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Abstract

Age-related macular degeneration (AMD) is a blinding disease characterised by dysfunction of
the retinal pigmented epithelium (RPE) which culminates in disruption or loss of the neurosensory
retina. Genome-wide association studies have identified >65 genetic risk factors for AMD,
including the TMEM97 locus. TMEM97 encodes the Sigma-2 receptor which is involved in
apoptosis and cytotoxicity across a range of neurodegenerative diseases. However, the
expression pattern of TMEM97 in the human retina and its functional role in retinal cells has

remained elusive. Here we utilised CRISPR interference (CRISPRI) to investigate the functional
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role of TMEM97 in the retina. Transcriptome analysis of all major cell types within the human
retina showed that TMEM97 is expressed in the RPE, retinal ganglion cells (RGCs) and amacrine
cells. Using CRISPRI, we performed loss-of-function study of TMEM97 in the human RPE cell
line, ARPE19. We generated a stable ARPE19 cell line expressing dCas9-KRAB which facilitated
knockdown of TMEM97 using specific sgRNAs. Our results show that knockdown of TMEM97 in
ARPEL9 exerts a protective effect against oxidative stress-induced cell death. This work provides
the first functional study of TMEM97 in RPE and supports the role of TMEM97 in AMD
pathobiology. Our study highlights the potential for using CRISPRI to study AMD genetics, and
the CRISPRI cell line generated here provided an useful in vitro tool for functional studies of other

AMD-associated genes.

Introduction

Age-related macular degeneration (AMD) is one of the leading causes of blindness in the western
world with a prevalence of ~8.7% and projected to cause vision loss in 288 millions people
worldwide by 2040 [1]. AMD is characterised by abnormalities of retinal pigment epithelium (RPE)
at the macula region, leading to degeneration of the overlying photoreceptors and subsequently
progressive loss of vision. Genetic and epidemiologic studies have greatly advanced our
understanding of AMD pathology. Genome-wide association studies (GWAS) have successfully
identified loci associated with genetic variants implicated with AMD risk and traits, with over 40
genetic variants being identified to be associated with AMD [2—6]. Of which, APOE, CFH and

ARMS2/HTRAL are among the first identified loci to confer risk of developing AMD.

The TMEM97/VTN locus has been identified to infer significant risks of developing advanced AMD
[2]. Five genes are present within the locus, including TMEM97, VTN, POLDIP2, SLC13A2 and
TMEM199. In particular, TMEM97 was recently identified to encode for the Sigma-2 receptor [7].

The Sigma-2 receptor plays a key role in mediating Ca+ and K+ signaling cascades in the
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endoplasmic reticulum and has been implicated in cancer development and a range of
neurological degenerative diseases [8]. Activation of Sigma-2 receptor signaling has been shown
to induce apoptosis and cytotoxicity [9]. Significant progress has been made to treat
neurodegenerative diseases using Sigma-2 receptor inhibitors, including clinical trials in
Alzheimer’s disease [10] and schizophrenia [11]. However, the expression pattern of TMEM97 in
different cell types within the human retina is not well studied. In addition, the functional role of

TMEMB9Y7 in the retina and its role in AMD remains unclear.

The emergence of CRISPR technology provides an efficient toolset for gene editing in the retina
[12]. Moreover, recent development has highlighted the use of a nuclease-null Cas9 coupled with
transcriptional repressors to modulate endogenous gene expression levels, termed CRISPR
interference (CRISPRI), which offers a robust system to study gene function [13]. This study
describes the use of CRISPRI for loss-of-function study for TMEM97. Using transcriptome
analysis, we showed that TMEM97 is expressed in multiple human retinal cell types, including
RPE. We report the generation of a human RPE cell line, ARPE19, that stably expresses CRISPRi
components (dCas9-KRAB). Using this CRISPRI system, we showed that knockdown of TMEM97
exerts a protective effect on ARPE19 against oxidative stresses. Our results support a functional
role of TMEM97 in RPE degeneration, indicating that TMEM97 could be a potential therapeutic

target to treat AMD.

Methods

Donor retina collection
Collection of patient samples was approved by the Human Research Ethics committee of the
Royal Victorian Eye and Ear Hospital (HREC13/1151H) and carried out in accordance with the

approved guidelines. Post-mortem eye globes were collected by the Lions Eye Donation Service
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(Royal Victorian Eye and Ear Hospital) for donor cornea transplantation. The remaining eye

globes were used to dissect the RPE/choroid layers for this study.

Transcriptome analysis using RNAseq

Total RNA was extracted using the RNeasy kit and treated with DNase 1(Qiagen). Three donor
samples of human RPE/choroid were processed for RNAseq. Transcriptome libraries and rRNA
depletion were performed by the Australian Genome Research Facility. Samples were processed
for 100bp single-end sequencing using an Illlumina Novaseq 6000. Transcript level quantification

was performed using Salmon to obtain gene-level counts [14].

Cell culture

HEK293A cells were cultured in DMEM (Thermo Fisher, #11995-073), 10% [v/v] Fetal Bovine
Serum (FBS), 1X GlutaMAX and 0.5% Penicillin/Streptomycin (all from Thermo Fisher). ARPE19
cells were cultured in DMEM/F12 (Gibco, #11320033;) supplemented with 10% FBS (Gibco,
#10099141;) and 1% penicillin/streptomycin (Gibco, #15140122). All cells were grown at 37°C

and 5% CO2 and passaged using 0.25% Trypsin-EDTA.

Lentivirus generation

7x108 HEK293FT cells were plated in a 10 cm dish one day prior transfection, and cultured with
lentivirus packaging medium (Opti-MEM supplemented with 5% FBS and 200 pM Sodium
pyruvate, all from Thermo Fisher). The lentivirus were generated by co-transfecting the dCas9-
KRAB plasmid (gifts from Kristen Brennand; Addgene, #99372) with the three 3" generation
packaging vectors pMDLg/pRRE (Addgene, #12251), pRSV-Rev (Addgene, #12253) pMD2.G
(Addgene, #12259), using Lipofectamine 3000 (Thermo Fisher). The medium with lipofectamine

3000 was replaced with fresh media 6 hours after transfection. Afterwards, the crude virus was
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collected at 48 and 72 hours after transfection. The collected virus was filtered (0.45 um filter,
Sartorius) and concentrated using PEG-it overnight at 4°C (SBI Integrated Sciences) and

resuspended in cold PBS.

Puromycin dosage study

To determine the minimum concentration of puromycin required to select for ARPE19 cells
transduced with lentiviruses, we treated ARPE19 cells with increasing concentrations of
puromycin (250ng/ml, 500ng/ml, 1000ng/ml, 2000ng/ml). After 48 hours of treatment, we
determined the lowest concentration of puromycin that was able to Kill all ARPE19 cells and this

dosage and duration was used for selection of the ARPE19-KRAB cell line.

CRISPR interference (CRISPRI)

SpCas9 sgRNA expression cassettes containing a U6 promoter, SgRNA and sgRNA scaffold are
synthesized, amplified and purified as previously described [15]. On Day 0, 6 x 10* HEK293A
cells or 1 x 10° ARPE19-KRAB cells were plated down in a well on a 12-well plate. On day 1, the
cells were transfected with 360ng sgRNA expression cassette and 800ng dCas9-KRAB, using
Lipofectamine 3000 for HEK293A or RNAimax for ARPE19-KRAB. Mock control (no DNA
transfected) was utilised as a negative control in every individual experiment. On day 4, the

samples were processed for RNA extraction for gPCR analysis to assess gene expression levels.

gPCR analysis

Total RNA were extracted using the lllustra RNAspin kit and treated with DNase 1 (GE
Healthcare). cDNA synthesis and tagman qPCR were performed as previously described [16],

using the following tagman probes for TMEM97 (Hs00299877_m1) and the housekeeping gene
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B-actin (Hs99999903 m1l). The tagman assay was performed in a ABI 7500 or StepOne plus

(Thermo Fisher).

Immunocytochemistry

Standard immunocytochemistry procedures were carried out as we previously described [17].
Briefly, samples were fixed in 4% paraformaldehyde, followed by blocking with 10% serum
(Sigma) and permeabilization with 0.1% Triton X-100 (Sigma). The samples were then
immunostained with antibodies against Cas9 (Cell Signaling, #14697), Alexa Fluor 488 secondary
antibodies (Abcam), and nuclear counterstain with DAPI (Sigma). Samples were imaged using a

Zeiss Axio Vert.Al fluorescent microscope.

Cell viability assay

Cell viability assay was performed using a CellTiter-Glo® Luminescent Cell Viability Assay
(Promega, G9241;) following the manufacturer's instructions. Briefly, 4x10* cellsl were seeded in
a well of a 96-well plate on Day 0, followed by CRISPRi on Day 1. For some conditions, the cells
were treated with 100uM tert-Butyl Hydroperoxide (tBHP) on Day 3. On Day 4, old media was
replaced with 25ul fresh media in each well, followed by adding 25ul CellTiter-Glo® Reagent
before incubating at room temperature for 10 minutes to initiate a luminescent reaction. 40l of
cell lysate from each well was loaded to an opaque white luminometer plate to measure

luminescence using a Spark 20M microplate reader (Tecan).

Short tandem repeat analysis

Genomic DNA of ARPE19 and ARPE19-KRAB were extracted using the Wizard SV Genomic
DNA Purification kit (Promega), following manufacturer’s instructions. Short tandem repeat
analysis is performed using the GenePrint 10 system (Promega) by the Australian Genome

Research Facility.
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Statistical analysis
Statistical analysis is performed on biological repeats using paired t-test or one-way ANOVA

with Tukey’s test (Graphpad Prism). p < 0.05 was used to establish statistical significance.

Results

Gene expression of TMEM97/VTN locus in human retina

First we set out to study the expression of genes in the TMEM97/VTN locus in the human retina.
We performed in silico analysis using single cell RNA-seq data we previously reported for adult
human neural retina [18]. Our results revealed that the retinal ganglion cells have strong
expression of TMEM97, POLDIP2 and to a lesser degree of TMEM199 (Figure 1A). Interestingly,
POLDIP2 was also detected in low levels in a number of cell types, including amacrine cells and
bipolar cells, Miller glia and cone photoreceptors. On the other hand, VTN and SLC13A2 were

mainly expressed in the cone photoreceptors (Figure 1A).

To further determine the expression of TMEM97/VTN locus genes in RPE, we performed RNAseq
in 3 human RPE samples (Figure 1B). The donor information is listed in Supplementary table 1.
To avoid potential post-mortem effects, we selected donor RPE samples with a short retrieval
time (4-6 hours). Our results showed that RPE express detectable levels of TMEM97 (447+35
TPM), VTN (590 + 155 TPM), POLDIP2 (2440 + 16 TPM) and TMEM199 (863 + 154 TPM).
However, SLC13A2 expression is extremely low in RPE (7 £ 5 TPM). Together, these results
showed that most of the genes in TMEM97/VTN locus are expressed in both human neural retina
and RPE. Next, we selected TMEM97 as a candidate to perform further loss-of-function study in

a human RPE cell line, ARPE19.
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Using CRISPRI to knockdown expression of TMEM97

To induce knockdown of TMEM97 expression, we utilised the dCas9-KRAB system [19]. We
designed 3 sgRNAs that target the proximity of the transcription start site (TSS) of TMEM97 gene
(Figure 2A). However, different databases (e.g. Refseq, UCSC, GENCODE) could annotate the
TSS in different locations. A previous study by Radzisheuskaya et al. showed that sgRNAs
designed using TSS annotated by the FANTOM/CAGE promoter dataset are the most reliable
compared to other databases [20]. To test the positional effect of sgRNA target in CRISPRI, we
designed a sgRNA using TSS defined by Ensembl (sgRNA 1), and 2 sgRNAs using TSS defined
by the FANTOM/CAGE promoter dataset (SgRNA 2 and 3; Supplementary table 2).

To test the sgRNA, we utilised an sgRNA expression cassette system synthesized as short 500-
bp oligonucleotides [15]. We first evaluated the effect of the 3 sgRNA in modulating TMEM97
expression in HEK293A cells. .qPCR analysis showed that sgRNA 1 did not induce knockdown
of TMEM97 levels, while sgRNA 2 and 3 induced ~35% and ~15% knockdown respectively
(Figure 2B, n=3). In addition, our results also showed that various doses of sgRNA did not have
a significant effect on the knockdown levels of TMEM97 (Supplementary figure 1). Thus, we

utilised sgRNA 2 for further experiments to knockdown TMEM97 expression.

Generation of a stable ARPE19 cell line for CRISPRI

To facilitate the use of CRISPRI in retinal research, we generated a human RPE cell line that
stably expresses dCas9-KRAB. ARPE19 cells were transduced with Ientiviruses that
constitutively express dCas9-KRAB under the EF1a promoter. The transduced ARPE19 cells
were selected using 2ug/ml puromycin, as determined by an puromycin dosage study
(Supplementary Figure 2). Following puromycin selection, the transduced ARPE19 cells
(ARPE19-KRAB) were further validated for expression of dCas9-KRAB. Our results showed that
ARPE19-KRAB expressed the KRAB component using RT-PCR analysis (Figure 3A).

Furthermore, immunocytochemistry analysis showed that ARPE19-KRAB expressed detectable
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levels of SpCas9 protein (Figure 3B). Also, we performed short tandem repeat analysis and
confirmed that ARPE19-KRAB originated from the parental ARPE19 cell line (Figure 3C).

Together these results confirmed the successful generation of ARPE19-KRAB.

Next, we transfected sgRNA into ARPE19-KRAB using RNAimax to knockdown TMEM97
expression. gPCR analysis showed that we could consistently achieve ~53% knockdown of
TMEM97 in ARPE19-KRAB using CRISPRI (Figure 3D, n=3). Notably, we observed that CRISPRi
using a stable ARPE19 cell line expressing KRAB, achieved better knockdown efficiency
compared to transfection in HEK293 cells. We have also tested transfection using Fugene HD,
which showed a similar efficiency of TMEM97 knockdown in ARPE19-KRAB (data not shown).
These results showed that we have generated a robust in vitro system to perform loss-of-function

study for TMEM97 in human RPE cells.

Loss of function study of TMEM97 in ARPE19 cells using CRISPRI

Using the ARPE19-KRAB system, we assessed if loss of TMEM97 would affect cell viability of
ARPE19. Our results demonstrated that CRISPRi-mediated knockdown of TMEM97 did not affect
cell viability of ARPE19 cells (Figure 4), suggesting that TMEM97 might not be critical in
maintaining RPE cell viability under normal conditions. Given that oxidative stresses play a key
role in RPE degeneration in AMD [21], we further treated ARPE19-KRAB with tert-Butyl
hydroperoxide (tBHP) as an oxidative stress to better mimic RPE under AMD conditions. Cell
viability assay showed that tBHP treatment resulted in dramatic cell death in ARPE19-KRAB (0.33
+ 0.02 fold compared to control, Figure 4). Interestingly, TMEM97 knockdown resulted in an
significant increase of resistance to tBHP-induced cell death (0.66 + 0.097 fold compared to
control). Together, these results showed a novel role of TMEM97 in regulating the viability of RPE
and demonstrated the potential of using CRISPRI for functional studies of AMD-associated genes

in RPE cells.
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Discussion

Advances in next generation sequencing have enabled the identification of genes associated with
AMD, including the TMEM97 loci [2]. However, we lack detailed knowledge of how AMD-
associated genes impact specific retinal cell types in humans. In particular, the expression pattern
and the function of TMEM97 in specific retinal cells in humans remains unclear. Using
transcriptome analysis of healthy human retina, our study showed that TMEM97 is expressed in
human RPE/choroid, as well as the RGC. Our data also revealed that other genes within the
TMEM97 loci are expressed in the RPE or the photoreceptors: VTN is expressed in both
photoreceptors and RPE/choroid, SLC13A2 is expressed in photoreceptors, POLDIP2 and
TMEM199 are mainly expressed in RPE/choroid. These results support that the TMEM97 loci

genes may contribute to AMD development by acting on different retinal cell types.

Functional validation of putative causal genes would foster a better understanding of AMD
etiology mechanisms, which is important to develop better diagnosis and treatment. However,
study of AMD-associated genes in the retina of model organisms is challenging: the lack of macula
in rodents represents a major limitation in modeling AMD, while primate studies are limited by the
high research cost and the requirement of specialised housing facilities [22]. In this study, we
present an in vitro human RPE model with CRISPRi to knockdown expression of TMEM97. We
were able to identify sgRNA for successful knockdown using gene annotation from the
FANTOM/CAGE study, which is consistent with a previous study [20]. Using this, we were able
to identify a sgRNA that targeted the immediate downstream region of the TSS to knockdown
expression of TMEM97. Moreover, we generated an ARPE19 cell line with constitutive expression
of dCas9-KRAB, which can be combined with a sgRNA expression cassette system [15] to enable

CRISPRi-mediated knockdown of gene expression. This provides an efficient tool to perform loss-
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of-function study for AMD-associated genes in human RPE, which would have implications in

understanding the genetic factors that contribute to AMD.

Using the CRISPRI system, we showed that knockdown of TMEM97 did not affect cell viability of
ARPE19 under normal physiological environment. On the other hand, in the presence of oxidative
stress, TMEM97 knockdown provided protective effects against cell death in ARPE19.
Accumulation of oxidative stress is known to play a key role in AMD pathogenesis and
progression, which can be caused by multiple risk factors including aging, light damage and
cigarette smoking [23]. Interestingly, a recent transcriptome-wide association study using data
from 27 human tissues predicted a higher expression level of TMEM97 in AMD cases compared
with controls [24]. This finding is consistent with our results that reduced levels of TMEM97 have
a protective effect on oxidative stress-induced cell death in RPE. Together, our results provide
the first evidence that TMEM97 plays an important role in cell survival of human RPE. Future
research beyond this study in primary human RPE or induced pluripotent stem cell-derived RPE
would confirm the role of TMEM97 in regulating cell survival. Also, further studies to assess the
functional role of TMEM97 in other retinal cells, such as photoreceptors, would be of high interest.
In addition, given the potential for CRISPRi for multiplexed gene silencing [25], it would be
interesting to knockdown TMEM97 together with other AMD-associated genes to determine if

these genes have synergistic contribution to retinal degeneration and pathogenesis of AMD.

TMEMB97 was recently identified as the Sigma 2 receptor. Previous studies in cancer cells showed
that a number of Sigma 2 receptor ligands induce apoptosis and cytotoxicity by generating
reactive oxygen species [8,26]. On the other hand, Sigma 2 receptor antagonists are shown to
provide a protective effect following traumatic brain injury [27]. Our study extended these findings
and showed that TMEM97 played a protective role in RPE against oxidative stresses, providing

a potential drug target to alleviate RPE degeneration in AMD. In particular, a Sigma 2 receptor
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antagonist CT1812 has demonstrated a safety profile in the clinic [10] and is currently being tested
as a treatment for Alzheimer’s disease in Phase Il trial (ClinicalTrials.gov: NCT03507790). Future
studies that evaluate the efficacy of Sigma 2 receptor antagonists in RPE could pave the way to

development of novel treatments to improve vision in patients with AMD.

In summary, this study presents an in vitro human RPE system with integrated CRISPRI that
allows gene silencing. We showed that this in vitro CRISPRi system can be used for loss-of-
function studies of AMD-associated genes and revealed a novel role of TMEM97 in regulating
human RPE viability against oxidative stresses, providing supporting evidence for its role in AMD

pathogenesis.
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Figure 1. Expression of AMD-associated genes in human retina. Expression levels of AMD-

associated genes in the TMEM97/VTN locus in A) human neural retina by single cell-RNAseq

(n=3 donors;[18]). PR: photoreceptors; MG: Miller glia; RGC; retinal ganglion cells; and B) human

RPE/choroid by RNAseq (n = 3 donors, error bars represent SEM).
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Figure 2: CRISPRi knockdown of TMEM97 expression. A) Schematic diagram of sgRNA target
areas near the transcription start site (TSS) of human TMEM97 gene. Green annotation marks
the TSS and exon 1 for TMEM97 as determined by Ensembl. Orange annotation represents the
TSS as determined by FANTOM CAGE data. B) qPCR analysis of CRISPRi knockdown of
TMEM97 expression in HEK293 using 3 different sgRNA. Results represented as the mean *

SEM of three biological repeats, each with three technical repeats. * indicates p<0.05.
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Figure 3: Generation of a stable CRISPRi human RPE cell line expressing dCas9-KRAB.
Characterization of ARPE19-KRAB cell line showing expression of A) KRAB by RT-PCR, and B)
SpCas9 by immunocytochemistry. C) Heatmap of short tandem repeat analysis of 10 polymorphic
markers. Allele 1 and 2 are designated as -1 and -2 respectively. D) gPCR analysis of TMEM97
knockdown using CRISPRIi in ARPE19-KRAB. Results are presented as the mean + SEM of three

biological repeats, each with three technical repeats. ** indicates p <0.01.
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Figure 4. TMEM97 knockdown exerts a protective effect on ARPE19 against oxidative
stresses. Cell viability analysis of ARPE19-KRAB following TMEM97 knockdown in the presence
or absence of tBHP. Results are presented as the mean = SEM of four biological repeats, each

with four to six technical repeats. * indicates p<0.05; *** indicates p<0.001.
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Supplementary figure 1: qPCR analysis of TMEM97 expression in ARPE19-KRAB transfected
with two different doses of sgRNA (180ng or 360ng sgRNA/well in a 12 well plate). Results are

presented as the mean = SEM of three technical repeats.
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Supplementary figure 2: Puromycin dosage study in ARPE19 cells. Representative pictures of

ARPE19 treated with various doses of puromycin treatment after 48 hours. Scale bar = 200um.
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Supplementary table 1: Details for donor RPE samples used for RNAseq

Retina  Donor Eye Age Sex  Retrieval Ocular history
ID bulb (yrs) time (hrs)
1 17-080 Right 77 F 4 hrs Healthy
2 17-172  Left 69 F 4 hrs Healthy
3 18-011  Left 71 M 6 hrs Bilateral intraocular

lens, exophthalmos
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Supplementary table 2: Information of sgRNAs used in this study. TSS distance is based on the

transcription start site defined by Ensembl. On-target score is based on [28].

Name TSS Strand Sequence PAM Design On-target

distance score

TMEM97 -91bp - GGCCGCCAGGAGCGCCGTGT GGG Ensembl 50.6

SgRNA 1

TMEM97 +105bp - ACCCGCTGATGTGAGAAGAG GGG FANTOM 65.9

SgRNA 2 CAGE

TMEM97 +56bp + AGGCGGCGACCGAGGCGCGT GGG FANTOM 56

SgRNA 3 CAGE
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