM: Bruch's membrane.
OS/IS: Photoreceptor outer and inner segments. ELM: external limiting membrane. ONL/
INL: Outer and inner nuclear layer. GCL: Ganglion cell layer.

B. Exacerbated photoreceptor loss in KO vs WT retinas (histology). Eyeballs were collected
at post-injection day 3 and fixed retinal sections were H&E stained. Red arrow marks

the RPE layer. Yellow arrow points to intraretinal RPE migration. Scale bar: 50 um.
Quantification: Mean £ SEM, 1= 6 mice; one-way ANOVA followed by Bonferroni test:
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**pP<0.01. n.s., no significance. Note: A and B are separate experiments performed 6
months apart.

C. Increased ROS in KO vsWT retinas. TMEM97 KO and WT littermate mice received
PBS or 30 mg/kg NalOg through tail-vein injection, and non-fixed retinal cryosections from
eyeballs collected at post-injection day 3 were used for ROS staining with H,DCFDA.
Shown for each condition are representative images from two animals. Scale bar: 50 um.
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Fig. 3. Effect of TMEM 97 KO on the expression of anti-oxidant enzymesin the RPE.
TMEM97 KO and WT littermate mice received PBS or 30 mg/kg NalO3 viatail-vein

injection. The animals were euthanized at day 3 post-injection. The enucleated eye was
dissected and the retina was carefully peeled off to avoid contamination with RPE. After
gentle trituration with PBS in the eyecup, the RPE was collected. The retina and RPE tissue
homogenates were used for total RNA extraction. gRT-PCR analysis: Data was normalized
to Gapdh using the delta-delta Ct method. Mean + SEM, n= 7-8 mice as indicated by the
data points in the scatter plots. Statistics: One-way ANOVA followed by Bonferroni test: *P
< 0.05. Non-significant comparison is not labeled. Note: This is an /7 vivo NalO3 treatment
experiment separate from those in other figures.
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Fig. 4. Inhibition of TMEM 97 KO-induced retinal degeneration by the anti-oxidant NAC.
A. Representative stained retinal cross-sections. TMEM97 KO and WT littermate mice

received PBS or 30 mg/kg NalO3 viatail-vein injection. NAC was injected i.p. (200 mg/kg)
every day for 3 days following NalOg injection. Mouse eyes were collected at post-injection
day 3 and fixed retinal sections were H&E stained. ONL: Outer nuclear layer. Scale bar: 50

um.

B. Data quantification. Mean =+ SEM; 1= 4 mice as shown by the data points in the scatter
plot; one-way ANOVA followed by Bonferroni test: *P < 0.05; n.s., no significance. Note:
This and that in Fig. 2 are separate experiments performed in two different years.
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Fig. 5. Increased cellular ROS and degener ative phenotype markersin oxidatively challenged

TMEM97 KO (vsWT) ARPE19 célls.

ARPE19 cells were cultured in DMEM/F12 (10% FBS) until >80% confluency. Cells were
treated with PBS (control) or 5 mM NalOg for indicated hours. At the end of treatment, the
culture was changed to normal medium (NalO3-free), the fluorescent dye HoDCFDA was
then added to visualize intracellular ROS; otherwise cells were harvested for various assays.
A. ROS upsurge in TMEM97 KO (vsWT) cells. The time course of increasing ROS in
ARPE19 cells during NalO3 treatment was illuminated by staining with HoDCFDA. Since
the green fluorescence tended to be too strong, differential intensity (KO vs WT) was
detected at Ex/m of 520/605 nm (red) for earlier time points and at 485/528 nm (green) at
the 24 h time point. The PBS control is labeled as 0 h treatment. Scale bar: 50 um

B. Western blot analysis for the impact of TMEM97 loss-of-function. NalO3 treatment: 5

mM for 24 h. NFxB: p65.
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C. Western blot analysis for the impact of TMEMO97 gain-of-function. EV: empty vector;
OE: overexpression. NalOg treatment: 5 mM for 24 h. NFxB: p65. Quantification for B
and C: Mean £ SEM, n= 3 independent repeat experiments. Statistics: One-way ANOVA
followed by Bonferroni test: *~< 0.05, **P< 0.01, ***P< 0.001, KO vs WT or OE vsEV
(a pair of red bars). Non-significant comparisons are not labeled.
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Fig. 6. Reduced NRF2 protein and altered mitochondria-residing (or associated) proteinsin

oxidatively challenged TMEM97 KO (vsWT) ARPE19 cells.

Prior to cell harvest for various assays, ARPE19 cells were treated with PBS or 5 mM
NalO3 for 24 h, as described for Fig. 5. We chose to use the NalO3 condition of 5 mM/24 h
in the remainder experiments of this study because it was sufficient to activate the apoptotic
program yet without causing severe cell death so that various intracellular events could still

be detected.
A. Representative Western blots.

B. Quantification for A: Mean + SEM, n= 6 (for NRF2) and n7= 3 independent repeat

experiments (for other 3 proteins). Statistics: ANOVA followed by Bonferroni test: *P <

0.05, **P<0.01, ***P< 0.001, KO vs WT. r.u., relative unit.

C. Lack of NAC effect on TMEM97 KO-induced NRF2 protein down-regulation. NAC
was added together with NalO3. Quantification: Mean £ SEM, n = 3 independent repeat
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experiments (different time than that in A/B). Statistics: ANOVA followed by Bonferroni
test: ***P < 0.001 (KO vsWT).

D. qRT-PCR analysis. EV: empty vector; OE: overexpression. Quantification: Mean = SD, n
= triplicates. Statistics: ANOVA followed by Bonferroni test: *£< 0.05, **P< 0.01, ***P <
0.001, KO vsWT or OE vsEV. n.s., not significant. Shown in each plot is one of two similar
experiments. Note: Among the three TMEM97 KO single clones, #1 was used for the rest of
this study.

E. Mitochondrial membrane potential (AY ). Assay was performed using the JC-1 kit (3 h
NalO3 treatment). Quantification: Mean = SD, n = triplicates. Statistics: ANOVA followed
by Bonferroni test: ***P< 0.001 (KO vsWT).
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Fig. 7. Altered protein levelsor turnover suggestive of compromised lysosomal function in
oxidatively challenged TMEM97 KO (vsWT) ARPE19 cells.

Prior to cell harvest for various assays, ARPE19 cells were treated with PBS or 5 mM
NalO3 for 24 h, as described for Fig. 5.
A. Time course of NalO3 treatment showing reduced ATP6V0D1 and cathepsin-D due to

TMEM97 KO. NRF2 and PARP1 were also determined as positive controls for the impact of

TMEM97 KO (as seen in Figs. 5 and 6).

B. Autophagosome cargo protein turnover. Cells were treated with PBS or NalOs,

in the presence of vehicle (DMSO) or 10 pM 3-Methyladenine (3-MA, inhibitor of
autophagosome biogenesis) or 50 nM bafilomycin-A (Baf-A, inhibitor of lysosomal
function such as autophagosome-lysosome fusion). In the process of autophagic flux,

LC3II and p62(SQSTM1) are transported to lysosomes v7a autophagosome-lysosome fusion

and thereby degraded. Bafilomycin-A (Baf-A) blocks this lysosomal function. Thus, the
difference or delta of the protein levels of p62 (or LC3II) with and without Baf-A measures
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its turnover or autophagy flux. Note: 3-MA, blocker of autophagosome biogenesis, likely
caused severe cell death (see beta-actin bands disappearing).

C. Analysis of autophagosome-lysosome fusion under oxidative stress of NalOs.
Autophagosomes are indicated by pHIuorin (GFP variant)-mKate2 (red) in tandem with
LC3 (transfected into ARPE19 cells), which appeared as yellow puncta when not located in
lysosomes; green (pHluorin) should be quenched inside lysosomes due to their lower pH,
causing loss of green fluorescence. More red puncta (e.g. marked by white arrows) in KO
vs WT cells suggest that autophagosome-lysosome fusion still occurred and that cargo has
accumulated in lysosomes. Scale bar: 20 pm.

D. Increase of HIF1a protein (but not mMRNA) in TMEM97 KO vs WT ARPE19 cells.
Quantification of Western blots (for B and D): Mean = SEM, n = 3 independent repeat
experiments. Quantification for gRT-PCR: Mean + SD, n = triplicate. Statistics: ANOVA
followed by Bonferroni test: *~< 0.05, **£< 0.01, KO vs WT.
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Fig. 8. Schematic working model.
The schematic hypothesis is based on the results from this study and also literature evidence.

KO-induced changes (compared to WT) were observed in this study, including that in NRF2,
HIFla, SOD2, POLDIP2, TOM20, DRP1, ATP6VO0D1, cathepsin-D protein levels, and p62/
LC3II turnover rate; increase of HIF1a due to lysosomal dysfunction and its contribution

to mitochondrial dysregulation (dashed arrows) are evidenced in the literature (cited in
Discussion).
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