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Impaired cholesterol efflux in retinal pigment
epithelium of individuals
with juvenile macular degeneration
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Summary
Macular degeneration (MD) is characterized by the progressive deterioration of the macula and represents one of the most prevalent

causes of blindness worldwide. Abnormal intracellular accumulation of lipid droplets and pericellular deposits of lipid-rich material

in the retinal pigment epithelium (RPE) called drusen are clinical hallmarks of different forms of MD including Doyne honeycomb

retinal dystrophy (DHRD) and age-related MD (AMD). However, the appropriate molecular therapeutic target underlying these disorder

phenotypes remains elusive. Here, we address this knowledge gap by comparing the proteomic profiles of induced pluripotent stem cell

(iPSC)-derived RPEs (iRPE) from individuals with DHRD and their isogenic controls. Our analysis and follow-up studies elucidated the

mechanism of lipid accumulation in DHRD iRPE cells. Specifically, we detected significant downregulation of carboxylesterase 1 (CES1),

an enzyme that converts cholesteryl ester to free cholesterol, an indispensable process in cholesterol export. CES1 knockdown or over-

expression of EFEMP1R345W, a variant of EGF-containing fibulin extracellular matrix protein 1 that is associated with DHRD and atten-

uated cholesterol efflux and led to lipid droplet accumulation. In iRPE cells, we also found that EFEMP1R345W has a hyper-inhibitory

effect on epidermal growth factor receptor (EGFR) signaling when compared to EFEMP1WT and may suppress CES1 expression via the

downregulation of transcription factor SP1. Taken together, these results highlight the homeostatic role of cholesterol efflux in iRPE cells

and identify CES1 as a mediator of cholesterol efflux in MD.
Introduction

Macular degeneration (MD) is a heterogenous group of se-

vere neurodegenerative diseases characterized by retinal

pigment epithelium (RPE) dysfunction, leading to progres-

sive vision loss. Affecting more than 170 million individ-

uals, MD is a leading cause of visual disabilities worldwide.

Age is a risk factor for MD, and as the human lifespan in-

creases, age-related macular degeneration (AMD [MIM:

610698]) will be a growing public health concern. By

2040, more than 288 million people are expected to be

diagnosed with MD, outpacing all invasive cancers com-

bined and more than double the prevalence of Alzheimer

disease (MIM: 104300).1

Early stages of MD can be identified on fundus imaging

by the presence of yellow spots called drusen, which corre-

spond to deposits of excess lipids and proteins between the

basal lamina of the RPE and Bruch’s membrane.2–4 Drusen

are thought to cause vision loss through geographic atro-

phy and choroidal neovascularization. Studies exploring

the mechanism of deposit formation have suggested the

involvement of complement risk factors and the comple-

ment system.5–10 Nonetheless, efforts to further elucidate

the pathophysiology of disease and develop effective treat-

ment strategies have fallen short as the vast majority of
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these studies have focused primarily on AMD. While by

far the most prevalent and therefore devastating of all

the different forms of MD, AMD as a disease model for

MD is limited due to the variability in its genetic and envi-

ronmental causes.

In this study, we aim to overcome the long-standing

knowledge gap regarding drusen formation by focusing

on a form of MD with a monogenic etiology: Doyne hon-

eycomb retinal dystrophy (DHRD [MIM: 126600]). DHRD

is a rare inherited macular dystrophy that causes irrevers-

ible central vision loss later in life due to geographic atro-

phy and choroidal neovascularization.11 Like other forms

of MD, an early indication of DHRD is the development

of drusen, which pattern the fundus in a honeycomb-like

fashion. Although there is variability in disease progres-

sion,12 DHRD-affected individuals exhibit classical MD

findings of RPE hypertrophy and abnormal subretinal

fibrosis.

To date, the only identified causative gene for DHRD is

EFEMP1 (MIM: 601548),11 which encodes epidermal

growth factor (EGF)-containing fibulin-like extracellular

matrix protein 1, also known as fibulin-3 (F3). EFEMP1 is

one of eight glycoproteins in the fibulin family of extracel-

lular matrix (ECM) glycoproteins. All proteins in this fam-

ily contain a series of calcium-binding EGF domains
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followed by a C-terminal fibulin-type domain. These fibu-

lin proteins are secreted and integrated into the ECM,

where they play a critical role in basement membrane for-

mation.13 Strikingly, mutations in three of the eight fibulin

proteins—F3, F5, and F6—have been found or are sus-

pected to contribute to the development of AMD or related

retinal degeneration.14–18

DHRD is caused by a single heterozygous missense

mutation (p.Arg345Trp [c.1033C>T]) in EFEMP1. The

autosomal-dominant inheritance pattern suggests a toxic

gain-of-function mechanism. Previous studies have

generated different mouse models of DHRD with various

levels of success. Both Efemp1R345Wþ single dominant

mice and knockout mice expressing no Efemp1 have no

observable problems in the eye.19 On the other hand,

Efemp1R345W/R345W double dominant mice develop patho-

logical phenotypes in the retina including progressive

development of drusen and RPE atrophy but do not geno-

copy individuals with DHRD.20,21

Cell culture studies have highlighted that both AMD and

DHRD lead to significant EFEMP1 immunoreactivity

around the RPE in the presence of drusen.22,23 To account

for this observation, studies have suggested that the

p.Arg345Trp mutation prevents the proper folding and

secretion of the EFEMP1 protein, activating an unfolded

protein response (UPR) that triggers MD. Subsequent

studies have failed to validate this model, however, and

have alternatively attributed the retinal degeneration to

the complement pathway.24 As evident from this lack of

consensus, the question of how the p.Arg345Trp mutation

in EFEMP1 causes drusen formation in DHRD remains un-

answered; as such, further investigation of the role of

EFEMP1 in the retina is warranted.

In addition to EFEMP1R345W/R345W and EFEMP1�/�

mouse models, previous studies have also characterized

the EFEMP1 p.Arg345Trp variant by overexpressing

EFEMP1R345W in ARPE-19 cells, a human retinal pigment

epithelial cell line.25,26 These systems, however, are limited

in their capacity as disease models for DHRD as they are

not translatable to humans. At the same time, heterozy-

gous knock-in of the R345W EFEMP1 mutation in mice

results in insignificant phenotypes. To overcome these

problems, we used human induced pluripotent stem cells

(iPSC)-derived RPE (iRPE) cells to study the pathogenesis

of drusen formation in DHRD.
Material and methods

iPSC culture and the differentiation of iRPE
Fibroblasts from three white individuals with DHRD (aged 37, 47,

and 59 years) and three healthy donors (aged 14, 55, and 64 years)

were reprogrammed into iPSCs using the CytoTune-iPS 2.0 Sendai

Reprogramming Kit (Thermo Fisher Scientific). The generated

iPSCs were tested for their quality and pluripotency by stem cell

marker staining and karyotyping as previously described.27,28 All

iPSC lines were passaged every 3–6 days while being maintained

in mTeSR-1 medium (STEM CELL Technologies). The iPSC lines
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were then differentiated into RPE (iRPE) cells. To do this, they

were cultured in 6-well culture plates precoated with 1:50 diluted

matrigel (CORNING). For the first 2 weeks, the differentiation me-

dium consisted of DMEM (Thermo Fisher Scientific), 15% serum

replacement (Thermo Fisher Scientific), 2 mM glutamine (Thermo

Fisher Scientific), 50 U/mL penicillin/streptomycin (Thermo

Fisher Scientific), 1% non-essential amino acids (Thermo Fisher

Scientific), and 10 mM nicotinamide (Sigma-Aldrich). For the

following 2 weeks, the culture medium was supplemented with

100 ng/mL human Activin-A (PeproTech). Starting from week 5,

the Activin-A was removed. The pigmented flat clusters formed

in the plate were manually transferred to another matrigel-coated

dish for further expansion.
CRISPR-meditated gene correction for isogenic line
To correct the p.Arg345Trp mutation in iPSCs from individuals

with DHRD, cells were transfected by nucleofection using the P3

Primary Cell 4D-Nucleofector X Kit (Lonza) and the program

DS150, according to the manufacturer’s instructions. Briefly, a

20 mL electroporation solution was prepared for each reaction,

including 15.2 mL of the P3 nucleofector solution, 3.6 mL of the

supplement, and 1.2 mL of ribonucleoprotein mixture, which con-

sists of 1 mg Cas9 protein, 300 ng gRNA, and 200 pmol single-

stranded oligo donor (ssODN). iPSCs with 60%–70% confluency

were used for electroporation. Accutase (Stem Cell Technology)

was used to dissociate iPSCs from the plate. Approximately

2 3 105 cells were pelleted and mixed with the 20 mL electropora-

tion solution before being transferred into the cuvette. Nucleofec-

tion was conducted on an Amaxa Nucleofector 4D. After nucleo-

fection the cuvette, the cells were immediately transferred to

one 10 cm matrigel-coated Petri dish in mTeSR1 medium with

10 mM ROCK inhibitor (Selleck Chemical). Two days later, the

iPSC culture was subcultured again and split into several 10 cm

Petri dishes at a density of 200 cells/dish. After 1 week of culture,

iPSC colonies of appropriate size were manually picked and trans-

ferred into matrigel-coated 96-well plate for colonial expansion.

The cells in each well were sampled and extracted for genomic

DNA. ScrFI (New England Biolabs) was used to carry out restriction

fragment length polymorphism (RFLP) assay for the screening of

gene-corrected clones. The quality of iPSC lines after gene correc-

tion was confirmed by karyotyping and immunostaining

(Figure S1). Off-target site prediction was performed using Bench-

ling webtool, and potential off-target loci in the gene-corrected

clones were amplified by PCR and then analyzed by Sanger

sequencing (Table S1).
Retinal organoid differentiation
Human iPSCs lines were maintained on Matrigel (BD)-coated

plates in mTeSR medium (STEMCELL Technologies) and passaged

with ReleSR (STEMCELL Technologies). Retinal organoid differen-

tiation was carried out using the agarose microwell array seeding

and scraping (AMASS)method.29 In brief, iPSCs at 90% confluence

were detached with ReleSR (STEMCELL Technologies). After cell

counting, cells were seeded at 2,000 cells per microwell (each mi-

crowell array mold contains 81 microwells) and incubated with

(5)blebbistatin in mTeSR medium overnight and subsequently

transitioned from mTeSR to Neural Induction Medium 1 (NIM)-1

over the next 3 days to form embryoid bodies (EBs). On differen-

tiation day (DD)7 EBs were transferred to Matrigel-coated wells

till DD28, with a transition from NIM-1 to NIM-2 medium at

DD16. Using the checkerboard-scrapping method, neuroepithelia
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were lifted. Once lifted, retinal organoids were maintained with

NIM-2 until DD41 in poly-HEMA (Sigma)-coated wells. Retinal

lamination medium 1 (RLM-1) is used from DD42 to DD69,

RLM-2 from DD70 to DD97, and RLM-3 from DD98 for long-

term culture. NIM1 (50 mL): 48.95 mL DMEM/F12, 10 mL

10 mg/mL heparin (final concentration, 2 mg/mL), 0.5 mL Me-

dia-Non Essential Amino Acids (1003, MEM NEAA), 0.5 mL N2

supplement (1003). NIM2 (50 mL): 48 mL DMEM/ F12 (3:1),

0.5 mL MEM NEAA, 1 mL B27 Supplement (503, minus vitamin

A), 0.5 mL penicillin-streptomycin (P/S, 10,000 U/mL). RLM1

(50 mL): 42.9 mL DMEM/ F12 (3:1), 0.1 mL taurine (100 mM final

concentration), 5 mL FBS, 1 mL B27, 0.5 mL MEM NEAA, 0.5 mL

P/S. 15. RLM2: RLM1 supplemented with 0.1 mL per mL of 10 mM

retinoic acid. RLM3: RLM1 without B27, replaced with N2 supple-

ment and retinoic acid reduced to 0.05 mL per mL.
Comparative proteomic profiling
To prepare samples for mass spectrometer analysis, each cell pellet

was homogenized with 1% NP-40 lysis buffer (Thermo Fisher

Scientific) with protease & phosphatase cocktails (Thermo Fisher

Scientific). Enhanced BCA Protein Quantification assay (Thermo

Fisher Scientific) was used to determine the total amount of

protein in each sample. Proteins were further purified by mini

S-trap columns (Protifi) and digested on column by trypsin. The

Thermo Quantitative Fluorometric Peptide Assay was used to

quantify peptide concentrations prior to TMT labeling. 40 mg pep-

tides were labeled with TMT 6plex isobaric reagent and mixed for

high pH reverse phase peptide fractionation. Thermo Orbitrap

Fusion Tribrid Mass Spectrometer was used for MS/MS analysis

(MS3 data acquisition method). Two iRPE lines from each group

were analyzed with three biological replicates. Proteome Discov-

erer software (v.2.1) was used to search the acquired MS/MS data

against human protein database downloaded from the UniProt

website and to generate TMT ratios. Positive identification was

set at 5% peptide FDR, and at least 1 unique peptide needed to

be identified per protein. Duplicated protein identifications from

database were removed. A total of 366 human proteins were quan-

tified and included in the final data. TMTratios (each tag/common

reference) were calculated by PD 2.1 and normalized by total pep-

tide amount. Qlucore Omics Explorer and Prism 6 Software were

used to perform correlation and statistical analysis. KNN imputa-

tion was used for missing values.

Differentially expressed proteins (DEPs) between groups were

identified by 2 fold-change and p value < 0.001 using Wilcoxon

signed-rank test. The DEPs were identified and visualized by vol-

cano plots and Venn diagrams. The identified DEPs between the

EFEMP1corrected and EFEMP1R345Wwere analyzed by gene ontology

analysis via ShinyGO v.0.61, and the five most enriched groups in

biological process were used to create the circus plot.
Immunofluorescence
Anti-BEST1 (NB300-164, Novus Biological), anti-RPE65(NB100-

355, Novus Biological), and anti-ZO-1 (40-2300, Invitrogen) anti-

bodies were used to detect mature RPEmarkers and verify differen-

tiation by immunostaining. To detect UPR markers, anti-HSPA5

(GRP78/BIP) (Sigma) and anti-DDIT3 (CHOP) (Cell Signaling) an-

tibodies were used. The iRPE culture was washed by PBS twice and

fixed by 4% paraformaldehyde for 30 min. 5% bovine serum albu-

min (BSA, Thermo Fisher Scientific) was used for blocking for 2 h

at room temperature. The cells were then incubated with the pri-

mary antibody diluted (1:500) with 2% BSA in PBS overnight.
The Ame
Alexa Fluor 488- or Alexa Fluor 555-conjugated secondary anti-

bodies (1:500, Thermo Fisher Scientific) were used for the detec-

tion of primary antibody. Hochest staining was done at the end

for counter staining.

For the detection of CES1 in human retina, human retinal

paraffin sections (Biomax) were de-paraffinized with xylene for

3 min. The sections were further hydrated with 100%, 90%,

70%, and 50% alcohol for 3 min each. The sections were then

incubated in running water for 10 min. To retrieve the antigen,

the slides were incubated in Antigen Unmasking Solution

(Thermo Fisher Scientific) for 20 min at 95�C. The slides were

washed with running water for 10 min before the staining

procedure.

Anti-CES1 (AF4920, R&D) and anti-EGFR (AB32077, Abcam) an-

tibodies were diluted (1:200) with 5% BSA in PBS before being

added to the slide for overnight incubation at 4�C. After 3 washes,

the sections were stained with Alexa Fluor 555-conjugated second-

ary antibody (1:500, Thermo Fisher Scientific) for 1 h. Hochest

staining was done at the end of antibody staining.
Nile red staining
To stain the intracellular neutral lipid, the iRPE cell cultures were

treated with 2.0 mg/mL Nile red (Sigma Aldrich) for 30 min at

37�C. The cells were washed with PBS three times before micro-

scopy observation.

Since mature iRPE culture is usually 100% confluent, the Nile

red-positively stained lipid droplets were quantified using ImageJ

in a fixed area of 90,000 square micrometers for the number and

size of Nile red-positive signals. Fluorescent particles smaller

than 0.0001 square micrometers was excluded as noise.
Cholesterol efflux assay
Cholesterol Efflux Assay Kit (Abcam) was used to determine the

cholesterol efflux rate in iRPE according to themanufacturer’s pro-

tocol. In brief, fluorescence-labeled cholesterol was added to iRPE

culture and incubated overnight. On the next day, the cells were

washed twice with PBS, and the efflux of cholesterol was induced

by 2% human serum. At designated time points, the culture super-

natant and cell lysate were collected andmeasured by fluorescence

at Ex/Em: 482/515 nm. The percentage of cholesterol efflux was

calculated by fluorescence intensity of media fluorescence/ (fluo-

rescence intensity of cell lysate þ media) 3 100.
Lentiviral transduction
For the knockdown of CES1 (MIM: 114835) in iRPE cells, the iRPE

cells from healthy donor were cultured in 6-well plate. The lentivi-

ral particles carrying CES1 shRNA (Locus ID 1066, Origene) were

transduced into the iRPE cells at a MOI of 10 overnight. To estab-

lish fair comparison, the control iRPE cells were transduced with

viral particles expressing scramble shRNA. The medium was re-

freshed the following day, and the cell were incubated for 7 days

before analysis. To achieve overexpression of CES1 in iRPE cells,

lentiviral particles (Origene) expressing CMV promoter-driven

CES1 (GenBank: NM_001025194) were transduced following the

same procedure.

To achieve overexpression of EFEMP1WT and EFEMP1R345W,

the lentiviral particles carrying EFEMP1WT (GenBank: NM_

001039348) and EFEMP1R345W cDNA (Origene) were transduced

into the iRPE cells at a MOI of 10 overnight. The medium was re-

freshed the next day, and the cell were incubated for 90 days

before analysis.
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Immunoblot
To verify the differentiation of iRPE, CRALBP (Ab15051, Abcam)

and RPE65 (401.8B11.3D9, Novas Biologicals) antibodies were

used to detect mature RPE markers including CRALBP and

RPE65 in iRPE cell lysates via western blot. To determine EFEMP1

expression in iRPE, both cell lysates and culture supernatant were

assayed using anti-EFEMP1 antibody (MA5-25740, Thermo Fisher

Scientific). To detect CES1 expression in iRPE, anti-CES1 antibody

(AF4920, R&D) was used. Anti-alpha tubulin (T5168, Sigma

Aldrich), anti-beta actin (A5316, Sigma), or anti-GAPDH (5174,

Cell Signaling) antibodies were used to detect house-keeping pro-

teins. The cell lysates were collected using RIPA buffer (Thermo

Fisher Scientific).

To understand the upstream regulators of CES1 expression, the

iRPE cells from healthy donor were treated with Gefitnib (5 mM,

Sigma Aldrich), ML385 (10 mM, Sigma Aldrich), LY294002

(10 mM, Sigma Aldrich), GW4064 (5 mM, Sigma Aldrich), or

GW3965 (3 mM, Sigma Aldrich) for 72 h. Anti-CES1(AF4920,

R&D) and anti-alpha tubulin (T5168, Sigma Aldrich) antibodies

were used to detect CES1 and tubulin expression, respectively.

The signal was detected using ImmobilonWestern Chemilumines-

cent HRP Substrate (Millipore). The blot was quantified using

ImageJ for signal intensity.

Phospho-array analysis
To understand the immediate response triggered by EFEMP1WT or

EFEMP1R345W, the iRPE cells were treated with the lysates collected

from HEK293 cells transfected with either EFEMP1WT cDNA,

EFEMP1R345W cDNA, or empty pcDNA3.1 vector by Lipofectamine

2000 (Invitrogen). Each well in a 6-well plate received 5 mg of

respective plasmid. The expression of EFEMP1 protein in the ly-

sates was confirmed by western blot (Figure S5). The HEK293

lysate from one well was transferred into one iRPE cell culture

well in a 12-well plate. After 12 h of incubation, the HEK293

lysates were washed away with PBS. The iRPE cell culture was

extracted by Antibody Array Assay kit (Full Moon Biosystems).

The extracts were further analyzed with EGF Pathway Phospho

Antibody Array (Full Moon Biosystems) according to manufac-

turer’s instruction.

Real-time PCR
To extract mRNA from iRPE cells, the iRPE cells were harvested at

the indicated time and lysed with TRIZOL reagent (Invitrogen).

Total RNA was isolated according to the manufacturer’s instruc-

tions. DNase I (Invitrogen) treatment was then performed to

prevent genomic DNA contamination. The reverse transcription re-

action was conducted by Superscript III Reverse Transcription kit,

and the oligo-dT (Invitrogen) was used to generate the cDNA.

Real-time PCR method was performed using SsoAdvanced Univer-

sal SYBR Green Supermix (Bio-Rad) with CFX Connect Real-Time

PCR Detection System (Bio-Rad) to quantify gene expression levels.

The gene expression was normalized by ACTB (MIM: 102630). The

primers used in this study are listed in Table S2.

To verify that SP1 transactivates CES1, the EFEMP1WT iRPE was

treated with or without mithracin with a final concentration at

200 nM for 24 h before RNA extraction.

Electrophoretic mobility shift assay (EMSA)
EMSA was performed to determine whether SP1 directly binds to

the CES1 promoter. The EMSA was carried out using the EMSA

kit (Signosis), according to manufacturer’s instruction. Briefly,
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the iRPE nuclear extracts were collected using the Nuclear Extrac-

tion Kit (Signosis). Biotinylated DNA binding consensus sequence

was also purchased from Signosis as the hot probe. 2 mg of the nu-

clear extract was mixed with 0.5 mL of hot probe and 1 mL of

poly(I:C) for 30 min. For the competition binding experiments,

5 mL of cold probe (unlabeled oligonucleotide) were added to reac-

tion mixtures. Samples were then loaded onto a 6.5% non-dena-

turing polyacrylamide gel and separated at 100 V, and the proteins

were transferred to a membrane at 60 V for 1 h at 4�C. The mem-

brane was then fixed with UV Cross-Linker (Stratagene). Streptavi-

din-HRP Conjugate provided by the EMSA kit to detect the signal.

Transcription factor activity assay
The nuclear extracts of EFEMP1WT or EFEMP1R345W-treated iRPE

cells were extracted using the Nuclear Extraction Kit (Signosis).

TF Activation Profiling Plate Array I kit (Signosis) was used to

determine the activity of transcription factors in the iRPE cells as

per the manufacturer’s instructions. The signal detected in the

EFEMP1R345W-treated iRPE cells was divided by the signal of the

EFEMP1WT group to reflect the change in transcription factor

activity induced by the R345W mutation.

Enzyme-linked immunosorbent assay
IL-1, IL-6, IL-18, TNF-alpha, TGF-beta, and IFN-alpha levels in cul-

ture supernatants were measured using IL-1 (eBioscience), IL-6

(Thermo Fisher Scientific), IL-18 kit (eBioscience), TNF-alpha

(Thermo Fisher Scientific), TGF-beta (Thermo Fisher Scientific),

and IFN-alpha (Origene) ELISA kits following the manufacturer’s

instructions. The quantification was normalized to the volume

of supernatant.

Chromatin immunoprecipitation (ChIP)-qPCR assay
The EFEMP1WT iRPE cells were washed with PBS buffer and incu-

bated with 1% formaldehyde at room temperature for 15 min, fol-

lowed by the addition of 1.25M glycine to a final concentration of

125 mM for another 5 min. The cells were further washed by PBS

buffer and lysed using ChIP assay high sensitivity kit (Abcam)

following manufacturer’s protocol. The SP1 antibody (Millipore,

07-645) was used for immunoprecipitation. The primers used to

detect CES1 promoter sequencing are listed in Table S2.

Statistics
All statistical analysis was performed in Microsoft Excel or

GraphPad Prism 8. Two-group comparisons were performed using

two-tailed unpaired Student’s t test. Statistical analysis for multiple

group comparisons was performed using one-way ANOVA. Signif-

icance was determined at p % 0.05.

Study approval
All procedures were performed as described in Columbia Univer-

sity Irving Medical Center Institutional Review Board-approved

protocol AAAF1849. Written informed consent was received

from all participants prior to creating iRPE.
Result

Gene correction of EFEMP1 affects EFEMP1 secretion

but not RPE differentiation

To model DHRD disease, we generated iRPE strains from

three DHRD-affected individuals and healthy donor iPSCs
2021



Figure 1. Gene correction of EFEMP1R345W in iPSC from individuals with DHRD
(A) Flowchart of the preparation of iRPEs used in this study.
(B) The design of gRNA and donor template used for the gene correction. The expected cutting site is indicated by the red arrow. The
p.Arg345Trp mutation is marked by red box. The gRNA protospacer is marked in cyan while the donor template is outlined in yellow.
The donor template contains two silent mutations (N342 and E343) in addition to the R345 mutation to enable screening by RFLP.
(C) The Sanger sequencing result of the WT (top), p.Arg345Trp (middle), and gene-corrected (bottom) alleles. The c.1033 nucleotide is
indicated by the red arrow. The difference between the three alleles are marked with red boxes. (D) The ZO.1 (red) immunostaining of
iRPE with DAPI counterstaining (blue).
(E) Immunostaining results of BEST1.
(F) Immunostaining results of RPE65.
(G) Representative western blot result of RPE65 expression in iRPE lysates.
(H) Representative western blot result of CRALBP expression in iRPE lysates.
(I) Representative western blot result of EFEMP1 expression in iRPE lysates and culture supernatants.
Scale bar ¼ 100 mm.
(Figure 1A). To minimize noise from individual difference,

we used the CRISPR-Cas9 gene editing strategy to correct

the pathogenicmutation (c.1033C>Tmutation in EFEMP1)

in the DHRD iPSCs to serve as isogenic control. The SpCas9

protein, gRNA, and donor template were delivered together

into DHRD iPSCs via nucleofection to create three lines of

gene-corrected iPSCs (Figure 1B). In total, three different

kinds of cell lines were created: EFEMP1WT (EFEMP1WT
The Ame
/EFEMP1WT), EFEMP1R345W (EFEMP1WT/EFEMP1R345W),

and EFEMP1corrected (EFEMP1WT/EFEMP1corrected). The

EFEMP1WT iRPE cells were created from iPSCs derived

from healthy donor; the EFEMP1R345W iRPE cells were

generated using iPSCs from DHRD-affected individuals,

harboring a heterozygous p.Arg345Trp mutation; while

EFEMP1corrected iRPE cells carry gene-corrected EFEMP1

with silent mutations. To confirm the genotypes, the
rican Journal of Human Genetics 108, 903–918, May 6, 2021 907



wildtype, p.Arg345Trp mutant, and gene-corrected alleles

were cloned into TOPO-TA vector and confirmed by sanger

sequencing (Figure 1C). RT-PCR was also used to confirm

that the silent mutations do not affect normal mRNA

splicing (data not shown). The quality of these iPSCs were

confirmed by karyotyping and immunostaining for stem

cell markers (Figure S1). These iPSCs were then differenti-

ated into iRPE cells using a previously established proto-

col.27 After differentiation, the iPRE cells from all three lines

exhibited a hexagonal conformation and expressed ZO-1 in

the tight junctions (Figure 1D). The p.Arg345Trp mutation

and gene correction did not alter the expression pattern of

RPE markers such as BEST1 (Figure 1E), RPE65 (Figures 1F

and 1G), and CRALBP (Figure 1H). In our iRPE culture, we

observed that EFEMP1WT protein is nearly undetectable in

cell lysate but preserved in the culture supernatant

(Figure 1I). In contrast, there was an intracellular accumula-

tion of EFEMP1R345W mutant in iRPE. This disease

phenotype is consistent with previous observation in

DHRD-affected individual RPE staining and thus demon-

strates that iRPE from DHRD-affected individuals are viable

platforms for disease modeling.23 Notably, reduction of

EFEMP1 secretion was remedied by the gene correction as

evidenced by the disappearance of intracellular EFEMP1

in EFEMP1corrected iRPE cells. EFEMP1 can potentially

generate different isoforms with the expected size ranging

from 53 kDa to 5 kDa. However, only one species of

53 kDa was detected in our experiments.

Differentially expressed genes in iRPE cells derived from

DHRD-affected individuals

To characterize molecular changes induced by the

EFEMP1R345W mutation at a global level, we compared

the proteomic profiles of the EFEMP1WT, EFEMP1R345W,

and EFEMP1corrected iRPE cells. All groups were analyzed

in hexicate. A total of 3,269 proteins were analyzed.

When EFEMP1WTwas compared to EFEMP1R345W, 154 pro-

teins (~5%) were differently expressed (DEPs, fold

change > 2 and p value < 0.001). However, when we

compared EFEMP1R345W iRPE clones to their isogenic con-

trols, the number of DEP was reduced to 37 proteins (~1%)

(Figure 2A), suggesting the validity of the isogenic controls.

Of these 37 DEPs, 19 (0.58%) were upregulated and 18

(0.55%) were downregulated after gene correction.

To better understand the biological functions impacted

by EFEMP1R345W, the DEPs were analyzed by gene

ontology (GO) analysis to identify commonly altered func-

tions between the EFEMP1R345W and EFEMP1corrected cells.

The most significantly enriched biological process terms

among all these DEPs were response to stress, muscle sys-

tem process, cellular localization, immune system process,

cell adhesion, catabolic process, and lipid metabolic

process (Figure 2B). Interestingly, correction of the

EFEMP1R345W mutation resulted in mostly downregula-

tion of proteins involved in immune system processes

but upregulation of those participating in lipid meta-

bolism, implicating lipid metabolism and immune system
908 The American Journal of Human Genetics 108, 903–918, May 6,
response in DHRD phenotype development. Among the

37 DEPs, 29 were shared between the EFEMP1WT versus

EFEMP1R345W and EFEMP1corrected versus EFEMP1R345W

comparisons (Figure 2C).

We next used volcano plot (Figures 2D and 2E) analysis

to explore the differential protein expression signatures

based on correlation between different groups. We found

that CES1 was remarkably reduced by 7- to 9-folds in

EFEMP1R345W cells when compared to EFEMP1WT iRPE

(Figures 2D and S2 and Table S3). Western blot was per-

formed to confirm the expression of CES1 in these iRPE

cells. CES1 protein can be detected in the cell lysates

derived from EFEMP1WTcells, but its expression was nearly

undetectable in EFEMP1R345W cells (Figure 2F). This reduc-

tion of CES1 expression in DHRD iPRE was further

confirmed in two other individuals with DHRD and two

wild-type donor iRPE cells (Figure S3). Strikingly, the

expression level of CES1 was notably recovered after gene

correction (Figures 2E and 2F) and comparable to the level

found in EFEMP1WT iRPE clones (Figure S2). The downre-

gulation of CES1 in EFEMP1R345W cells and its restoration

in EFEMP1corrected cells were also confirmed by immunocy-

tochemistry (Figure 2G).

EFEMP1R345W iRPE cells show no inflammatory cytokine

release or UPR response

Inflammatory cytokine release has been reported in ex vivo

RPE cultures of EFEMP1R345W mouse.24 Consistently, upre-

gulation of immune response genes such as MX1 and

ISG15 was detected in our proteomic profiling (Figures

2B and 2C). We performed ELISA assays to further investi-

gate whether the EFEMP1R345W variant can elicit an

immune response by releasing cytokines in iRPE cell cul-

ture. The medium from mature iRPE cell culture was used

to detect interleukin-1 (IL-1), IL-6, IL-18, interferon alpha

(IFN-a), tumor necrosis factor-alpha (TNF-a), and trans-

forming growth factor (TGF)-beta. Interestingly, the cyto-

kine level in all culture media was nearly undetectable,

and there was no significant difference between groups

(Figures S4A–S4F).

Alternatively, it has also been suggested that the mis-

folded mutant EFEMP1R345W protein can cause ER stress

when overexpressed in a RPE cell line.26 To investigate

this phenomenon, we carried out quantitative real-time

PCR (Figure S4G) and immunocytochemistry (Figure S5)

to detect the expression of UPR-related genes in

EFEMP1R345W iRPE. However, no obvious change in UPR

markers was detected in EFEMP1R345W iRPE clones and

EFEMP1corrected cells.

Reduce CES1 expression results in lipid accumulation in

iRPE cells

CES1 is an intracellular protein predominantly expressed

in the lumen of the endoplasmic reticulum.30 CES1 has

been reported to be expressed in hepatocytes and macro-

phages,31–33 but its expression in the eye remains unclear.

To confirm its expression in the eye, we performed
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Figure 2. Proteomic analysis of iRPE cells
(A) 103 10 dot plot presenting the percentage of differentially expressed proteins (DEPs) after gene correction. The criteria defining DEP:
>2-fold difference, p < 0.001.
(B) Circos plot presenting the biological process attributes of the DEPs shown in (A). The colored boxes next to the gene labels indicate
the change in expression after gene correction (red: increase; blue: decrease).
(C) Venn diagram of the DEPs.
(D and E) Volcano plots presenting the DEPs in different comparisons: (D) EFEMP1R345W (n ¼ 6) versus EFEMP1WT (n ¼ 6); (E)
EFEMP1corrected (n ¼ 12) versus EFEMP1R345W (n ¼ 6).
(F) Representative western blot result of CES1 expression of iRPE culture.
(G) Representative immunocytochemistry result of CES1 staining in iRPE culture. Scale bar ¼ 100 mm.
immunostaining on human eye sections. We found that

CES1 was predominantly detected in the RPE layer, but

weak signal was also observed in the outer segment of

photoreceptor, outer plexiform layer, and inner limiting

membrane (Figure 3A). We also used qPCR to quantify

the expression pattern of CES1 in retina tissue from au-

topsy and iPSC-derived retinal organoid. We found that

the expression of CES1 in autopsied RPE was 9.18 times

higher than in neural retina (Figure S6). However, CES1

levels in organoid retina was 1.47 times higher than in or-

ganoid RPE. These results may be attributable to the fluctu-

ation of CES1 level during retinal development. Given that

CES1 participates in converting cholesteryl ester to free

cholesterol,32 we hypothesized that CES1 deficiency may

hamper secretion of cholesterol from RPE cells, as this hy-

drolytic reaction is the rate-limiting step in mobilizing

stored cholesteryl ester.

To test this hypothesis, we first visualized the lipid drop-

lets in iRPE via Nile red staining (Figure 3B). We found that
The Ame
the lipid droplets are 5 times more numerous in

EFEMP1R345W than in EFEMP1WT iPRE (p ¼ 0.0014)

(Figure 3C) and 3 times larger in size (p ¼ 0.0727)

(Figure 3D), which indicates lipid accumulation. However,

this accumulation of lipid droplets was not observed

in EFEMP1corrected iRPE (amount: p ¼ 0.0112; size: p ¼
0.024). We then determined cholesterol efflux rate of these

iRPEs and found the EFEMP1R345W iPRE exhibits < 50%

efflux rate when compared to either EFEMP1WT or

EFEMP1corrected at 120 min (p ¼ 0.0197) (Figure 3E).

To elucidate whether CES1 downregulation can result in

accumulation of lipid droplet in iRPE, we used shRNA to

knockdown the expression of CES1 in EFEMP1WT iRPE

cells. Two weeks after transduction, the lipid content in

the iRPE cells was examined. In the scrambled shRNA-

treated group, the signal was very weak (Figure 3F) and

comparable to that in untreated EFEMP1WT iRPE cells

(data not shown). However, in the CES1 knockdown

group, we observed a significant increase in the number
rican Journal of Human Genetics 108, 903–918, May 6, 2021 909



Figure 3. Intracellular lipid accumulation induced by EFEMP1R345W via reducing cholesterol efflux
(A) Representative CES1 staining of human retina section. A positive staining signal was detected in the RPE cells (yellow arrow), outer
segment of photoreceptor (green arrow), outer plexiform layer (cyan arrows), and inner limiting membrane (purple arrows). Scale bar ¼
50 mm (n ¼ 3).
(B) Nile red staining of iRPE cells. Scale bar ¼ 100 mm.
(C and D) The amount (C) and size (D) of the lipid droplet detected in (B) (n ¼ 7).

(legend continued on next page)
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(p¼ 0.0115) (Figure 3G) and slight increase in the size (p¼
0.0928) (Figure 3H) of lipid droplets. Moreover, shRNA-

treated iRPE cells exhibited a 30%–40% decrease in choles-

terol efflux compared to the scramble-treated control at

120-min time point (p ¼ 0.0318) (Figure 3I). These results

suggest that the lipid accumulation in iRPE cells may be

attributable to CES1 knockdown, due to a dysregulation

of cholesterol efflux. To further verify the role of CES1

in lipid accumulation, we overexpressed CES1 in

EFEMP1R345W iRPE using lentiviral vector expressing hu-

man CES1 cDNA. After 2 weeks of transduction, though

the effect in size was not obvious, the amount of lipid

droplets was found to be significantly decreased 66.5%

when compared to the control (p ¼ 0.0478) (Figures 3J

and 3K). Given that CES1 is downregulated in

EFEMP1R345W iRPE cells, we hypothesized that lipid

accumulation can be induced by the mutant

EFEMP1R345W protein. To observe long-term effects, we

used lentiviral vectors to transduce either a WT or

p.Arg345Trp mutant copy of EFEMP1 into EFEMP1WT

iRPE cells. After 3 months of culture, the cells were exam-

ined by using Nile red staining. Compared to iRPE cells

overexpressing WT EFEMP1, those expressing mutant

EFEMP1 exhibited remarkable lipid accumulation (Figures

3L–3N). After removing the cells by trypsin, we observed

stained debris in the dish of iRPE cells overexpressing

EFEMP1R345W but not EFEMP1WT (Figure 3L, rightmost col-

umn). We tested the cholesterol efflux in these cells and

found that overexpression of EFEMP1R345W reduced

cholesterol efflux by 55% at 60 min (p < 0.001) and by

25% at 120 min (p ¼ 0.033) (Figure 3O).

In addition to CES1, we wanted to determine whether

there were any other cholesterol efflux-related proteins

affected by the EFEMP1R345W mutation that were not iden-

tified by proteomic profiling. We used real-time PCR to

analyze the expression of the transporter proteins ATP-

binding cassette (ABC) subfamily A member 1 (A1 [MIM:

600046]) and ABC subfamily G member 1 (G1 [MIM:

603076]), the enzymes cholesterol ester transfer protein

(CETP [MIM: 118470]) and sirtuin 1 (SIRT1), and the tran-

scription factor sterol regulatory element-binding protein

1 (SREBF2 [MIM: 601510]) in iRPE cells (Figure 3P). No

significant change in the expression of these proteins

was detected in EFEMP1R345W iRPE cells when compared

to either EFEMP1WT or EFEMP1corrected clones, further sup-
(E) The cholesterol efflux of iRPE cells shown in (B) (n ¼ 2).
(F) Nile red staining of EFEMP1WT iRPE cells after CES1 knockdown.
(G and H) The amount (G) and size (H) of the lipid droplet detected
(I) The cholesterol efflux of iRPE cells shown in (F) (n ¼ 2).
(J and K) The amount (J) and size (K) of the lipid droplets detected in
(n ¼ 2).
(L) Nile red staining of EFEMP1WT iRPE cells overexpressing either E
(M and N) The amount (M) and size (N) of the lipid droplet detected
(O) The cholesterol efflux of iRPE cells shown in (L) (n ¼ 2).
(P) Relative expression levels of cholesterol efflux-related genes in EF
Data in (C)–(E), (G)–(K), and (M)–(O) represented as mean5 SD. Data
***p < 0.001.
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porting the causative role of CES1. Taken together, these

results suggest that EFEMP1R345W reduces CES1 expression

and cholesterol efflux, causing lipid accumulation in iRPE

cells.

EFEMP1R345W regulates CES1 expression via EGFR-Akt

signaling

Next, we sought to understand how EFEMP1R345W sup-

presses CES1 expression. Since EFEMP1 is an ECM protein,

we suspected that EFEMP1 may affect CES1 expression

through plasma membrane receptor signaling. It has

been reported that EFEMP1 can bind to EGFR directly

and inhibit EGFR signaling in glioma cells.34 Since RPE

cells express EGFR,35 we hypothesized that EFEMP1 may

modulate CES1 expression through EGFR signaling. We

treated EFEMP1WT iRPE cells with the EGFR inhibitor

gefitinib. After a 72 h incubation, we found that CES1

expression level in iRPE cells was remarkably reduced

compared to untreated control, confirming that EGFR is

involved in EFEMP1-induced regulation of CES1

(Figure 4A, lanes 1 and 2).

Nuclear factor erythroid 2-related factor 2 (NRF2) and

phosphatidylinositol 3-kinase (PI3K)/AKT are down-

stream targets of EGFR, and NRF2 has been reported to

transactivate CES1 expression in the human hepatoma

cell line HepG2.36 To determine whether either of these

pathways regulate CES1 in iRPE cells, we used ML385

and LY294002 to inhibit NRF2 and PI3K/AKT, respec-

tively. Unexpectedly, only LY294002 reduced CES1

expression (Figure 4A, lanes 3 and 4), suggesting that

the EGFR-AKT pathway is necessary for controlling

CES1 levels in iRPE cells while NRF2 is not essential. Since

farnesoid X receptor (FXR) and liver X receptor (LXR)

were also reported to regulate CES1,31 we treated

EFEMP1WT iRPE cells with their respective agonists,

GW4064 and GW3965, but observed no change in

CES1 expression (Figure 4A, lanes 5 and 6). To further

confirm EGFR signaling has positive impact on CES1

expression, we treated EFEMP1R345W iPRE with 100 nM

EGF. After 72 h of incubation, the CES1 level in EGF-

treated iRPE became remarkably higher than that in

untreated cells (Figure 4B).

Given that the p.Arg345Trp mutation resides in the last

EGF-like domain, we hypothesized that EFEMP1R345W may

impact EGFR signaling. To focus on the direct effect of
Scale bar ¼ 100 mm.
in (F) (n ¼ 2).

the EFEMP1R345W iRPE with or without CMV-CES1 overexpression

FEMP1WT or EFEMP1R345W. Scale bar ¼ 100 mm.
in (L) (n ¼ 2).

EMP1WT, EFEMP1R345W, and EFEMP1corrected iRPE cells.
in (P) represented as geometric mean5 SD. *p < 0.05; **p< 0.01;
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Figure 4. EFEMP1R345W regulates CES1
expression through EGFR signaling
(A) Representative western blot result of
CES1 expression levels in normal iRPE cells
after 72 h of treatment with different ago-
nists and antagonists (n ¼ 2).
(B) Representative western blot result
of CES1 expression of EFEMP1WT,
EFEMP1R345W, and EFEMP1corrected iRPE
cells (lane 1–3) and EFEMP1R345W cells pre-
treated with 100 nM EGF for 12 h (lane 4)
(n ¼ 2).
(C) Sample preparation flowchart for phos-
phor-array analysis.
(D) Heatmap of phosphorylation status of
the EGFR downstream targets measured by
phosphor-array (n ¼ 6). Data represented
as mean 5 SD.
EFEMP1R345W protein on EGFR signaling and to avoid

secondary effects, we treated EFEMP1WT iRPE cells with

the lysates of HEK293 cells that were previously transfected

with plasmids carrying either EFEMP1WT or EFEMP1R345W

(Figure 4C and S5). After 12 h of incubation, the HEK293

lysate was removed. The iRPE cell lysate was extracted

and analyzed using an EFGR signalingmicroarray. Notably,

most of the downstream cascade, including PI3K/AKT1

and janus kinase (JAK)/c-Jun N-terminal kinase (JNK),
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were hyper-dephosphorylated in the

EFEMP1R345W-treated group when

compared to the EFEMP1WT-treated

group (Figure 4D). These results sug-

gest that EFEMP1R345W has a hyper-

inhibitory effect on EGFR signaling.

Since EGFR signaling can positively

modulate CES1 expression, we tested

the treatment of 100 mM EGF on

EFEMP1R345W iRPE. After 2 weeks of

incubation, we noted a significant

decrease in the amount of lipid droplets

in thecells (p¼0.0478) (FigureS7A),but

the effectwasnot obvious in the droplet

size (Figure S7B). We also observed a

26% increase in cholesterol efflux in

EGF-treated cells than in the untreated

control (p ¼ 0.0518) (Figure S7C).

CES1 transcription is controlled by

SP1

We next sought to understand how

EFEMP1R345W-induced reduction of

EGFR signaling impacts the transcrip-

tion of CES1 in iRPE cells. We analyzed

the proximal promoter (~500 bp) of

CES1 and found potential binding sites

for six transcription factors: interferon

regulator factor 1 (IRF1), signal trans-

ducer and activator of transcription 1

(STAT1), neurofibromin 1 (NF1), hepa-
tocyte nuclear factor 4 (HNF4), SP1, and CCAAT enhancer

binding protein (C/EBP) (Figure 5A). To study the activity

of these transcription factors, the nuclear extracts of

EFEMP1WT or EFEMP1R345W-treated iRPE cells were used

for analysis. We found that SP1 activity in the

EFEMP1R345W group was reduced by 63.9% (Figure 5B).

In contrast, the activity of STAT1, C/EBP, and HNF4

increased by 30.0%, 35.1% and 71.9%, respectively, and

there was no change in IRF1 or NF1 activity. In light of



Figure 5. EFEMP1R345W perturbs CES1 expression via SP1
(A) Predicted transcription factor binding sites located within 500 bp upstream of the CES1 transcription start site.
(B) Relative activity of transcription factors in iRPE cells. Data represented as EFEMP1R345W group/EFEMP1WT group. Data represented as
mean 5 SD (n ¼ 2).
(C) Electrophoretic mobility shift assay of nuclear extract from EFEMP1WT iRPE cells.
(D) ChIP-qPCR was performed to detect the binding of SP1 to CES1 promoter. Data represented as geometric mean 5 SD (n ¼ 2).
(E) qPCR result of CES1 expression level in iRPE cells after treatment of SP1-specific inhibitor mithracin. Data represented as geometric
mean 5 SD (n ¼ 2). * ¼ p<0.05; ** ¼ p<0.01.
these results, we hypothesized that EFEMP1R345W-induced

CES1 downregulation may be mediated by SP1.

To determine whether SP1 can bind to the CES1

promoter, EMSA was conducted using a DNA probe con-

taining the sequence of the predicted SP1 binding site in

the CES1 promoter (50-aactgtgggtgggcgtggcctgaggcccc-30)
(Figure 5C). Incubation of this probe with nuclear extracts

of EFEMP1WT iRPE cells yielded a number of DNA-protein

complexes on the gel (Figure 5C, lane 1 and 2). This com-

plex formation was eliminated by the addition of excess

unlabeled probe (Figure 5C, lane 3). Chromatin immuno-

precipitation (ChIP)-qPCR was also carried out to test the

binding activity of SP1 in EFEMP1WT iRPE. ChIP of SP1

showed a 5 times higher enrichment than the IgG control

(p ¼ 0.0387) (Figure 5D). To further validate whether SP1

directly controls CES1 expression, we treated EFEMP1WT

iRPE cells with the SP1-specific inhibitor mithracin. After

24 h of incubation, expression of CES1 was reduced by

58.0% (p ¼ 0.0019) (Figure 5E). Altogether, these results

demonstrate that SP1 binds to CES1 promoter and contrib-

utes to its transactivation.
Discussion

Drusen are characterized as extracellular deposits of debris

that accumulate between the basal lamina of the RPE layer

and the inner layer of the Bruch’s membrane. On color
The Ame
fundus examinations, drusen manifest as small yellow-

white deposits in the macular area and periphery of the

retina. Drusen consist of a combination of lipids, polysac-

charides, glycosaminoglycans, and proteins.37–49 Lipids—

specifically, phosphatidylcholine and both esterified and

unesterified cholesterol—are thought to comprise the

bulk of drusen.39,50–52 Consistently, extracellular proteins

responsible for cholesterol mobilization including apolipo-

protein B and E have also been closely associated with dru-

sen.53,54 Nonetheless, the specific mechanism underlying

drusen formation remains unclear.

The presence of drusen is a clinical hallmark of various

forms of MD including DHRD and AMD. The phenotypic

similarity between these two diseases suggests that they

share the same pathology. However, unlike AMD’s heterog-

enous etiology, DHRD is monogenic and thus offers a more

approachable experimental model for drusen pathogen-

esis. Prior studies investigating DHRD have suggested two

possible mechanisms for how mutant EFEMP1 contributes

to drusen formation: the UPR and complement system

activation. Roybal et al. found that overexpression

of EFEMP1R345W in ARPE-19 elicited UPR activation

and increased VEGF expression.26 In contrast, using

EFEMP1R345W/R345W mice as an in vivo disease model,

Fu et al. found no UPR activation as measured by

Hspa5 (Grp78) expression, but instead detected activated

complement component C3 in the RPE and Bruch’s mem-

brane.24 More recently, Fernandez-Godino et al. suggested
rican Journal of Human Genetics 108, 903–918, May 6, 2021 913



that increased production of C3a in EFEMP1R345W/R345W

mice stimulated the release of cytokines IL-6 and IL-1B.20

These findings have yet to be reproduced and require

further investigation.

Here, we used iRPE derived from three distinct individ-

uals with DHRD as an in vitro disease model and leveraged

isogenic comparisons to investigate how the EFEMP1R345W

variant contributes to DHRD. Conventional study designs

investigating DHRD pathology have used family members

as control subjects. However, family members are not

genetically identical, and different single-nucleotide

polymorphisms (SNPs) can impact disease expressivity.

Engineering an isogenic cell line from the same parental

line removes noise from the genetic background and yields

an opportunity to elucidate specific molecular mecha-

nisms and pathways underlying disease.

Given that previous studies implicated UPR26 and the

complement pathway20,24 in DHRD, we sought to repro-

duce and validate those claims. Interestingly, we did not

detect any inflammatory cytokine release or UPR in our

DHRD iRPE cell culture. One possible explanation for

this discrepancy may lie in the limited translatability of

the disease models used in the previous studies as overex-

pression of the EFEMP1R345W variant and homozygous

p.Arg345Trp mutations do not mimic most cases of

DHRD, which are caused by a single heterozygous muta-

tion. Though we detected no inflammatory cytokines or

chemokines in our in vitro iRPE model, immune response

may still play a role in DHRD development in vivo. An

EFEMP1-humanized model with p.Arg345Trp mutation

in mouse or other animal models may offer additional in-

sights and clarifications into this question.

We next turned to an unbiased genetic approach to

determine DEPs in our iRPE model. We performed

three iRPE cell comparisons: (1) EFEMP1R345W versus

EFEMP1WT; (2) EFEMP1R345W versus EFEMP1corrected; and

(3) EFEMP1R345W versus EFEMP1WT. Notably, the number

of DEPs decreased significantly in the comparisons

involving isogenic controls. Only 37 proteins (1.13% of

the total number of screened proteins) exhibited differen-

tial expression between EFEMP1R345Wand its isogenic con-

trol EFEMP1corrected. The number of DEPs was further

reduced to eight proteins when comparing EFEMP1R345W

to both EFEMP1corrected and EFEMP1WT iRPE cells. Overall,

the isogenic control helped exclude around 80%–95% of

the genetic noise. Importantly, the protein expression pat-

terns of the 37 DEPs in EFEMP1corrected iRPE cells were

more similar to those of EFEMP1WT iRPE cells than to those

of either DHRD iRPE cells, indicating the involvement of

these 37 proteins in the pathogenesis of DHRD.

We then used GO to analyze the 37 DEGs and grouped

these genes into enriched terms, including lipid metabolic

process, catabolic process, cell adhesion, immune system

process, cellular localization, muscle system process, and

response to stress. Based on current literature, most of

these genes do not directly participate in cholesterol meta-

bolism. Nonetheless, gene correction induced a significant
914 The American Journal of Human Genetics 108, 903–918, May 6,
increase in certain genes including CES1, phospholipase C

beta 4 (PLCB4), and RPE65, all of which participate in lipid

metabolic or catabolic processes. CES1 is responsible for

the hydrolysis of ester- and amide-bond-containing xeno-

biotics as well as long-chain fatty acid esters and thioest-

ers.33,55 CES1 acts as a rate-limiting enzyme in reverse

cholesterol transport—specifically, the conversion of cho-

lesteryl ester to free cholesterol—in macrophages during

regression of atherosclerosis.32 PLCB4 catalyzes the forma-

tion of inositol 1,4,5-trisphosphate and diacylglycerol

from phosphatidylinositol 4,5-bisphosphate, an impor-

tant reaction in intracellular transduction of extracellular

signals in the retina. RPE65 converts all-trans-retinyl esters

to 11-cis-retinol, the rate limiting step for the retinoid

cycle.

We focused on CES1 because CES1 exhibited the largest

change betweenDHRD and healthy iRPE cells. Gene correc-

tion increased the expression level of CES1 by ~20-fold

compared to that of diseased iRPE cells from either of the

two DHRD-affected individuals. Interestingly, CES1 levels

in EFEMP1Corrected was ~3-fold higher than in EFEMP1WT

cells, indicating a nontrivial variation from endogenous

CES1 expression. Thismight explain the variability and par-

tial penetrance of DHRD.12,56,57 The role of CES1 has not

been well studied in RPE. However, in macrophage/foam

cells, CES1 has been reported to play a major role in reverse

cholesterol transport during atherosclerosis regression. RPE

cells resemble macrophages in their roles in active phagocy-

tosis and cholesterol efflux.58 RPE cells are themost actively

phagocytic cells in the human body. Within the retina, RPE

cells are responsible for phagocytosing shed photoreceptor

outer segments and preventing subsequent accumulation

of excess lipid via lipid export. It is therefore possible that

RPE cells andmacrophages share the same pathways/mech-

anisms for controlling cholesterol transport.

Notably, we discovered that downregulation of CES1

leads to abnormal lipid accumulation in iRPE cells. Strik-

ingly, EFEMP1R345W had a hyper-inhibitory effect on

EGFR signaling, possibly by deactivating PI3K/AKT

signaling. EGFR signaling was associated with increased

expression of CES1 in iRPE cells. Taking these results

together, we propose the following model: the

p.Arg345Trp mutation enhances EFEMP1’s inhibitory ac-

tivity on the EGFR-Akt pathway, downregulating CES1.

Reduced expression of CES1 disrupts cholesterol efflux

and leads to abnormal lipid accumulation in the RPE cells.

This model is consistent with our current understanding of

MD pathology. Cholesterol efflux genes such as apolipo-

protein E (APOE) and ABCA1 have been identified as risk

factors for AMD, and deficiency in cholesterol efflux is

thought to accelerate AMD progression by promoting

deposition of drusen and other extracellular lipids under-

neath the retina.59–61 Interestingly, the expression level

of EFEMP1 was recently found to increase with age.62

Given that EFEMP1 inhibits the expression of CES1, aging

may decrease cholesterol efflux in RPE cells by perturbing

ECM homeostasis.
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Lipid metabolism and immune responses are closely in-

tegrated through converging pathways in many tissues.63

Previous studies have demonstrated that the absence of

infectious diseases and prolonged nutrient excess induce

chronic low-level sterile metaflammation through

immune pathway activation.64 Consistent with these ob-

servations, our GO analysis revealed that a number of

downregulated proteins, including ISG15 andMX1, partic-

ipates in immune response. While all of these proteins can

be induced by interferons, few anti-viral cytokine secre-

tions were detected in our iRPE cell culture. One possible

explanation for this phenomenon is that the high expres-

sion of immune-related genes in DHRD iRPE may be an

aftermath of the excessive accumulation of cytoplasmic

lipids. Metabolic disorders involve a complex interplay

of dysregulated pathways, leading to lipotoxicity, inflam-

mation, and associated stress responses. This intricate

dynamic makes it challenging to elucidate the exact mech-

anism of disease and identify interventional targets. One

important finding is that SP1 binds to the CES1 promoter.

As a zinc finger transcription factor, SP1 is involved in

many different cellular processes including immune

response. As such, one direction for future study is clari-

fying how the pathways associated with CES1 in our study

are linked to SP1.

In this studywe observed lipid deposits after we removed

the iRPE from the polystyrene cell culture plate. This phe-

nomenon was also observed in a previous study, where

iRPE cultures were grown on Transwell membrane.65 Dru-

sen has been previously shown to contain high levels of

lipids such as cholesteryl ester and phosphatidylcho-

line.49 This finding suggests that iRPE may produce dru-

sen-like sub-RPE deposit in a cell-autologous fashion.

There was no sign of massive cell death in the

EFEMP1R345W iRPE cell culture by the 3-month endpoint

of our experiment (data not shown), and we did not

further investigate the effect of aberrant lipid accumula-

tion on the iRPE cells. However, lipid accumulation in

RPE cells is believed to be harmful if persistent.66,67 For

example, excessive lipids may perturb calcium homeosta-

sis by increasing ER or mitochondrial stress.68–70 This

intracellular lipotoxicity may eventually contribute to

RPE atrophy which has been observed in DHRD- and

AMD-affected individuals.13 If lipotoxicity kills cells, cho-

lesteryl ester together with dead cell debris may remain

precipitated around the RPE/BrM and become drusen.39,

51,71,72 As such, the resultant formation of drusen may be

partially attributed to the immobility of cholesteryl ester.

Its clearance, in turn, must be achieved through ingestion

by another cell (e.g., macrophage). This hypothesis might

explain why esterified cholesterol, which usually exists

intracellularly, constitutes a large part of drusen.39,51

In this study we showed that accumulation of intracel-

lular cholesterol ester in DHRD-affected individual-

derived RPE cells is a result of dysregulated cholesterol

efflux. Cholesterol imbalance can also be exacerbated

by increased uptake of lipids. Whether a low-fat diet as
The Ame
a supplement to gene editing-based therapy can postpone

the onset of drusen or ameliorate drusen severity is an

interesting direction for the development of treatments

for not only DHRD but also other forms of MD such as

AMD.
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