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ABSTRACT

High-temperature requirement protein A1 (HTRAL) is a secreted serine protease with diverse
substrates, including extracellular matrix proteins, proteins involved in amyloid deposition, and
growth factors. Accordingly, HTRA1 has been implicated in a variety of neurodegenerative
diseases including a leading cause of blindness in the elderly, age-related macular
degeneration (AMD). In fact, genome wide association studies have identified that the 10926
locus which contains HTRA1 confers the strongest genetic risk factor for AMD. A recent study
has suggested that AMD-associated risk alleles in HTRAL correlate with a significant age-
related defect in HTRAL synthesis in the retinal pigmented epithelium (RPE) within the eye,
possibly accounting for AMD susceptibility. Thus, we sought to identify small molecule
enhancers of HTRA1 transcription and/or protein abundance using an unbiased high-throughput
screening approach. To accomplish this goal, we used CRISPR/Sp.Cas9 engineering to
introduce an 11 amino acid luminescent peptide tag (HiBiT) onto the C-terminus of HTRAL in
immortalized ARPE-19 cells. Editing was very efficient (~88%), verified by genomic DNA
analysis, short interfering RNA (siRNA), and HiBIiT blotting. Nineteen-hundred and twenty
compounds from two libraries were screened. An azo compound with reported anti-
amyloidogenic and cardioprotective activity, Chicago Sky Blue 6B (CSB), was identified as an
enhancer of endogenous HTRAL secretion (2.0 £ 0.3 fold) and intracellular levels (1.7 = 0.2
fold). These results were counter-screened using HiBiT complement factor H (CFH) edited
ARPE-19 cells, verified using HiBiT blotting, and were not due to HTRAL1 transcriptional
changes. Importantly, serine hydrolase activity-based protein profiling (SH-ABPP) demonstrated
that CSB does not affect HTRA1's specific activity. However, interestingly, in follow-up studies,
Congo Red, another azo compound structurally similar to CSB, also substantially increased

intracellular HTRA1 levels (up to 3.6 = 0.3 fold) but was found to significantly impair HTRA1
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enzymatic reactivity (0.45 = 0.07 fold). Computational modeling of potential azo dye interaction
with HTRAL suggests that CSB and Congo Red can bind to the non-catalytic face of the trimer
interface but with different orientation tolerances and interaction energies. These studies identify
select azo dyes as HTRAL chemical probes which may serve as starting points for future

HTRA1-centered small molecule therapeutics.
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INTRODUCTION

The explosion of fast and inexpensive methods to analyze large amounts of DNA (e.g., Next-
generation sequencing, NGS) has led to the identification of genetic susceptibility loci, disease-
causing mutations, and an overall wealth of genetic data which can be correlated with disease
progression. Specifically, with respect to vision research, genome-wide association studies
(GWAS) have provided a plethora of gene candidates associated with optic disc morphology",
myopia®, susceptibility to glaucoma®, and initiation/progression of age-related macular
degeneration (AMD)* °. AMD is the leading cause of irreversible blindness in the elderly in
industrialized nations. It is estimated to currently affect more than 196 million individuals

worldwide, a number that is expected to rise to ~288 million by 2040°.

While it is clear that AMD is a multifactorial disease which is heavily influenced by one’s
environment (e.g., cigarette smoking, and Western diet)’, single nucleotide polymorphisms
(SNPs) in at least 52 genetic loci can significantly influence one’s AMD risk* 8. One particular
locus that confers the strongest genetic risk for AMD? is located on chromosome 10qg26. This
locus contains two genes, age-related maculopathy susceptibility factor 2 (ARMS2) and high-
temperature requirement protein A1 (HTRA1)®. Due to the proximity of these genes and
because they are in high linkage disequilibrium, it has been difficult to understand how (and
which) variants in this locus influence AMD risk®. Whereas independent studies have indicated
that select SNPs increase HTRAL expression'® and that overexpression of HTRA1 leads to
vascular diseases resembling exudative (wet) AMD™ *?, polypoidal choroidal vasculopathy
(PCV)"®, or retinopathy of prematurity (ROP)' in mice, a more recent study suggested that risk-
associated SNPs near HTRA1 have a more nuanced effect and are context-specific’. This
latter study found that HTRA1 mRNA and protein levels were reduced in the retinal pigmented
epithelium (RPE) from aged individuals with the rs362127733 risk variant’>. As a secreted

serine hydrolase, lower levels of HTRAL (or its lower activity) would be predicted to favor the
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buildup of extracellular matrix proteins involved in AMD progression including EGF-containing
fibulin-like extracellular matrix protein 1 (EFEMP1, fibulin-3'® *"), fibulin-5'® *°, and hemicentin

(fibulin-62* 2%).

Based on the findings that overexpressed HTRAL induces significant retinal vascular changes
resembling exudative AMD, groups have sought to identify HTRA1 neutralizing antibodies®,
antibody-based allosteric traps®, peptides®, or small molecules® to inhibit HTRA1 activity. Yet,
few small molecule  enhancers or chemical probes? have been identified that could be
used to increase n HTRAL abundance, activity or both. To overcome this deficiency in the field,
we sought to develop an easy-to-use and sensitive cell-based assay that reflected endogenous
HTRAL production from RPE cells using CRISPR-based genome editing?’. During the initial
years after the advent of CRISPR genome editing, groups successfully appended full-length

reporter proteins (e.g., fluorescent proteins®® #

) to multiple endogenous POIs for easy
detection. However, more recently, to avoid the potentially confounding effects of such large
protein reporter tags, groups have used split reporter systems (either mNeon Green [MNG, a
fluorescent protein] or Nano Luciferase [NanoBiT]) to increase the efficiency of homology-
directed repair (HDR) and to minimize the size of the CRISPR-inserted DNA®*" 3!, In these split
reporter systems, the DNA encoding for the small portion of the complementation system (i.e.,
MNG11 or HiBIiT) is appended to a gene of interest (GOI) by CRISPR, while the large portion of
the protein complementation system (i.e., mNG1-10 or LgBiT) is produced endogenously or
supplied exogenously during the assay stage. While split fluorescent systems like mNG1-
10/mNG11 are useful for subcellular localization or morphology studies, split luciferases provide
a sensitive means to measure protein production, secretion, and fate (at the cost of sub-ideal,

lower resolution bioluminescent imaging)®® 3% %2,
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Herein we successfully CRISPR-engineered two RPE cell lines producing HiBiT-tagged
versions of HTRA1 and a control line endogenously expressing HiBiT complement factor H
(CFH, another gene highly associated with AMD®***"). We demonstrate that this general HiBiT-
tagging approach is efficient, highly specific, and versatile. Not only does it allow for sensitive
detection and near real-time monitoring of these proteins produced from their endogenous
locus, but it can also be easily scaled for small molecule or genetic high-throughput screening
(HTS). HTS on HTRA1 HiBIT cells identified common azo dyes including Chicago Sky Blue 6B
(CSB) and Congo Red (Congo R) as compounds that can post translationally regulate
endogenous and over-expressed HTRAL abundance and activity. Importantly, this azo scaffold
(or something similar) may serve as a lead pharmacophore for the development of future
HTRA1 chemical probes, or even potentially therapeutics for patients at risk of HTRA1-based
AMD™. More broadly, we envision that a similar HiBiT tagging approach can be easily adapted

38, 39

for other POls with strong genetic associations to diverse ocular diseases , thereby serving

as an effective discovery approach for vision research and new drug development.
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MATERIALS AND METHODS

Cell culture. Human retinal pigmented epithelial cells (ARPE-19, ATCC CRL-2302, Manassas,
VA) were originally propagated in DMEM/F12 (Corning, Corning, NY) media supplemented with
10% fetal bovine serum (FBS, Omega Scientific, Tarzana, CA) and 1%
penicillin/streptomycin/glutamine (PSQ, Gibco, Waltham, MA). This media (referred to as full
DMEM/F12) was used to scale cultures prior to performing experiments/screening. Prior to high-
throughput screening (HTS), and when noted, confluent cells were cultured in differentiation
media® (referred to as ‘Nic’ media) for at least one week consisting of MEM Alpha (Sigma, St.
Louis, MO) or DMEM (Life Technologies, Carlsbad, CA), GlutaMAX (Gibco), 1% FBS, 1% PS,
1x non-essential amino acids (NEAA, Gibco), N1 (Sigma) or N2 supplement B (Stem Cell,
Vancouver, Canada), taurine (0.25 mg/mL, Sigma), hydrocortisone (20 ng/mL, Sigma), triiodo-

thyronin (0.013 ng/mL, Sigma), and nicotinamide (10 mM, Stem Cell).

HiBiT cell line generation. Low passage ARPE-19 cells were genomically edited to introduce a

C-terminal VS-HiBiT-GG- hemagglutinin (HA) sequence (VSVSGWRLFKKISGGYPYDVPDYA)

in the HTRAL locus (Sup. Fig. 1). The decision of placement of the tag was based on previous
demonstration of a myc-6xHis tag placement without compromising protein function® and
acceptable CRISPR-related parameters. The HTRALl genomic sequence (+/- 30 bp)
surrounding the signal sequence cleavage site (at Ala22) is extremely GC-rich (83.33%, 79.5%
in exon 1 as a whole), which makes designing appropriate N-terminal gRNAs difficult in this
region. Therefore, we targeted HTRA1 at the C-terminus. Conversely, a 2xFLAG-VS-HiBiT

sequence (DYKDDDDKDYKDDDDKVSVSGWRLEKKIS) was inserted N-terminally immediately

after the signal sequence cleavage site of CFH. Introduction of this sequence was predicted to
not affect CFH signal sequence cleavage (Sup. Fig. 2A, B) and, in fact, we have previously
demonstrated that placement of a 2xFLAG immediately after a signal sequence cut site forces

signal sequence processing® *. To accomplish editing, a CRISPR/Cas9 ribonucleoprotein
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(RNP) was generated using Alt-R Sp. Cas9 Nuclease V3 (Integrated DNA Technologies, IDT,
Coralville, 1A) loaded with a crRNA/tracrRNA duplex (gRNA listed in Table S1). This RNP,
combined with a single-stranded oligodeoxynucleotide (ssODN) repair template (Table S1) and
electroporation enhancer were introduced into ARPE-19 cells using electroporation (1400V, 20
ms, 2 pulses, Neon Transfection System, Life Technologies). After electroporation, cells were

incubated in antibiotic-free media containing Homology-Directed Repair (HDR) Enhancer V2 (1

OM, IDT) for 48 h. Heterogenous cultures were expanded and verified as described below.

Genomic editing validation. Heterogenous HiBiT edited cells were harvested and their genomic

DNA (gDNA) was extracted (GenElute, Sigma). gDNA from edited cells and unedited control
cells was amplified by exon-specific primers (Table S2) and run on a 2% agarose gel followed
by imaging on an Odyssey Fc (LI-COR, Lincoln, NE). Higher molecular weight bands
corresponding to edited gDNA were excised, extracted, and sent for Sanger sequencing
(Eurofins Genomics, Huntsville, AL). A full agarose gel image of the HTRA1 HiBiT gDNA

amplification is presented as Sup. Fig. 5A.

Short interfering RNA (siRNA). siRNA was used to confirm that the HiBiT signal originated from

editing of the desired locus. To accomplish this, siRNAs (Silencer Select, Life Technologies)

were introduced into ARPE-19 cells expressing HiBiT-tagged POls via reverse transfection.

Briefly, siRNA (100 nM, Table S3) was complexed with 1.6 [OL Dharmafect 4 (Horizon

Discovery, Cambridge, UK) in 250 OL OptiMEM (Gibco), vortexed for 15 sec, and incubated at

RT for 20 min. This siRNA complex was combined with 250 0L of ARPE-19 cell suspension (at
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466,666 cells/mL, final sSiRNA concentration: 50 nM) and incubated overnight in 24 well plates
(Corning). Fresh media was provided the next day, followed by 48-72 h of knockdown, and a
final media change. The effects of siRNA knockdown on HiBiT-tagged proteins of interest were

assessed by a Iytic or extracellular HiBiT assay (Promega, Madison, WI) on conditioned media.

HiBiT blotting. Each HiBiT cell line was grown to confluence in a 10 cm dish, followed by a
media change into full Nic media for 3-4 days, and then another media change into serum-free

Nic media for an additional 3-4 days. Media (~10 mL) was then collected and concentrated to

200 0L using an Amicon Ultra 30,000 MWCO filter (Millipore Sigma, St. Louis, MO). For

intracellular protein assessment, cells were trypsinized, neutralized, washed in PBS or HBSS
and then lysed in RIPA buffer (Santa Cruz, Dallas, TX) supplemented with Halt Protease
Inhibitor Cocktail (Pierce, Rockford, IL) and benzonase (MilliporeSigma). Intracellular protein
was normalized using a BCA Assay (Pierce). Twenty microliters of concentrated media or an
equal amount of intracellular protein was separated on a reducing 4-20% Tris Gly SDS-PAGE
gel (140V, 80 min, Life Technologies) and transferred to a nitrocellulose membrane (PO
program, iBlot2, Life Technologies). Blots were washed in Tris Buffered Saline with 0.1%
Tween-20 (TBS-T) for at least 30 min (at most overnight) to expose the HiBiT tag. Blots were
probed with HiBiT blocking buffer supplemented with LgBiT (1:200) and NanoGlo substrate
(1:500) for 5 min at RT, then imaged on an Odyssey Fc (LI-COR) using an appropriate
exposure time (30 sec — 10 min). Beta actin (1:10,000, LI-COR) was used as a loading control
for intracellular protein and blots were imaged on a LI-COR Odyssey CLx using a near-infrared
secondary antibody (LI-COR). Full blot images of the HTRAL HiBiT blot and beta actin are

presented as Sup. Fig. 5B, C.
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High-throughput screening (HTS). Cells were plated in 10 cm dishes (Corning) in full

DMEM/F12 media until they reached confluence and then the media was changed to Nic media

for at least 1 week. Cells were then trypsinized and plated in 30 0L at 9,000 cells/well in 384-

well clear bottom white-walled plates (Greiner, Monroe, NC) in Nic media and allowed to attach
overnight. Twenty-four hours after plating, media was changed (again with Nic media) and cells

were treated with small molecules (Echo Liquid Handler, Beckman Coulter, Brea, CA) at a final

concentration of 10 OM in DMSO. Compounds were incubated with the cells for 48 h, followed

by a whole-well lytic HiBIiT assay (Perkin-Elmer, Waltham, MA). A Z-factor was not calculated
since no HTRA1 enhancing compounds had been identified as possible positive controls.
Instead, we relied on deviation from median values across all wells within a plate. Specifically,
hit compounds were defined as being > 3 standard deviations of the median plate value in the
whole-well HiBiT assay. Hit compounds were then cherry-picked from a fresh source plate and
verified in dose response before being repurchased for follow-up validation. HTS data are
presented as [(compound signal — median signal of all compounds)/median signal of all
compounds]*100. In follow up assays, we strongly recommend using compounds with minimal

freeze/thaw cycles and made as fresh as possible.

Compounds. Chicago Sky Blue 6B (CSB) was purchased from Tocris (cat. # 0846/1G), Brilliant
Yellow (Bril Y) was purchased from Spectrum Chemical (cat. #BR125), Congo Red (Congo R)
was purchased from Sigma Aldrich (cat. # 75768-25MG), as were Orange G (cat. # 861286-
25G), Orange 2 (cat. # 195235-25G), Amaranth (cat. # A1016-50G), and Cefixime (cat. #
CDS021590-100MG). Fast Green (Fast G) was purchased from Fisher (cat. # BP123-10),
Bromocriptine mesylate (Bromo M) was purchased from Enzo Life Sciences (cat. # BMLD-102-

0100).
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Quantitative PCR (qPCR). Cells treated with either DMSO or CSB for 3 days were harvested by

trypsinization, washed, pelleted and flash frozen before mMRNA extraction (Aurum Total RNA
Mini Kit, BioRad, Hercules, CA). RNA was normalized and converted to cDNA in a 5 pL reaction
(gScript SuperMix, QuantaBio, Beverly, MA). cDNA was diluted 20-fold to a final volume of 100

pL with MBG water prior to gPCR analysis. TagMan probes (Life Technologies) were used to

measure HTRAL1 transcripts (Hs01016151 m1l), using /[Factin (Hs01060665 gl) as a

housekeeping gene. gPCR was run on a QuantStudio 6 Real-Time gPCR system (Life

Technologies) and analyzed by the accompanying software.

Follow up HiBiT assays. The Nano-Glo HiBiT Lytic Detection System kit (Promega) was used to

assess both extracellular and intracellular HIiBIiT levels. ARPE19 HTRAL-HIBIiT or HiBiT CFH
cells (cultured in either DMEM/F12 full media or Nic media, as indicated in the respective figure

legends) were seeded onto 24-, 48-, or 96-well plates at a density of 200,000 cells/mL in

volumes of 500, 250, or 100 (L, respectively and incubated overnight. All compounds were

dissolved in DMSO as a 20 mM stock as freshly as possible. For extracellular HiBiT assays, 25

0L of media was removed from the wells and reacted with 25 0L of lytic buffer containing LgBIT

(2:200) and lytic substrate (1:50), mixed for 5 min at RT and read on a GloMax Discovery

(Promega). For intracellular HIiBIT signal, wells were washed with PBS or HBSS followed by

lysis in 50-100 0OL of lytic buffer mixture (with LgBIiT and substrate) diluted 1:1 with PBS or

HBSS. Plates were mixed for 5 min at RT, and, if necessary (i.e., if samples were in a clear
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walled culture plate), samples were removed and transferred to a black walled plate prior to the

luminescence reading.

Serine hydrolase activity-based protein profiling (SH-ABPP). For HTRA1 activity, twenty

micrograms of recombinant, truncated (Gly156-Pro480) human HTRAL protein (R&D Systems,

cat. #: 2916-SE) was reconstituted in 50 mM Tris-HCI, pH 8 to make a 1.6 OM stock. Each

compound (CSB, Congo R, and Bril Y) was diluted to 40 OM using the same Tris-HCI buffer.

The HTRAL protein was mixed with the compounds at a 1:1 ratio in a final volume of 20 0L,

yielding a final concentration of 800 nM protein to 20 OM compound. Samples were treated for 1

h while rotating end-over-end at RT. Denatured protein (95°C for 5 min) was used as a negative

control. Samples were next reacted with 2 OM ActivX TAMRA-FP Serine Hydrolase Probe

(ThermoFisher Scientific) for 1h at RT. The samples were then boiled in SDS-PAGE reducing
buffer (95°C for 5 min) and run on a 4-20% Tris Gly SDS-PAGE gel. The gel was then fixed,
rehydrated and imaged using the TAMRA or Cy3 channel on a Typoon Imager (GE Healthcare,
Chicago, IL). Gels were then stained with Coomassie Brilliant Blue to visualize total protein and
scanned electronically on an Odyssey CLx (LICOR) using the 700 nm channel. Full gel images

of the recombinant HTRA1 gel are presented as Sup. Fig. 5D, E.

For whole cell-based, SH-ABPP, ARPE-19 cells expressing endogenous HTRA1 HiBiT were
seeded in a 12-well format at 200,000 cells/well. Cells were then treated with the three azo dyes
(CSB, Congo R, Bril Y, 20 uM, 72 h), with DMSO serving as the control (n=3 wells/treatment).
Following treatment, cells were washed twice with HBSS, harvested by trypsinization, pelleted,

12


https://doi.org/10.1101/2025.05.13.651909
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.05.13.651909; this version posted May 16, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

and washed again in ice-cold HBSS. Cell pellets were lysed (25 mM Tris-HCI pH 7.4, 150 mM

NaCl, 1 mM EDTA, 1% NP-40, 5% glycerol) and total protein quantification was assessed using

a BCA assay. Samples were normalized to 40 Og and reacted with 2 uM TAMRA-FP probe (1 h,

RT) followed by neutralization by boiling in reducing Laemmli buffer (5 min). Samples were
resolved on a 4-20% SDS-PAGE gel, fixed, and imaged on a Typhoon FLA 9500 (GE
Healthcare) for FP-TAMRA signal followed by staining for total protein with Coomassie Brilliant
Blue (Odyssey CLx, 700 nm channel). The area under the curve was quantified for each

treatment using FIJI ImageJ, averaged and presented relative to the DMSO control.

ARPE-19 HTRA1 stable cell line generation. A pcDNA3 construct encoding for WT or R166C*

human HTRA1 HiBiT with a C-terminal 6xHis tag was designed and synthesized (GenScript,

Piscataway, NJ). This plasmid has a G418 selectable antibiotic marker for stable cell selection.

Eight-hundred thousand ARRE-19 ARPE-19 cells were electroporated with 1 0g of pcDNA

plasmid using the following parameters: 1400V, 20 ms, 2 pulses. Cells were plated into
antibiotic-free media in a 10 cm dish, followed by replacement with full DMEM/F12 media the

next day. Stable cells that had successfully incorporated the plasmid randomly in their genome
were selected using 400 Og/mL active G418 (Sigma) for at least 2 weeks. Surviving cells were
expanded and confirmed to still produce WT HTRAL1 HiBiT 6xHis by routinely performing a
HiBIT assay. Stable cells were seeded at a density of 20,000 cells/well in 96 well plates and

allowed to attach for 1-2 days. Subsequently, they were treated with the indicated azo

compounds for 72 h.
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Structural modeling and compound docking. A structural model for a full-length HTRAL trimer

was built using an alpha fold prediction of the monomer structure aligned at the trimer interface
of the serine protease domain from the previously determined structure (PDBID: 7SJN). The
extended trimer model was then minimized using fast relax in Rosetta. It generated 50 relaxed
models that minimized the disordered regions linking the structural domains and placed them in
distinct orientations. The lowest-scoring relaxed trimer model was then used to identify the
binding site. Using the hugging face implementation of DiffDock*, the modeled trimer structure
was used as a template to generate 10 complexes per molecule (Chicago Sky Blue [CSB],
Congo Red [Congo R], and Brilliant Yellow [Bril Y]) using the default interface arguments. First,
each molecule's complex with the highest confidence score was selected. All three molecules
were arranged in the same starting orientation based on the model, resulting in binding modes
localized in three binding modes: 1- PS domain between residues 165-175, 2 — PDZ domain
between residues 380-395 in an “open” conformation with no additional domain interactions,
and 3 — PDZ domain between residues 380-395 with additional contacts from a loop at positions
305-310 in a “closed” domain interaction. Additionally, these resultant models were truncated to
recapitulate the construct used in vitro HTRA1 156-480, and a single chain of both the
extended and HTRA1 156-480 models was produced. The resulting protein-ligand complexes
were then used as the starting point for further model refinement using Rosetta dock (Rosetta v.
3.13) to generate 5000 structures for each complex to produce 20,000 local structures per
compound. Ligand conformations were taken from 20 conformers of each compound. Local
transformations of 500 cycles did the movement in the binding site in a box of 7.0A with a move
distance of 0.2 and an angle of 20, followed by high-resolution docking and rescoring. The
models were then evaluated based on total complex scores to select the top 1000 models per
complex. These top complexes were then analyzed based on protein: ligand interface scoring

and assessed for similarity of ligand positioning based on the aspect ratio by generating a 2D
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histogram to visualize the explored binding space in the models. The top 5 complexes for each

protein and ligand pair were then visualized using PyMOL (v.3.0.4).
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RESULTS

CRISPR-mediated tagging results in efficient insertion of a C-terminal HiBiT hemagaglutinin (HA)

epitope tag sequence in the HTRA1 locus. Attempts at an N-terminal HIiBiT editing strategy for

HTRA1 were unsuccessful, most likely due to high GC content (79.5%) in HTRA1 exon 1 and
near the desired insertion site. Therefore, we designed a genome editing strategy that would
append a C-terminal HiBiT HA sequence on human HTRAL immediately prior to its stop codon
in exon 9 (Fig. 1A). Editing at the C-terminal HTRAL locus in ARPE-19 cells was found to be
very efficient (Fig. 1B, ~88%), as genomic DNA (gDNA) from unenriched heterogenous pools of
cells revealed two bands, an unedited lower molecular weight band, and a higher molecular
weight band corresponding to insertion of 72 bp (VS HiBiT GG HA). This high level of editing
efficiency enabled us to use a heterogenous pool of HTRAL HiBIiT cells instead of isolating
clonal lines, which can have wildly different growth and behavioral properties. Moreover, the top,
edited gDNA band was excised and sent for Sanger sequencing to confirm proper insertion of

the HiBIiT HA tag (Sup. Fig. 1), which exactly matched our desired design (Fig. 1A).

HiBIT tagging specifically modifies HTRAL. Next, we used short interfering RNA (SiRNA) to

confirm that any observed HiBiT signal produced from the ARPE-19 HTRAL1 HiBiT cells
originated only from the editing of HTRA1, and not from homologous proteins, such as HTRA2
or HTRA3. Two independent HTRAL siRNAs, but not HTRA2 or HTRA3 siRNAs, significantly
reduced extracellular HTRA1 HiBIiT signal in edited cells (97-98% reduction on average
compared to non-targeting siRNA, *** p < 0.001, ANOVA, Fig. 1C). siTOX, a pool of proprietary
SiRNA that kills cells upon successful transfection, was used as a positive control to estimate
transfection efficiency during each reverse transfection. After validating the specificity of the
HiBIT tagging, we also confirmed that the resultant endogenous HTRAL1 HiBiT protein produced
matched apparent molecular weight and isoform expectations. Indeed, secreted HTRAL HiBiT

appeared as a single species at ~50 kDa under reducing and denaturing conditions, in
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accordance with expectations (https://www.uniprot.org/). Finally, since we edited the

endogenous HTRAL locus, we also tested whether the standard culture conditions used for
ARPE-19 cells (i.e., DMEM/F12 in 10% FBS) were ideal for producing the HTRA1 protein. While
culturing in DMEM/F12 full media resulted in sufficient levels of HTRAL1 HiBiT for easy and
sensitive detection, we found that differentiation conditions using media low in serum (1% FBS)
and containing 10 mM nicotinamide® significantly increased HTRA1 secreted protein levels by
up to 2-fold (Fig. 1E, *** p < 0.001, t-test with multiple comparisons vs. DMEM/F12 full media).
Thus, we used these RPE differentiation conditions for performing high-throughput screening

(HTS) to identify HTRAL enhancers (see below).

HTS of HTRA1 HiBIiT cells identifies Chicago sky blue 6B (CSB) as an enhancing molecule.

While the HiBIiT tag has been used to perform a series of screens designed to sensitively

identify small molecule degraders of endogenous POIs** *

, we envisioned that the HiBIT tag
would also enable identification of small molecules which act as chemical chaperones,
transcriptional enhancers, or protein stabilizers. In theory, such molecules could serve as
therapeutics to increase HTRAL levels and activity in individuals with HTRA1-based AMD risk
alleles (i.e., rs362127733%) or may serve as chemical probes/lead compounds for future
development. To identify molecules with such properties, we screened ~1920 annotated
compounds from chemical libraries (originating from the National Institutes of Health Clinical
and Prestwick Collections). A Z factor®®, a typical metric for HTS, was not possible since no

known compounds have been identified that enhance HTRA1 levels. Therefore, we used three

standard deviations above the plate median to identify HTRA1 enhancing compounds (Fig. 2A).

ARPE-19 HTRAL1 HiBIT cells were differentiated at confluence in Nic media for at least 1 week

prior to replating and treatment with 10 OM small molecule for 48 h. This treatment was followed

17


https://doi.org/10.1101/2025.05.13.651909
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.05.13.651909; this version posted May 16, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

by a whole-well (combined extracellular and intracellular HTRA1) HiBIiT assay using HiBiT Iytic
reagent. Seventeen compounds were identified as enhancers, resulting in a hit rate of 0.89%.
The initial top ten hit compounds identified in the primary screen included (in descending order):
cefixime trihydrate, pancuronium bromide, furazolidone, viomycin sulfate, rufloxacin, megestrol
acetate, 7-amino-cephalosporanic acid, oxolinic acid, CSB, and formoterol fumarate (Fig. 2B).
Of the originally identified hits, after cherry picking, only cefixime trihydrate and CSB reproduced
in dose-response studies (Fig. 2C). Unfortunately, while cefixime appeared to be the most
promising hit, this compound list was further whittled to only CSB (Fig. 3A) upon repurchasing
the compound and deconvoluting the previous whole-well assay into separate extracellular and

intracellular assays (Fig. 3B). CSB demonstrated a dose-responsive effect, significantly

increasing extracellular and intracellular HTRAL1 HiBiT at 20 OM (Fig. 3B, 1.7 £ 0.2 fold, and 2.0

+ 0.3 fold, respectively, ** p < 0.001, *** p < 0.0001, ANOVA). These HIiBIT assay results were

also verified at the protein level using HIiBiT blotting (Fig. 3C).

While we sought to identify compounds that increased HTRAL, possibly by increased
transcription, at this point, it was unclear how CSB was increasing HTRA1 HiBIiT levels.
Surprisingly, quantitative PCR (gPCR) demonstrated that CSB did not increase HTRA1
transcript levels (Fig. 3D). These results suggest that CSB is acting at the pesttranseriptional

post-transcriptional level, potentially through HTRAL protein stabilization.

To apply a degree of specificity to our findings, we generated an additional CRISPR-engineered
cell line, this time expressing HIiBiT complement factor H (CFH). The design and validation of
this line is presented in Sup. Fig. 2 and Sup. Fig. 3. This CFH control cell line allows us to
decipher whether the observed effects of CSB were potentially due to the HiBIT tag itself, or if
CSB increases the levels of multiple secreted pretein—proteins in a more general sense.

18


https://doi.org/10.1101/2025.05.13.651909
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.05.13.651909; this version posted May 16, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

However, CSB had no effect on CFH extracellular or intracellular levels (Fig. 3E) under the

same conditions used for HTRAL HiBIT cells in Fig. 3B.

Congo Red, an azo dye with structural similarities to CSB also requlates HTRA1 abundance.

CSB belongs to a family of compounds called azo dyes, which are characterized by two R-N=N-
R’ groups. These compounds are typically brightly colored and used in food, textiles, or as
stains®. To determine if the effects we observed on HTRA1 were due to the unique structure of
CSB, or if they were, perhaps, more broadly representative of azo dyes in general, we tested
the effects of Congo Red (Congo R, Fig. 4A), typically used as an amyloid stain*’, and Brilliant
Yellow (Bril Y, Fig. 4B), a textile dye, on HTRAL levels. At a very basic level, while Congo R

mimics the aromatic base structure of CSB (cf. Fig. 3A to Fig. 4A), Bril Y is more distinct from

CSB in its chemical structure and spacing. Intriguingly, Congo R (20 OM, 72 h) had profound

elevating effects on intracellular endogenous HTRAL HiBIiT (3.6 £ 0.3, *** p < 0.001, ANOVA),

but not on secreted levels (Fig. 4C), whereas Bril Y (also 20 OM, 72 h) had no effect on either

metric (Fig. 4C). HTRAL extracellular and intracellular levels were also unaffected by a series of
monoazo dyes, including Orange G, Orange 2, Amaranth, as well as a non-azo dye, Fast Green
(Sup. Fig. 4A-D, F). Finally, we also tested bromocriptine mesylate as a potential functional
mimetic (VGLUT1 inhibitor*®) of CSB, which also had no effect on HTRA1 secretion or
intracellular levels (Sup. Fig. 4E, F). These results suggest that perhaps the symmetry and
structure of the azo dyes, CSB and Congo R, are necessary components for HTRA1

enhancement.

To further confirm that these enhancing effects were indeed post-translational, we engineered a

new ARPE-19 cell line that, instead of incorporation of HiBiT into the endogenous HTRAL locus,
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used a plasmid-based, CMV-driven wild-type HTRA1 HIiBIiT 6xHis construct. Thus, the
expression of this version of HTRAL would be controlled by completely different transcriptional

regulatory elements than our original ARPE-19 (endogenous) HTRAL HiBIiT cell line. After

treatment of this HTRA1 overexpression cell line with CSB, Congo R, or Bril Y (20 UM, 72 h), we

found a striking degree of parallel findings to the treatment of endogenously-regulated HTRA1
HIiBiT ARPE-19 cells. CSB significantly increased extracellular (Fig. 4D, 1.4 £ 0.1 fold, *** p <
0.001, ANOVA) and intracellular HTRA1 HiBIiT 6xHis (Fig. 4D, 1.5 £ 0.03, *** p < 0.001,
ANOVA). Congo R elevated only HTRA1 HiBIT 6xHis intracellular levels, but to extreme levels
(Fig. 4D, 7.1 £ 0.2 fold, *** p <0.001, ANOVA), whereas Bril Y did not raise HTRAL1 HiBiT 6xHis
levels (Fig. 4D). These results reaffirm the transcriptional independence of our azo-mediated

HTRAL1 observations.

There is a consensus in the scientific community that HTRAL1 exists in a dynamic
equilibrium between monomers and trimer?, with the trimers being the more stable of
the two species® *. Thus, compounds that promote trimerization may also increase
HTRAL levels through reducing HTRA1 turnover. Thus, we speculated that CSB was
capable of increasing HTRA1 levels by stabilizing the trimer, thereby increasing the
HiBIT signal. To partially test this idea, we generated an R166C variant of HTRA1 which
has a disrupted trimer interface'. Interestingly, CSB did not increase R166C HTRA1
extracellular levels compared to WT HTRA1 (Fig. 4E), and minimized corresponding
CSB-mediated increases intracellularly, albeit not to a significant extent (Fig. 4F, p =
0.11). These results hint that CSB may be working via stabilizing the HTRAL trimer

interface.
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Congo R, but not CSB inhibits HTRA1 enzymatic activity. As a secreted serine hydrolase,

HTRA1 abundance, as determined by a HiBiT assay or blot does not necessarily indicate that
the protein is active. Activity of an enzyme will depend on its degree of foldedness, processing
(if applicable), and the presence (or absence) of enzyme inhibitors or cofactors*®. Therefore, we
also tested whether azo compounds had any impact on recombinant, active human HTRA1
using a chemical biology approach called serine hydrolase activity-based protein profiling (SH-
ABPP)** ®! which results in covalent fluorescent modification (TAMRA) of enzymes if they are

active and can react with the generalized fluorophosphonate (FP) probe. Treatment of

recombinant HTRAL with 20 OM CSB, Congo R, or Bril Y for 1 h demonstrated that CSB and

Bril Y had no effect on HTRA1 activity (Fig. 5A, B) relative to DMSO treatment. However,
surprisingly, Congo R significantly decreased recombinant HTRA1 activity by over half (Fig. 5A,
B, 0.45 + 0.07 fold, *** p < 0.001, ANOVA). These results suggest that some azo compounds

can directly bind to HTRAL and affect its activity by a yet-to-be determined mechanism.

Azo compounds do not broadly alter the activity of other cellular serine hydrolases. We next

asked whether the same azo compounds (CSB, Congo R, Bril Y) had any inhibitory effect on

other serine hydrolases with similar active sites®® in whole cell lysates. ARPE-19 cells

expressing endogenous HTRAL1 HiBiT were treated for 72 h with 20 OM compound followed by

cell harvesting, lysis, and reaction with a FP TAMRA similarly to that described above for
recombinant HTRAL. Intriguingly, we found that none of the intracellular serine hydrolases were
affected by any of the azo dyes (Fig. 5C, D). Additionally, total protein content as determined by
Coomassie Blue, demonstrated that these dyes also do not globally change cellular protein

abundance (Fig. 5E).
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Azo compounds potentially interact with HTRA1 at its trimer interface. HTRA1 trimerizes at the

trypsin-like serine protease (SP) domain and is flanked by the N-terminal IGFBP and Kazal-like
domains and the C-terminal PDZ domain. To identify potential binding modes of the compounds
to HTRAL, we performed an unbiased search for docking sites of the three azo compounds
(CSB, Congo R, and Bril Y) on a full-length model of HTRA1 using DiffDock®. Then, we
assessed the differences in binding modes across the three compounds using docking in
Rosetta (Fig. 6A). The first modeling stage in DiffDock identified different surfaces between the
azo compounds, with higher confidence docking for Bril Y and Congo R than CSB (Sup. Fig.
6A-D). However, all three compounds had putative binding regions at the non-catalytic face of
the trimerized serine protease domain (Fig. 6B-D). To assess the differences in binding at the
timer interface among the three compounds, we evaluated the relative movement of the
compounds from the initial DiffDock binding pose using docking. Surprisingly, we found that
CSB appears to have the lowest aspect ratio while having a higher interface score, indicating a
weaker, but more defined binding ability that was closer to the initial binding mode (Fig. 6B).
Congo R, on the other hand, demonstrated a higher aspect ratio and lower interface score,
indicating stronger binding, but with increased movement of the molecule with respect to initial
binding site (Fig. 6C). Bril Y demonstrated both a high aspect ratio and high interface score,
suggesting an undefined interaction potential (Fig. 6D). Basic (H167 and K168) and aromatic
(Y169) residues on HTRA1 mediate key contacts to sulfonate groups and the ring structures of
the ligands (Fig. 6E-G). Interestingly, comparing cumulative contacts for the ensembles shows
that the defined Congo R contacts may be a result of asymmetry of binding to the trimer shown
by interactions dominated by one chain while contacts to CSB and Bril Y appear to be
distributed. These computational findings may ultimately provide clues as to how azo dyes may

interact with and modify HTRAL stability, trimerization, and function.
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DISCUSSION

CSB and derivatives thereof have been used as vital dyes since the 1930’'s to assist with
vascular imaging® and intrathoracic surgeries® *°. CSB itself has since been demonstrated to
have bioactive functions in culture and in vivo including promoting cardiac repair,
neuroprotection, and prevention of amyloid formation*® °”®*, highlighting its diverse capabilities
outside of its use as a dye/imaging agent. Using unbiased screening, we identified CSB as a
small molecule capable of significantly elevating HTRAL levels in culture while not affecting its
activity, adding to this molecule’s known roles. It is intriguing to speculate that perhaps some of
the previously identified capabilities of CSB on amyloid formation or neuroprotection, for

example, could be due in part to CSB-mediated increases in HTRA1%% %,

Our findings have potential implications for diseases affected by alterations in HTRAL activity,
either due to transcriptional alterations or mutations. For example, high levels of CSB would be
predicted to increase HTRAL activity by ~2-fold through promoting its stability and/or decreasing
its turnover. Theoretically, such a molecule may be effective in partially counteracting age-
dependent decreases (~2.8 fold) in RPE-choroid HTRA1L protein observed in AMD risk donors
with the rs10490924 SNP™. CSB could also serve as a lead molecule for other non-AMD loss-
of-function diseases caused by HTRAL1l mutations such as cerebral autosomal-recessive
arteriopathy with subcortical infarcts and leukoencephalopathy (CARASIL)®. While there are
many instances that null HTRA1 mutations cause CARASIL, select loss-of-function mutations
identified in symptomatic carriers or CARASIL patients such as A173P, P258Q, F286V, R166C,
A173T, A321T, and L364P still retain partial activity®. Thus, molecules like CSB or CSB
derivatives may be useful for recovering lost HTRAL activity in these instances, potentially

altering CARASIL severity or disease trajectory.
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Our computational modeling work suggests that CSB and Congo R have distinct interactions at
the HTRAL trimer interface. After studying the small molecule docking findings, it is possible that
the charged sulfate groups in CSB may be key in mediating its modulatory activity, elevating
steady state levels of the protein while not affecting its enzymatic activity. Conversely, due to its
overall higher nonpolar aromatic properties, Congo R may bind with “higher” affinity to HTRAL,
but in less specific binding modes which appear to influence biological activity. These data
present new ideas for how this group of molecules can be optimized to improve specificity by

placement of charged groups that may help orient molecules in defined binding modes.

Of course, there are also challenges associated with the use of azo dyes, including potential
environmental concerns such as bioaccumulation, prolonged environmental stability, and
inefficient biodegradation mechanisms®. Moreover, significant improvement to the potency of
CSB must be made for it to be effective in vivo, potentially within the eye. Nonetheless, our
study provides a blueprint for sensitively monitoring both HTRA1 and CFH through HiBIiT
tagging, and our findings identify a previously undiscovered tool compound (CSB) upon which
researchers can build and manipulate in the hopes of identifying effective and safe HTRAL

enhancing molecules for disease treatment.
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FIGURE LEGENDS

Figure 1. Design and validation of HTRA1 HiBiT editing strategy in ARPE-19 cells. (A) HTRAL
genomic DNA sequence and design of a C-terminal HiBiT HA insertion. (B) HTRAL1 exon 9
gDNA amplification of unedited and edited ARPE-19 cells. Insertion of the VS HiBiT GG HA
sequence increases the predicted molecular weight by 72 bp. Estimated editing efficiency (top
band/bottom band) is ~88%. (C) Validation of HIBIT insertion at the HTRAL1 locus by siRNA.
ARPE-19 HTRA1 HiBiT edited cells were reverse transfected with control siRNAs (non-
targeting, siTOX), or siRNAs against HTRA1l, HTRAZ2, or HTRA3. n = 4 independent
experiments for HTRAL siRNAs, n = 2 independent experiments for HTRA2 and HTRA3
siRNAs. n.s. = not significant, **** p < 0.0001, one-way ANOVA with multiple comparisons vs.
non-targeting. (D) HTRAL HiBiT protein migrates at the expected molecular weight of ~55 kDa.
ARPE-19 HTRA1 HiBIT cells were incubated in serum free media followed by concentration and
analysis by HiBiT blotting. n = 3 independent experiments. (E) Nic differentiation media
increases HTRAL secretion. ARPE-19 HTRAL1 HiBIT cells were plated at confluence followed by
incubation in either full DMEM/F12 or Nic media for up to 7 days. A HiBIT assay was performed
on media aliquots for 1 week. n = 3 independent experiments, **** p < 0.0001, unpaired t-test

with multiple comparisons vs. respective DMEM/F12 control.

Figure 2. Summary of HTS primary screen and dose-response. (A) An example HTS assay
plate from the primary screen of the NIH and Prestwick libraries. Three standard deviations of
the mean is shown by the dotted green line whereas three standard deviations below the mean
is shown by the dashed red line. Compounds outside of these lines were considered hit
compounds. (B) Top ten compounds from a list of 17 small molecules identified in the primary
screen. (C) Reproduced dose-responsiveness of two hit compounds, cefixime trihydrate and

Chicago Sky Blue 6B.
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Figure 3. Confirmatory studies on the effect of Chicago Sky Blue 6B (CSB) on HTRAL HiBiT
produced from ARPE-19 cells. (A) Azo-based chemical structure of CSB. (B) Validation of the
effects of CSB and deconvolution of the previous whole well results into extracellular and
intracellular components. ARPE-19 HTRAL HiBiT cells (grown in Nic media) were treated with
the indicated concentration of CSB for 72 h. n = 3-4 independent experiments, n.s. = not
significant, ** p < 0.01, ** p < 0.001, one-way ANOVA with multiple comparisons vs. DMSO. (C)

CSB increases HTRA1 HiBIT protein levels intracellularly and extracellularly as determined by a

HIiBIiT assay. Cells were treated with 20 OM CSB for 72 h in serum free media followed by

concentration of the conditioned media, lysis of the cells and HiBiT blotting. Representative data

of three independent experiments. (D) CSB does not alter HTRA1 expression levels. ARPE-19

cells were treated with 20 OM CSB for 72 h in Nic media followed by mRNA extraction and

gPCR. Representative data of three independent experiments. (E) CSB has no effect on HiBiT
CFH secretion or intracellular levels. A control ARPE-19 cell line expressing HiBiT CFH (Sup.
Fig. 2) was treated with CSB at the indicated concentration for 72 h, followed by HiBiT assay. n
= 3 independent experiments n.s. = not significant, one-way ANOVA with multiple comparisons

vs. DMSO.

Figure 4. Additional azo dyes affect HTRAL levels. (A, B) Chemical structures of azo dyes
Congo Red (Congo R) and Brilliant Yellow (Bril Y). (C) Congo R, but not Bril Y increases

HTRAL intracellular levels. ARPE-19 HTRAL HiBiT cells grown in DMEM/F12 full media were

treated with the indicated compound (20 OM) for 72 h followed by a HiBIT assay. Representative

data of 3 independent experiments. n.s. = not significant, *** p < 0.001, **** p < 0.0001, one-way

ANOVA with multiple comparisons vs. DMSO control. Note: Congo R data were compared to a
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different DMSO control than presented. (D) Azo dyes similarly alter CMV-driven HTRA1 HiBIiT
levels. ARPE-19 cells expressing an overexpression plasmid encoding for HTRAL HiBiT 6xHis
were treated as described in (C) followed by a HiBiT assay. Representative data of 3
independent experiments. n.s. = not significant, ** p < 0.01, *** p < 0.001, **** p < 0.0001, one-
way ANOVA with multiple comparisons vs. DMSO control. (E, F) HTRAL variants with mutations
near the dimer interface are affected by CSB differently than WT HTRAL. (E) Stable ARPE-19
cells expressing WT or R166C HTRA1 HiBiT 6xHis were treated with CSB for 72 h followed by
a HiBiT assay of (E) extracellular or (F) intracellular HTRALl. Data pooled from three

independent experiments. n.s. = not significant, ** p < 0.01, two sided t-test.

Figure 5. Serine hydrolase activity-based protein profiling (SH-ABPP) post azo compound
treatment. (A) Congo R inhibits human recombinant HTRA1 protein activity. HTRAL protein was
incubated with 20 mM of compound for 1 h followed by SH-ABPP using a FP-TAMRA probe. (B)
FP-TAMRA signal was normalized to total protein (Coomassie). Representative data shown of
at least two independent experiments performed in technical duplicate/triplicate. n.s. = not
significant, **** p < 0.0001, one-way ANOVA with multiple comparison test vs. DMSO control.

(C, D) Whole cell SH-APBB of ARPE-19 (endogenous) HTRAL HiBiT cells treated with azo dyes

(20 OM, 72 h) and the corresponding total protein stain (Coomassie). Representative data of

three independent experiments. (E) Quantification of total TAMRA signal across all experiments

and normalized to DMSO controls. n.s. = not significant, one-way ANOVA.

Figure 6. Compound binding to HTRA1 simulation. (A) Workflow for modeling interactions
between azo compounds and HTRA1 models. (B-D) Binding site models of the top 5 scoring
ligand positions, surface representation (top). 2D histogram of the sampled ligand positions

(aspect ratio) and interface scores for CSB (B) Congo R (C) and Bril Y (D) colored from gray to
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blue based on the sampling frequency (bottom). A lower aspect ratio indicates less tolerated
movements of the molecule within the model, whereas a higher interface score indicates
Binding site models highlighting interactions between ligand the trimeric HTRAL and CSB (E),
Congo R (F) and Bril Y (G). HTRA is shown in cartoon representation. Interacting residues are
shown in surface and stick representation. CSB, Congo R and Bril Y are shown in sticks and
colored blue, red and yellow, respectively. Residues interacting in each model are labelled. (H-
J) Summary of cumulative ligand residue contacts across modeled ensembles between HTRA1
and CSB (H), Congo R (I) and Bril Y(J). Residue contacts to ligand are shown for each HTRA1

chain in the trimer defined as A, B and C.
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