creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86tH AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Mok ELICH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aele 212 WS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

Comparative Analysis of Bevacizumab and
Sorafenib on the Survival of Retinal
Ganglion Cells in the Treatment of Retinal
Diseases

Wungrak Choi
Department of Medicine

The Graduate School, Yonsei University



Comparative Analysis of Bevacizumab and
Sorafenib on the Survival of Retinal
Ganglion Cells in the Treatment of Retinal
Diseases

Wungrak Choi
Department of Medicine

The Graduate School, Yonsei University



Comparative Analysis of Bevacizumab and
Sorafenib on the Survival of Retinal
Ganglion Cells in the Treatment of Retinal
Diseases

Directed by Professor Chan Yun Kim

The Doctoral Dissertation
submitted to the Department of Medicine,
the Graduate School of Yonsei University
in partial fulfillment of the requirements for the degree of
Doctor of Philosophy in Medical Science

Wungrak Choi

December 2023



This certifies that the Doctoral Dissertation of
Wungrak Chol Is approved.

Thesis Committee Member#4: Gong Je Seong

The Graduate School
Yonsel University

December 2023



ACKNOWLEDGEMENTS

| wish to extend my heartfelt gratitude to my thesis supervisor,
Professor Chan Yun Kim. His unwavering encouragement and support
were the driving force that motivated me through the challenging
moments of this dissertation. Without his insightful guidance and
uplifting words, | would not have had the strength or determination to
see through the completion of this endeavor.

| also wish to thank Jisu Moon and Jin-Ok Choi for their invaluable
assistance in conducting the statistical analyses.

Finally, 1 wish to thank Professors Suk Ho Byeon, Chul Hoon Kim,
Joon Mo Kim, and Gong Je Seong for their invaluable guidance,
constructive criticism, and constant encouragement. Their mentorship
played a pivotal role in realizing this dissertation, and | am truly
indebted to them for their contributions to my academic journey.



<TABLE OF CONTENTS>

ABSTRACT -+esssesssestrmnmmss it s saa s sme s mmes v
I INTRODUGCTION = reeeerennmremnmemannaaannraannssaanssaanssaanssaannsaaansaannsraanns 1
1. MATERIALS AND METHODS ---cresnrrenersaamrmmanrrmansrmannrmaanreaanseaanens 3
1. ANIMALS = e e e rem e e 3
2. Preparation 0f RGCS ««-xxussremsmmmmmr e 3
3. Preparation of human umbilical vascular endothelial cells --------xeruruenanne. 5
4. Cell Viability assay «----++=ssssrrerrrremmmmmmmmmmmmmernnnnas e 5
5. Western DIot ««--xeverereremmrn e 5
B. FIOW CYtOMELry «--rerererereerere e 6
7. Lactate dehydrogenase assay «--«««««««sseereerrrrermmemmmemmmmmnmnnansaaaaaaaaaans 6
8. CEll COUNTING «xxxxrrrrrerrrrrrraranaaa sttt 7
9. RNA SEQUENCIN( ===+ rresrrssrrrassmmusmmarmn e e n e 7
10. Network analysis and visualization «-«-«-«--xssemmmmmmmmmmmmeeeeane 8
11. Quantitative reverse-transcription polymerase chain reaction (RT-qPCR)
and RNA sequencing data Validation -« ««-«--ssssssesssannnnmnnnnnnnnneeeeeeee 9
12. SIRNA transfeCtion «-«-«-=-=ssesesmamamataamaiaiataiasatasamasasaaasasaaaananans 10
13. Statistical analysis -« -«-==xmrrrmrmrmre 10
I RESULTS  sremrm e e e 12
1. Effects of VEGF and bevacizumab on RGC survival --------sememvararanes oo 12
2. Effect of bevacizumab on the AKt Pathway ««««««««««sssssssrssmrrrrrrarannns o 14
3. Effects of various VEGF inhibitors on RGC survival ---------xsseermana - 15
4. Effects of sorafenib and bevacizumab on RGC survival -----=-eseeeeeees oe 17
5. HUVEC SUIVIVal -=-==-s-asesmaeaeaeae e ia e iaeceras s ancsmcnsnanamnmnnan an 19
6. Effects of sorafenib and bevacizumab on RGC Akt ------unrermrerninnnnn oo 21
7. Effects of treatment with 0.5 uM sorafenib and 2 mg/mL bevacizumab on
RGC SUIVIVAl === =m e e et e e e iescssscscas s e n e namnnan o 23



8. RNA Sequencing FESUILS. =-v-smemmmaee e ieiciiencissac e e 25

0. Pathway ana]ysis ................................................................. 28
IV. DISCUSSION  «rrersuusrnrrsunssessnnsss s 30
V. CONCLUSION  sressssnrssssssnnsssnnsssss st 37
REFERENGCES  -crveemrranmmsaansamtaataaa i saaansaansaaanssaamnsaannnaanns 38
ABSTRACT (IN KOREAN)  «rssrsssmmsrsesssssnnnsnnssnnnses s 42



LIST OF FIGURES

Figure 1. Identification of retinal ganglion cells  ----sveverererennnen. 4
Figure 2. Effects of VEGF and bevacizumab on RGC survival ----13
Figure 3. Effect of bevacizumab on AKt ------reemememmmemennenennane. 14

Figure 4. Effects of various VEGF inhibitors on RGC survival ---16
Figure 5. Effects of sorafenib and bevacizumab on RGC survival

Figure 7. Effects of sorafenib and bevacizumab on RGC Akt ------- 22
Figure 8. Effects of treatment with 0.5 uM sorafenib and 2 mg/mL
bevacizumab on RGC sUrvival ..o, 24
Figure 9. RNA SequeNnCing reSults -«-«-«xxxererermmmmmmnneine, 26
Figure 10. Pathway analysis —«----s=ssrremmmmmmnee 29

iii



LIST OF TABLES

Table 1. Primers for quantitative reverse-transcription polymerase
o AT T AT €-T: VoL 1o ) s W 9
Table 2. Genes that displayed a greater than two-fold change with an
adjusted p-value of less than 0.05 in RNA sequencing ---------------- 27



ABSTRACT

Comparative Analysis of Bevacizumab and Sorafenib on the Survival of
Retinal Ganglion Cells in the Treatment of Retinal Diseases

Wungrak Choi
Department of Medicine
The Graduate School, Yonsei University

(Directed by Professor Chan Yun Kim)

Purpose: This study examines the effects of bevacizumab, a common vascular endothelial
growth factor (VEGF) inhibitor, in ocular neovascular disorder treatment. Bevacizumab
has been reported to be associated with adverse effects on retinal ganglion cell (RGC)
survival. Our research validates these reports, seeks an alternative VEGF inhibitor with
similar antiangiogenic efficacy but no effects on RGC, and elucidates the underlying

mechanisms responsible for these distinctions.

Methods: The efficacy of bevacizumab in promoting the survival of primary RGCs
extracted from neonatal rats was compared with that of other VEGF inhibitors. Human
umbilical vascular endothelial cells (HUVECSs) were used to evaluate the apoptotic effects
of the VEGF inhibitors. The cell survival pathways influenced by the VEGF-inhibitor
treatment were also investigated. Similarly, the genes affected by the treatment were

identified using RNA sequencing.

Results: Sorafenib and bevacizumab exhibited potent VEGF-inhibitory effects in HUVECs.
Notably, 2 mg/mL bevacizumab demonstrated a comparable VEGF inhibitory effect to 0.5
uM sorafenib. However, the RGC survival rate was higher following treatment with 0.5
UM sorafenib than 2 mg/mL bevacizumab. Western blot analysis indicated lower Akt levels

after bevacizumab than sorafenib treatments. RNA sequencing revealed that the PI3K/AKT,



Ras, and MAPK signaling pathways were involved in RGC viability, whereas the
JAK/STAT pathway did not play a pivotal role.

Conclusions: Our results suggest that sorafenib may be a more effective and safer
treatment option than bevacizumab for various retinal diseases. This study identified novel
genes implicated in this process and highlighted the intricate involvement of multiple
signaling pathways. These insights will help facilitate the development of safer therapeutic
approaches for various retinal diseases, particularly those associated with glaucoma.

Keywords: retinal ganglion cell; vascular endothelial growth Factor; bevacizumab;
sorafenib; glaucoma
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Comparative Analysis of Bevacizumab and Sorafenib on the Survival of
Retinal Ganglion Cells in the Treatment of Retinal Diseases

Wungrak Choi

Department of Medicine
The Graduate School, Yonsei University

(Directed by Professor Chan Yum Kim)

I. INTRODUCTION

Excessive expression of vascular endothelial growth factor (VEGF) contributes to several
sight-threatening eye conditions, including age-related macular degeneration and diabetic
retinopathy, both of which are leading causes of blindness.!* Intravitreal VEGF-inhibitor
injections have shown effectiveness in the management of these debilitating diseases.®®

In the realm of VEGF-inhibitor treatments, bevacizumab has been employed by
ophthalmologists in an off-label capacity as an intravitreal agent for the treatment of
proliferative (neovascular) eye diseases.’ Administration of 1.25-2.5 mg bevacizumab into
the vitreous cavity has long been a common practice.”!!

However, the indiscriminate inhibition of VEGF throughout the retina, as typically
achieved with VEGF-inhibitor therapy, may cause potential adverse effects.!? Previous
research has highlighted the multifaceted role of VEGF as a pro-survival factor in various
cell types.!313

Glaucoma, a chronic eye disease characterized by optic nerve damage primarily
associated with elevated intraocular pressure (IOP), affects over 64 million individuals

worldwide.'*'® This condition remains incurable, necessitating continuous treatment upon

diagnosis. While the reduction of IOP remains the primary therapeutic approach,



interventions that effectively halt the progression of glaucoma are currently unavailable.
Notably, the pathology of glaucoma persists even when IOP is adequately controlled.!-2!
Addressing this enigma requires the identification of neuroprotective mechanisms capable
of safeguarding retinal ganglion cells (RGCs), which constitute the pivotal
pathophysiological substrate of glaucoma.

Given the increased vulnerability of RGCs to various stressors, promoting the survival of
these cells is an effective therapeutic approach. Key factors regulating survival mechanisms
under stressful conditions include hypoxia-inducible factor-1a, VEGF, and nitric oxide
synthase.?!">* Specifically, the expression levels of these factors increase in response to
hypoxia and glaucoma.?'23

We have previously demonstrated the potential detrimental impact of VEGF-inhibitor
therapy on RGC survival, particularly under stressful conditions.?* Consequently, multiple
rounds of VEGF-inhibitor treatments may inadvertently exacerbate glaucoma owing to
excessive RGC loss.

The objectives of this study are to explore the effects of bevacizumab, a VEGF-inhibitor
agent, on RGC survival and identify enhanced treatment strategies to promote RGC
survival with similar antiangiogenic efficacy. The results of this study will help facilitate
the development of novel therapeutic approaches for various retinal diseases, particularly

those associated with glaucoma.



Il. MATERIALS AND METHODS

1. Animals

Sixty pregnant Sprague-Dawley rats were acquired from Orientbio Inc. (Seongham,
Korea). A total of 840 newborn rat pups were humanely euthanized by decapitation to
obtain sufficient RGC samples. Ethical approval for the study was obtained from the
Institutional Animal Care and Use Committee of Yonsei University College of Medicine,
Seoul, Korea (Approval Number: 2022-0053). All procedures involving rats were
performed in accordance with the ethical guidelines outlined by the Association for
Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic
and Vision Research. Extensive measures were taken to minimize the number of animals

used and to alleviate potential suffering.

2. Preparation of RGCs

RGCs were isolated using a two-step immunopanning method as previously described.?
2% Briefly, retinal tissues were extracted from 1- to 4-day-old newborn Sprague-Dawley
rats and combined to form a mixed suspension of retinal cells. The retinal cell suspension
was incubated with a rabbit anti-rat macrophage antibody (dilution 1:50; Fitzgerald
Industries International, Acton, MA, USA) for 5 min. Subsequently, the suspension was
placed in a 10 cm Petri dish coated with goat anti-rabbit immunoglobulin G antibody
(dilution 1:200; Southern Biotechnology Associates, Birmingham, AL, USA) for 30 min.

Non-adherent cells were subsequently transferred to a second 10 cm Petri dish coated with
mouse anti-rat thymocyte differentiation antigen (Thy) 1.1 antibody (dilution 1:50; Bio-
Rad, Hercules, CA, USA) for 1 h. The cells were then incubated with anti-biotin magnetic
microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany). Finally, the magnetically
labeled RGCs were collected using a magnetic separation unit. All the procedures were
performed simultaneously at room temperature (20-25 <C) in a laminar flow hood.

The isolated cells were cultured in Dulbecco’s modified Eagle’s medium/nutrient mixture



F-12 (DMEM/F-12; catalog no. SH30023.01; HyClone Laboratories, Logan, UT, USA)
supplemented with 10% fetal bovine serum (Life Technologies, Grand Island, NY, USA),
100 U/mL penicillin, and 100 pg/mL streptomycin (Life Technologies). These cells were
seeded onto 12 mm glass coverslips pre-coated with poly-L-ornithine and laminin (Sigma-
Aldrich, St. Louis, MO, USA). The cultures were maintained at 37 °C in a humidified
atmosphere containing 5% CO- and 95% air.

The authenticity of the cultured RGCs was validated through Brn3a (dilution 1:1,000, SC-
8429, Santa Cruz Biotechnology, CA, USA) immunostaining (Figure 1).

A DAPI B Brn-3a C Merge

X400

X630

Figure 1. Identification of retinal ganglion cells.

Immunofluorescence staining was conducted on RGCs at day 2 of culture, revealing
positive expression of the Brn3a marker (Panel B). DAPI nuclear staining is depicted in
Panel A, while the merged image is presented in Panel C, demonstrating the co-localization

of Brn3a-positive RGCs with nuclear staining.



3. Preparation of human umbilical vascular endothelial cells

Human umbilical vein endothelial cells (HUVECS) (C2519A, LONZA, Walkersville, MD,
USA) were cultured in a 10 cm dish containing endothelial growth medium (EGM)-2 (CC-
3162, LONZA, Walkersville, MD, USA) with EGM™-2 Single-Quots ™ Supplements
(CC-4176, LONZA, Walkersville, MD, USA) and incubated at 37 °C with 5% CO;
following the manufacturer’s instructions and as previously described.?® The medium was

changed every 3 days. The cells were harvested upon reaching 70-85% confluence.

4. Cell viability assay

Cell viability was evaluated using the cell counting kit-8 (CCK-8, Dojindo Laboratories,
Kumamoto, Japan). RGCs and HUVECs were seeded onto a 96-well plate and incubated
in the culture medium at 37 °C in 5% CO; for 24 h. After the treatment period, 10 ul of
CCK-8 solution was added to each well, and the plate was incubated for 2—4 h. Absorbance
was measured using a spectrophotometer at a wavelength of 450 nm, within a spectral range

of 420-480 nm, with a reference wavelength set at 600 nm.

5. Western blot

For western blot, total cell lysates were first obtained using a cell lysis buffer (Cell
Signaling Technology, MA, USA). The lysates were incubated on ice for 5 min.
Subsequently, the lysates were sonicated, and the resulting cell homogenates were
centrifuged at 15,000 x g for 15 min at 4 °C.

Following centrifugation, the protein concentration in the supernatants was quantified
using the Pierce™ Bicinchoninic Acid Protein Assay Kit (Thermo Fisher Scientific, Foster
City, CA, USA). Soluble proteins (10 ug per sample) were boiled for 5 min and separated
using 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Proteins were
subsequently electrotransferred onto polyvinylidene fluoride membranes with a pore size
of 0.45 um. To prevent nonspecific binding, the membranes were blocked with 5% skim

milk in Tris-buffered saline containing 0.1% Tween 20 (TBS-T) and incubated overnight



with primary anti-Akt (9272S, Cell Signaling Technology) and anti-a-tubulin (T6199-100,
MillporeSigma, Darmstadt, Germany) antibodies. These primary antibodies were diluted
in a solution containing 0.1% bovine serum albumin and 0.01% sodium azide in TBS-T.
The blots were washed three times with TBS-T and incubated with horseradish peroxidase-
conjugated secondary antibodies (Cell Signaling Technology) for 1 h at room temperature
(20-25 <C). After another three washes with TBS-T, immunoreactive bands were
visualized using enhanced chemiluminescence. The relative intensities of the

immunoreactive bands were measured after normalization against a-tubulin levels.

6. Flow cytometry

To detect apoptosis, we utilized an Annexin V-fluorescein isothiocyanate (FITC)
apoptosis kit from BioVision (Milpitas, CA, USA) following the manufacturer’s
instructions. Briefly, after collagenase digestion, isolated cells were prepared for analysis.
The cells were stained with Annexin V-FITC and propidium iodide (BioVision). Flow
cytometry was conducted using a FACS LSR Il instrument (BD Biosciences, San Jose, CA,
USA). The percentage of viable cells was determined based on the proportion of Annexin
V- and propidium iodide-positive cells in the samples. Flow cytometric analysis enabled

the identification and quantification of apoptotic cells within the population of interest.

7. Lactate dehydrogenase assay

A lactate dehydrogenase (LDH) cell cytotoxicity kit, specifically the CytoTox 96® Non-
Radioactive Cytotoxicity Assay Kit from Promega Corporation (Madison, WI, USA), was
utilized to quantitatively assess cell survival. Briefly, RGCs were cultured with various
VEGEF inhibitors. The cells were incubated with LDH detection buffer for 30 min at room
temperature in the dark. A stop solution was added to terminate the reaction. Absorbance
was measured at 490 nm using a microplate reader (Bio-Rad, Hercules, CA, USA). LDH
release, which indicates cytotoxicity, was calculated by dividing the experimental time

point values by the maximum LDH release values and multiplying by 100. Maximum LDH



release values were obtained by subjecting each culture to a freeze—thaw process, inducing

nearly complete cell damage.

8. Cell counting

RGC death was induced by treatment with various VEGF inhibitors. The cells were fixed
with 4% paraformaldehyde for 30 min and thoroughly washed with phosphate-buffered
saline (PBS). At room temperature (2025 <C), the RGCs were stained with DAPI solution
for visualization, incubated for 5 min, and washed three times with PBS. For each sample,
five images of DAPI-stained RGCs were captured using a light microscope (Olympus IX73;
Olympus Corp., Tokyo, Japan) at 100x magnification. The number of RGCs in the presence

or absence of oxidative stress was counted manually in each image.

9. RNA sequencing
RNA library preparation and sequencing were performed by LAS Inc. (Gimpo, Korea;
http://www.lascience.co.kr/) using the SMARTER Stranded Total RNA-seq kit-v2—Pico

Input Mammalian (Takara Bio, Mountain View, CA, USA) in accordance with the

manufacturer’s protocol. This process involved ligating RNAs with 3’ and 5’ adaptors and
subsequently reverse transcribing them into cDNA. Polymerase chain reaction (PCR) was
performed using different lllumina index primers to distinguish multiple time points after
injury in both the proximal and distal segments. All libraries with 75 bp paired-end reads
were sequenced on a NextSeq 500 System (Illumina, San Diego, CA, USA).

Quality control of the reads was conducted using FastQC v0.11.5, and any sequencing
adapters and low-quality bases in the raw reads were trimmed using Skewer version 0.2.2.
The resulting high-quality reads were mapped to the reference genome using STAR version
2.6 software.

The mapped reads were quantified as gene expression values relative to the reference
genome using Cuffquant in Cufflinks version 2.2.1.

Gene annotation from the reference genome rm6 (UCSC genome,


http://www.lascience.co.kr/

https://genome.ucsc.edu) in GTF format was used for gene models, and expression values
were calculated as fragments per kilobase of transcripts per million mapped reads (FPKM).
Differential gene expression analysis among the four selected biological conditions (RGCs
versus RGCs with VEGF treatment versus RGCs with Bevacizumab treatment versus
RGCs with Sorafenib treatment) was conducted using Cuffdiff within the Cufflinks
package. Genes with a fold change cutoff of 2 and a p-value cutoff of 0.05 were identified
as differentially expressed. The normalized expression values of a selected few hundred
differentially expressed genes (DEGs) were subjected to unsupervised clustering using R
scripts provided by LAS Inc. to compare the expression profiles among samples. Scatter
plots for gene expression values, volcano plots for expression fold changes, and p-values
between two selected samples were also generated.

A gene set overlapping test between the analyzed DEGs and functionally categorized
genes, encompassing the biological processes of Gene Ontology (GO), KEGG pathways,
and other functional gene sets, was performed using g:Profiler2 version 0.2.0 to gain

insights into the biological functional roles of the DEGs.

10. Network analysis and visualization

Functional analysis was conducted using the Database for Annotation, Visualization, and
Integrated Discovery (DAVID) bioinformatics platform (http://david.abcc.ncifcrf.gov), in
addition to Ingenuity Pathway Analysis. GO enrichment analysis was employed to explore
the associations between significantly expressed genes and their respective cellular
compartments, biological processes, and molecular functions. Statistical significance was
determined within DAVID using LPEseq (Seoul, Korea)?’ to generate corrected g-values.
Differential gene expression analysis was performed using the criteria of |log2FC| >1 and
g-value <0.05. Only terms with a corrected g-value <0.05 were considered statistically
significant. The top list of DEGs was input into the STRING database to identify protein—
protein interactions (PPIs) using a medium confidence threshold of 0.400. These

interactions were subsequently visualized using Cytoscape 2.8.3



(http://www.cytoscape.org). Candidate genes were identified using MCODE to establish
clusters, and key biological processes and pathways associated with the clusters of genes
within a functionally grouped network were visualized using ClueGo/CluePedia and

KEGGscape plugins.

11. Quantitative reverse-transcription polymerase chain reaction (RT-gPCR) and
RNA-Seq data validation

RNA was isolated using an RNeasy Micro Kit (Qiagen, Hilden, Germany) and reverse
transcribed into complementary DNA (cDNA) using EcoDry™ Premix (Takara Bio). Real-
time PCR was conducted utilizing SYBR® Premix Ex Taq™ (Takara Bio) and predesigned
primers (Table 1) on the StepOnePlus™ Real-Time PCR System (Applied
Biosystems/Thermo Fisher Scientific). Gene expression levels were quantified using the
comparative cycle threshold method and normalized to f-actin as an internal control within

the same sample.

Table 1. Primers for quantitative reverse-transcription polymerase chain reaction

Gene Sequence (5°-3") Primers
ATCTGCCCACCCAGTACAAG F
rcard AGCCCTCGTTTACCTCGTTT R
TCACGCTGTCAAGGATTCAG F
rlamaz TTGACTTCTGGCCTTGCTTT R
CGAGCTATCGCGGTAAAGAC F
rHof TGTAGCTTTCACCGTTGCAG R
AGCAGCCACAAACACCTTCT F
rVegfc TGCTGAGGTAACCTGTGCTG R
GAACCGGTACCTGGCTATGA F
Fof2 CCGTTTTGGATCCGAGTTTA R
AGGCTGCGGAGACTCTACTG F
ot ACTCCGAAGATGCTCACCAC R




GCTCTACAGACCGTGCTTCC F
Foft CCCCTCCTTCCATGTAGTCA R
ACATTTCTCACCTGGGCAAC F
rocx CGTCTCTGGCCAGTGGTAGT R
GCTGTGCTGGATGTCTTGAA F
rPak2 CTGACCCCTTGGTGTTCAGT R
AGAAAACCGCATCACCATTC F
rGlap TCCTTAATGACCTCGCCATC R
GGCTGCCAGTGACTTAGAGG F
FRIn4r TGAGTGCATTTCCAGCAGAC R
CAAAGCAGAAAACCCTGAGC F
redniz GGGGAAATACAGGCACTTCA R
GCCTTCACCTTGCACTTCTC F
i GACCGTGCTGTATCCTTGGT R
ACTTCGCCTGGAGAACAGAA F

rEwsrl
TCCATGAGTCCACCTCTTCC R

12. siRNA transfection

Cells were transiently transfected with 200 nM siRNA targeting Akt and non-targeting
siRNA using Lipofectamine 2000 in accordance with the manufacturer's guidelines. Akt
knockdown efficacy following siRNA transfection was assessed using a western blot. After

a 48-h transfection period, the cells were harvested in six-well plates to evaluate Akt protein

levels and their functional impact.

13. Statistical analysis

In adherence to rigorous scientific standards, all experiments were conducted in triplicate
to ensure data accuracy and reliability, and their results are presented as the mean *
standard deviation. A robust statistical approach was employed to assess the significance

of the observed differences between groups. Student’s t-test and one-way analysis of

10



variance were used for initial group comparisons. A linear mixed model was employed to
show statistically significant trends. All statistical analyses were performed using
GraphPad Prism version 9.0 for Windows (GraphPad Software, San Diego, CA, USA),
SPSS V22.0 software (SPSS, Chicago, IL, USA), SAS version 9.4 (SAS Institute Inc., Cary,
NC, USA), and the R package (version 4.3.0, packages; survival; The R Project for
Statistical Computing, Vienna, Austria). Statistical significance was considered at p <0.05,
ensuring the utmost reliability in our findings, in line with the highest standards of medical
research.

11



I1l. RESULTS

1. Effects of VEGF and bevacizumab on RGC survival

An in vitro experiment was conducted to assess the effects of VEGF and bevacizumab on
RGCs. RGCs were cultured with different concentrations of VEGF (0.1, 0.5, 1, 5, and 10
ng/mL) and bevacizumab (0.1, 1, 5, and 10 mg/mL) for 24 h, and their viability was
subsequently compared with that of RGCs cultured without these agents (control group).

The viability of RGCs exposed to the various VEGF concentrations did not significantly
differ from that of the control group (p > 0.05, Figure 2A).

Although the viability of RGCs cultured with 0.1 mg/mL bevacizumab was not
significantly altered compared with that of the control group, the viability of the cells
cultured with 1, 5, and 10 mg/mL bevacizumab was significantly lower than that of the
control group (p < 0.05; Figure 2B). To analyze the dose effect of bevacizumab, a linear
mixed model was employed, revealing a statistically significant trend (p < 0.001; Figure
2B).

These findings were corroborated through immunostaining for Brn3a, which revealed a
similar trend. Compared with the control group, RGCs cultured with 1 and 2 mg/mL of

bevacizumab had a lower cell count (Figure 2C).

12
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Figure 2. Effects of VEGF and bevacizumab on RGC survival.

RGCs were cultured with VEGF and bevacizumab for 24 h, and their viability was
subsequently compared with that of RGCs cultured without these agents (control group).
(A) The viability of RGCs cultured with various concentrations (0.1, 0.5, 1, 5, and 10
mg/mL) of VEGF did not significantly differ from that of the control group (p > 0.05). (B)
The viability of RGCs cultured with 1, 2, 5, and 10 mg/mL of bevacizumab was
significantly lower than that of the control group (p <0.05). A linear mixed model was
employed to analyze the dose effect of bevacizumab, revealing a statistically significant
trend (p < 0.001). (C) Immunostaining for Brn3a revealed that RGCs cultured with 1 and
2 mg/mL bevacizumab exhibited significantly lower cell counts than the control group (*p
<0.05, **p < 0.01, ***p < 0.001, T11p < 0.001, ****p < 0.0001).

2. Effect of bevacizumab on the Akt pathway

To elucidate the mechanisms of action of bevacizumab on RGC survival, we examined
the effects of 0.5, 1.0, and 2.0 mg/mL of bevacizumab on signaling molecules involved in
pro-survival pathways, such as Akt. The Akt expression level was measured 24 h after
bevacizumab treatment. Western blot analysis revealed that Akt levels gradually decreased

with increasing bevacizumab concentrations (Figure 3).
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Figure 3. Effect of bevacizumab on Akt
To elucidate the mechanisms of action of bevacizumab on RGC survival, we investigated

the effects of different concentrations (0.5, 1.0, and 2.0 mg/mL) of bevacizumab on pivotal
signaling molecules associated with pro-survival pathways, notably Akt. Western blot
analysis revealed a progressive decline in Akt levels as the concentration of bevacizumab
increased (**p < 0.01, ***p < 0.001).

3. Effects of various VEGF inhibitors on RGC survival

To determine an alternative approach to inhibiting VEGF, we assessed the efficacy of
various VEGF inhibitors, including sorafenib, regorafenib, trametinib, vemurafenib,
selumetinib, and pazopanib, in promoting the survival of RGCs. We compared the
apoptotic effects of these VEGF inhibitors on HUVECs with those of 2 mg/mL
bevacizumab to identify their optimal concentrations. Subsequently, we used the following
concentrations of the VEGF inhibitors for HUVEC experiments: 0.5 pM sorafenib, 2 uM
regorafenib, 0.5 UM trametinib, 1 pM vemurafenib, 10 uM selumetinib, and 10 uM
pazopanib (data not shown). In the RGC viability experiment, sorafenib induced the highest
RGC survival rate among the tested VEGF inhibitors and significantly surpassed
bevacizumab (Figure 4). Therefore, sorafenib was used in all subsequent comparative

analyses with bevacizumab.

15



Cell Viability (%)

We evaluated the effectiveness of various VEGF inhibitors, namely sorafenib,

125 -

*kk

100- -
= ——
75- L -

50

25

o

Figure 4. Effects of various VEGF inhibitors on RGC survival.

regorafenib, trametinib, vemurafenib, selumetinib, and pazopanib, in promoting the
survival of RGCs. To establish the optimal concentrations for each VEGF inhibitor, we
conducted comparative analyses of their apoptotic effects on HUVECs, with 2 mg/mL
bevacizumab used as a reference. Consequently, we determined the following

concentrations for HUVEC experiments: 0.5 uM sorafenib, 2 uM regorafenib, 0.5 uM
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trametinib, 1 pM vemurafenib, 10 uM selumetinib, and 10 pM pazopanib. In our
subsequent RGC viability experiment, sorafenib exhibited the highest RGC survival rate
among the tested VEGF inhibitors and significantly surpassed bevacizumab.

(***p < 0.001).

4. Effects of sorafenib and bevacizumab on RGC survival

We comprehensively assessed the effects of different concentrations of sorafenib (0.1, 0.5,
1.0, 2.0, 5.0, and 10.0 uM) and bevacizumab (0.1, 1.0, 2.0, 5.0, and 10.0 mg/mL) on RGC
survival using cell viability and LDH assays.

The viability of RGCs was significantly decreased following treatment with bevacizumab
and sorafenib in a dose-dependent manner, starting at 1.0 mg/mL and 0.5 uM, respectively
(p < 0.001; Figure 5A). Consistently, LDH assay results revealed that LDH release was
notably increased following treatment with bevacizumab and sorafenib in a dose-dependent
manner, starting at 1.0 mg/mL and 2.0 uM, respectively (p < 0.001; Figure 5B).
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Figure 5. Effects of sorafenib and bevacizumab on RGC survival.

We comprehensively assessed the effects of different concentrations of sorafenib (0.1,
1.0, 2.0, 5.0, and 10.0 uM) and bevacizumab (0.1, 1.0, 2.0, 5.0, and 10.0 mg/mL) on RGC
survival using cell viability and LDH assays. The viability of RGCs was significantly
decreased following treatment with bevacizumab and sorafenib in a dose-dependent
manner, starting at 1.0 mg/mL and 0.5 uM, respectively (Figure 5A). Concurrently, LDH
assay results demonstrated that LDH release was dose-dependently increased following
treatment with bevacizumab and sorafenib, starting at 1.0 mg/mL and 2.0 uM, respectively
(Figure 5B). A linear mixed model was employed to analyze the dose effect of bevacizumab
and sorafenib, revealing a statistically significant trend (*p <0.05, **p<0.01,

*#kp < 0,001, THTp < 0.001, ****p < 0.0001).

5. HUVEC survival

To investigate the effects of VEGF inhibitors on vascular cells, we assessed the effects of
various concentrations of sorafenib (0.1-5.0 uM) and bevacizumab (0.1-10.0 mg/mL) on
the viability of HUVECs.

Cell viability assay results showed that the viability of HUVECs was significantly
decreased by bevacizumab and sorafenib in a dose-dependent manner, starting at 2.0
mg/mL and 0.5 puM, respectively (Figure 6A).

To further validate these findings, we assessed live and dead cells through flow cytometry.
The results of flow cytometry confirmed those of the cell viability assay, and 0.5 uM
sorafenib exhibited a similar or even superior apoptotic effect to 2.0 mg/mL bevacizumab
on HUVECs (Figure 6B). These results were also corroborated through immunostaining.
Specifically, the cell count was lower after treatment with 0.5 uM sorafenib than with 2.0

mg/mL bevacizumab (Figure 6C).
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Figure 6. Human umbilical vein endothelial cell (HUVEC) survival.

In the cell viability assay, various concentrations of bevacizumab (0.1-10.0 mg/mL) and
sorafenib (0.1-5.0 uM) were used. The viability of HUVECs was significantly decreased
by bevacizumab and sorafenib in a dose-dependent manner, starting at 2.0 mg/mL and 0.5
uM, respectively (Figure 6A). Flow cytometry analysis demonstrated that 0.5 pM sorafenib

exhibited a similar or even superior apoptotic effect to 2.0 mg/mL bevacizumab on
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HUVECs (Figure 6B). Consistently, immunostaining indicated a lower cell count after
treatment with 0.5 uM sorafenib than with 2.0 mg/mL bevacizumab (Figure 6C) (*p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001).

6. Effects of sorafenib and bevacizumab on RGC Akt

We investigated the effects of 2.0 mg/mL bevacizumab and 0.5 uM sorafenib on signaling
molecules associated with pro-survival pathways, specifically Akt, in RGCs. Western blot
analysis revealed that Akt levels significantly increased after VEGF treatment. However,
Akt levels were markedly lower after treatment with 2.0 mg/mL bevacizumab than with
0.5 uM sorafenib, indicating the differential effects of these agents on Akt signaling (Figure
7A). To corroborate these findings, we used the siRNA method and observed consistent

results (Figure 7B).
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Figure 7. Effects of sorafenib and bevacizumab on RGC Akt.

We examined the effects of 2.0 mg/mL bevacizumab and 0.5 uM sorafenib on Akt
signaling in RGCs. Akt was measured 24 h after bevacizumab treatment. Western blot

analysis revealed that Akt levels significantly increased after VEGF treatment. Notably,
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Akt levels were markedly lower after treatment with 2.0 mg/mL bevacizumab than with
0.5 uM sorafenib, indicating the differing impacts of the two VEGF inhibitors on Akt
signaling (Figure 7A). To validate these findings, the siRNA method was used and yielded
consistent results (Figure 7B) (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

7. Effects of treatment with 0.5 pM sorafenib and 2 mg/mL bevacizumab on RGC
survival

The effects of 2.0 mg/mL bevacizumab and 0.5 uM sorafenib on the survival of RGCs
were evaluated. Results of advanced flow cytometry showed that the survival rate of RGCs
substantially increased after VEGF treatment. However, the survival rate of RGCs was
significantly lower after treatment with 2.0 mg/mL bevacizumab than with 0.5 uM
sorafenib, indicating the distinct effects of these agents on RGC viability (Figure 8A). The
observed results were confirmed through a tunnel assay (Figure 8B).
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Figure 8. Effects of treatment with 0.5 pM sorafenib and 2 mg/mL bevacizumab on

RGC survival.

We assessed the effects of 2.0 mg/mL bevacizumab and 0.5 uM sorafenib on RGC
survival. Results of advanced flow cytometry showed that the survival rate of RGCs
substantially increased after VEGF treatment. However, the survival rates of RGCs were
significantly lower after treatment with 2.0 mg/mL bevacizumab than with 0.5 uM
sorafenib, indicating the distinct effects of these agents on RGC viability (Figure 8A).
These results were further validated using a tunnel assay (Figure 8B) (*p <0.05,
***%p < 0.0001).

8. RNA sequencing results

To unravel gene expression discrepancies and delineate the specific cellular pathways
influenced by VEGF-inhibitor treatment, we conducted comprehensive RNA sequencing.
After a 24-h stabilization period, isolated RGCs were subjected to four distinct conditions:
control (RGCs only), VEGF treatment, 2.0 mg/mL bevacizumab treatment, and 0.5 uM
sorafenib treatment. RNA sequencing was then performed. The results of the initial analysis
showed that VEGF-inhibitor treatment modified the gene expression profiles of RGCs
(Figure 9A and B).

We focused on genes that were upregulated by VEGF treatment but downregulated by
VEGF-inhibitor treatment compared with the control group, or genes that were
downregulated by VEGF treatment but upregulated by VEGF-inhibitor treatment
compared with the control group (Figure 9C). This stringent selection process yielded 14
genes with a greater th