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Placental Growth Factor Regulates the Pentose Phosphate
Pathway and Antioxidant Defense Systems in Human Retinal
Endothelial Cells

Madhu Sudhana Saddalal, Anton Lennikov?, Hu Huangl*
IMason Eye Institute, University of Missouri, Columbia, Missouri, United States of America

Abstract

The molecular mechanisms whereby placental growth factor (PIGF) mediates its effects in
nonproliferative diabetic retinopathy (DR) are unknown. To better understand the role of PIGF in
DR, we used tandem mass tags (TMT)-labeled quantitative proteomics to human retinal
endothelial cells (HRECS), treated anti-PIGF antibody, and PBS as a control. Functional
annotation and pathway enrichments were performed, which suggested that the differentially
expressed proteins (DEPS) were involved in key metabolic processes, protein binding, and
membrane, pentose phosphate pathway PPP and adherens junction. We conducted integrated gene
profiles of our previously published transcriptomic data to the TMT-labeled proteomics data. The
results showed the sixty proteins were found to be changed at the mRNA levels. The functional
annotation conducted for the sixty proteins suggested that 58.3% of proteins were involved in PPP,
25% of proteins were in interleukin-12 singling and 16.7% of proteins were involved in glycolysis
and gluconeogenesis pathway. Mass spec results were validated by transendothelial electrical
resistance measurement by an electrical cell-impedance sensing and western blot analysis of VE-
cadherin, G6PD. These findings suggest that the PPP proteins and antioxidants may act as a
downstream target of PIGF and may play a decisive role in HREC biological functions in DR.
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Introduction

Placental growth factor (PIGF) was initially identified in human placental tissue and
subsequently characterized as a member of the vascular endothelial growth factor (VEGF)
family (1), (2). PIGF is known to play a pivotal role in pathological angiogenesis and
inflammation by stimulating endothelial cell migration and by recruiting pericytes and
inflammatory cells such as microglia and macrophages (3), (4), (5). PIGF demonstrates
many features similar to those of VEGF and can directly interact with VEGF-A, producing
PIGF/VEGF-A heterodimers. Clinically, PIGF is implicated in a variety of disorders
associated with ischemia and angiogenesis. For example, reduced levels of PIGF caused by
excessive release of soluble VEGFR1 (sVEGFR1) are a hallmark of preeclampsia (6). PIGF
mediates therapeutic angiogenesis in myocardial infarction, diabetic wound healing, and
limb ischemia (7). PIGF can also promote cancer angiogenesis and metastasis of cancer
cells, suggesting that PIGF may be a potential target for cancer therapy (8). Additionally,
PIGF may play a role in the pathogenesis of proliferative diabetic retinopathy (DR), as
indicated by the observation that PIGF expression is increased in the vitreous of diabetic
patients and that PIGF overexpression in the vitreous can cause characteristics of DR (9).
Current evidence from animal experiments and clinical investigations suggests that PIGF can
serve as a therapeutic target in the treatment of angiopathological disorders, particularly
retinal vascular diseases such as neovascular, or “wet,” age-related macular degeneration
(AMD), proliferative DR, and diabetic macular edema (DME) (10). Despite the well-defined
pathophysiological roles of PIGF, the underlying molecular and cellular mechanisms are not
completely understood, especially the exact relationships between biochemical events and
molecular pathways regulated by PIGF, whose inhibition exhibits a protective role in DR.

Previously we reported that the absence of PIGF in diabetic PIGF™~ mice is associated with
decreased expression of diabetes-activated hypoxia-inducible factor (HIF)1a (11) and
inhibition of the VEGF signaling pathway, such as expression of VEGF, expression of
VEGF receptor 1-3 (VEGFR1-3), and levels of phospho (p)-VEGFRL1, p-VEGFRZ2, and p-
endothelial nitric oxide synthase (5). Utilizing retinal proteome analysis, we also found that
PIGF gene ablation inhibits the insulin resistance pathway and increases neuroprotective and
antioxidant factors(12). Recently we have identified the roles of glucose-6-phosphate
dehydrogenase (G6PD), peroxiredoxin-6 (Prdx6), and the pentose phosphate pathway (PPP)
in the increased endothelial cell barrier functions that occur with PIGF inhibition via
antibodies /in vitro, including increased resistance, increased levels of junction and adherin
proteins, and their reinforced cell membrane distribution (13).

In the present study, we used a quantitative tandem mass tags (TMT)-labelled proteomic
approach, together with the comparison with the previously published transcriptomics (RNA
Seq) data, to identify the differentially expressed genes (DEGSs) and differentially expressed
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proteins (DEPs) in HRECs treated with PIGF antibody and control HRECs treated with
phosphate-buffered saline (PBS). Further bioinformatics analysis was performed to identify
the enriched pathways among the DEGs and DEPs, which potentially act as downstream
targets of PIGF signaling.

Materials and Methods

Cell culture and PIGF ab treatment

Primary HRECs were purchased from Cell Systems (Cat#: ACBR1 181, Kirkland, WA).
HRECs were seeded on fibronectin-coated (10 pg/ml, overnight, 33016015, Gibco) plastic
culture vessels and grown using the EBM-2 MV medium (Cat#: cc-4176, Lonza,
Walkersville, MD) supplemented with 10% fetal bovine serum (FBS), 1% of penicillin/
streptomycin (P/S), and EGM MV Singlequots growth supplement kit (Cat#: cc-4147,
Lonza). Cells were used during passage 5 to 6. At about 80% confluence, the culture media
was replaced with fresh media containing mouse anti-PIGF antibody (PL5D11D4; 25 pg/ml)
and HRECs were collected 48 hours after the start of the incubation. PBS-treated cells were
used as a negative control. We previously demonstrated the high affinity of the PL5D11D4
antibody with human PIGF using immune dot, and it’s efficacy at 25 ug/ml concentration in
HREC (13).

Protein extraction, digestion, and TMT-10 plex labeling

At the experimental endpoint, the control and PIGF-ab-treated HRECs were washed with
PBS and lysed in a 2% of SDS in 50 mM Triethyl ammonium bicarbonate (TEABC) and
phosphatase inhibitors 1 mM sodium fluoride (NaF), 2.5 mM sodium pyrophosphate, 1 mM
sodium orthovanadate, and 1 mM B-glycerophosphate buffer, supplemented with a 1:100
protease inhibitor cocktail (Cell Signaling Technology); disruption of the tissue material was
performed by a Q55 Sonicator (Qsonica, NY) with four pulses for 22 kHz, 5 s each at 30%
power output on ice in the 4°C environment (cold room). Protein quantification was done by
bicinchoninic acid (BCA) protein assay kit (Pierce, Waltham, MA), according to the
manufacturer’s instructions. Equal amounts of protein (1.5 mg) from control and PIGF-ab
treated HRECs were taken, and sulfhydryl bonds in cysteine were reduced by dithiothreitol
(DTT), 5 mM, and the mixture was incubated for 20 min at 60 °C. We performed a three-
buffer exchange to reduce the concentration of the SDS from 2% to <0.05% by 8M urea
buffer in 30 kDa MWCO filters (Millipore, Burlington, MA). Alkylation was carried out
with iodoacetic acid (IAA), to a final concentration of 20 mM for 10 min at room
temperature in the dark. The urea in the sample was further removed by buffer exchange
with 50 mM TEABC buffer. Digestion of the proteins was performed with sequence-grade
trypsin at a 1:20 ratio of trypsin to protein and incubated overnight at 37 °C. Peptides were
vacuum dried until further use.

The resulting peptide mixtures were labeled with one of the TMT reagents from the 10plex
version (Thermo Scientific, Rockford, IL), according to the manufacturer’s protocol (14).
TMT 10plex experiment was combined and acidified with trifluoroacetic acid to hydrolize
the RapiGest surfactant. RapiGest was then removed according to the manufacturer’s
instructions, and the supernatants dried on a SpeedVac (15), (16). The labeled peptide
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mixtures were desalted using C18 Macro Spin Columns (Harvard Apparatus). After peptide
elution, samples were dried under vacuum. Peptides were then fractionated by off-gel
electrophoresis (OGE) according to their pl on an Agilent 3100 OFFGEL fractionator
(Agilent Technologies, Santa Clara, CA), following the manufacturer’s manual. Isoelectric
focusing was performed on a commercial 13 cm IPG pH 3-10 linear dry strip (GE
Healthcare Biosciences AB, Uppsala, Sweden) with a 12-well frameset. After focusing, the
12 fractions were recovered individually and cleaned using C18 microspin columns
(Harvard Apparatus, Holliston, MA). Eluted peptides were finally evaporated and stored at
20 °C prior to MS analysis.

LC-MS/MS analysis

The samples were then fractionated by high-pH reverse-phase high-performance liquid
chromatography (HPLC) using an Agilent 300 Extend C18 column (5 um particles, 4.6 mm
ID, 250 mm length). The peptides were dissolved in 0.1% formic acid (FA) and directly
loaded onto a reversed-phase precolumn (Acclaim PepMap 100, Thermo Scientific,
Rockford, IL). Peptide separation was performed using a reversed-phase analytical column
(Acclaim PepMap RSLC, Thermo Scientific). The gradient was comprised of increasing
solvent B (0.1% FA in 98% ACN), from 8% to 26% in 22 min, 26% to 40% in 12 min, and
40% to 80% in 3 min, and then holding at 80% for the last 3 min, all at a constant flow rate
of 400 pl/min on an EASY-nLC 1000 UPLC system. The resulting peptides were analyzed
by a Thermo Scientific™ Q Exactive™ plus hybrid quadrupole-Orbitrap mass spectrometer
(Thermo Fisher Scientific, Waltham, MA). The peptides were subjected to nanospray
ionization (NSI) source followed by tandem mass spectrometry (MS/MS) in Q Exactive™
plus (Thermo Fisher Scientific, Waltham, MA) coupled with the ultra-high-performance
liquid chromatography (UPLC) (17). Intact peptides were detected in the Orbitrap at a
resolution of 70,000. Peptides were selected for MS/MS using the nanospray collision
energy (NCE) setting as 30; ion fragments were detected in the Orbitrap at a resolution of
17,500 (18). A data-dependent procedure that alternated between one MS scan followed by
20 MS/MS scans was applied for the top 20 precursor ions above a threshold ion count of
1E4 in the MS survey scan with a 30.0 s dynamic exclusion. The electrospray voltage
applied was 2.0 kV. Automatic gain control (AGC) was used to prevent overfilling of the
Orbitrap; 5E4 ions were accumulated for the generation of MS/MS spectra. For MS scans,
the m/z scan range was 350-1800. The fixed first mass was set as 100 m/z.

Proteomics data analysis

Data analysis was performed on Proteome Discoverer 2.4 (Thermo Fisher Scientific) using
Sequest and Mascot search engines and the MaxQuant tool program (http://
www.maxquant.org) (12). The data were searched against the National Center for
Biotechnology Information (NCBI) human reference sequence (NCBI RefSeq) protein
database containing 71,644 protein sequences (https://www.ncbi.nlm.nih.gov/refseq/) (19).
The fixed modification included in the search parameters were the carbamidomethylation of
cysteine, TMT 10-plex labels at the N-terminal of the peptide (229.16 Da), and a lysine side
chain (229.16 Da). N-terminal acetylation, oxidation of methionine, phosphorylation at
serine, threonine, and tyrosine (+79.966 Da), and were included in the algorithm as variable
modification. MS/MS was searched with a precursor mass tolerance of 10 ppm, and the
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fragment mass tolerance was set to 0.05 Da. The protease used was specified as trypsin, and
a maximum of two missed cleavages was allowed. The data were searched against a target
decoy database, and the false discovery rate was set to 1% at the peptide level. The TMT
ratio for each peptide—spectrum match was calculated by the quantitation node, and the
probability of phosphorylation for each Ser/Thr/Tyr site was calculated by the
phosphoRS3.1 node in the Proteome Discoverer and MaxQuant programs. Only the
phosphopeptides with >75% site localization were considered for the analysis. The peptides
with ratios of 21.5 in at least three samples were considered as significant differentials and
used for further data analysis.

Gene Ontology Analysis

The GO annotation proteome was derived from the UniProt-GOA database (http://
www.ebi.ac.uk/GOA/). GO annotation contains three categories: biological process, cellular
compartment, and molecular function. For each category, a two-tailed Fisher’s exact test was
employed to test the enrichment of the differentially expressed protein against all identified
proteins. Correction for multiple hypothesis testing was carried out using standard FDR
control methods. GO terms with a corrected p-value < 0.05 were considered significant. The
KEGG database was used to annotate the protein pathways. First, we used the KEGG online
service tool KAAS (Kregg Automatic Annotation Server) to annotate the protein’s KEGG
database description. Then, we mapped the annotation result on the KEGG pathway
database using the KEGG online service tool KEGG mapper.

Protein-protein network analysis

Protein-protein network analysis was performed for 60 overlap DEPs by using the STRING
(Search Tool for the Retrieval of Interacting Genes) database (https://string-db.org/) to
disclose possible connections among proteins and to visualize the PPI (protein-protein
interaction) network. The PPI network was constructed by setting the minimum required
interaction score to medium confidence (0.4). The active interaction sources included were
experiments and text mining. The setting parameters for a maximum number of interactors
to show for first shell and second shell were, respectively, none/query protein only and none.
GO functional enrichment analyses of proteins in the PPI network were directly performed
online to retrieve GO terms assigned to a set of proteins in the GO categories of molecular
function, biological process and cell component with an FDR < 0.05 on the whole genome
background (20). The overall study design is depicted in Figure 1.

Transendothelial electrical resistance measurement by an electrical cell-impedance

sensing

Experiment was performed as described previously (13). Briefly, the primary HRECs were
seeded on an 8-well electrical cell-impedance sensing (ECIS) array and cultured as
described above. Transendothelial electrical resistance (TEER) was monitored with the
ECIS system (Applied BioPhysics, Troy, NY, USA) in real-time every 10 minutes at 4 kHz
AC frequency.
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Western blot validation

Western blot (WB) validation of cellular protein extracts was performed, as was previously
described (13). The protein concentration was determined with the Qubit 4 Fluorometer
(Thermo Fisher Scientific). Thirty micrograms of total protein were separated on the SDS-
PAGE gel and further transferred to membrane for immunoblotting assay. Membranes were
blocked with 5% nonfat milk (Bio-Rad) at room temperature for 1 h and then incubated
overnight at 4°C with the primary antibodies: anti-vascular endothelial (VE)-cadherin
(1:1000, 5012896; Thermo Fisher Scientific), anti-G6PD (1:500, MA5-15918; Thermo
Fisher Scientific), p-actin (PA1-21167; 1:2,000; Thermo Fisher Scientific). The target
protein bands were detected with HRP-conjugated 1gG antibody (172-1011, 1:1,000; Bio-
Rad), which was visualized by chemiluminescence with Clarity Western ECL substrate
(Bio-Rad) and imaged using the LAS-500 Imaging System (General Electric, CT, USA).
The resulting band sizes were resolved using Precision Plus Protein™ Kaleidoscope (Bio-
Rad) protein standard.

Statistical analysis

Results

Student’s t-tests and Benjamini-Hochberg corrections (FDR) were used. A p-value of less
than 0.05 was considered significant. The biological replicates were performed for control
and PIGF-ab- treated and proteomic differences were evaluated for statistical significance
(P< 0.05) by Student’s t-tests, and corrected for multiple testing using the Benjamini-
Hochberg correction. Means were calculated for the biological replicates, and fold changes
were determined by dividing the mean intensity value of the control samples by that of the
PIGF ab treated samples for each protein. The fold change was transformed using the log2
function so that the data is centered around zero, while the Benjamini—-Hochberg corrected
p-value was-log10 transformed for volcano plot scaling.

Identification of differentially expressed proteins (DEPS)

We used a TMT-based quantitative proteomic method to identify the proteome changes in
HRECs treated with PBS (control) and PIGF-ab. The overall study design is depicted in
Figure 1. The upstream TMT labeling of mass spectrometric analysis allows for multiplexed
relative protein quantification of multiple samples in one single liquid chromatography-mass
spectrometry tandem MS (LC-MS/MS) analysis so that the technical variations between
different experiments could be overcome (21). The five control and five PIGF-ab—treated
HREC protein extracts were processed for quantitative proteomics analysis using TMT
labeling. LC-MS/MS, followed by bioinformatics analysis, identified a total of 7,286
proteins from control and PIGF-ab—treated groups, which was quantified by multiple
peptides at an initial protein false discovery rate (FDR) of less than 1%. Initial analysis
identified 685 proteins that demonstrated significantly different quantities between the
control and PIGF-ab-treated samples.

We applied the Benjamini—-Hochberg method (22) to correct for multiple testing, which
reduced the number of differentially abundant proteins to 305. The 305 proteins were
considered the final DEPs between the control and PIGF-ab-treated groups, with p-value
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<0.05 and the maximum absolute value of fold change =0.2 (based on ANOVA analysis).
Hierarchical clustering analysis of the 305 DEPs illustrated the overall consistency of up-
and down-regulation between the two groups. The DEPs were designated to be significantly
regulated, as demonstrated by the Student’s t-test (p-value < 0.05) and relative fold change
(FC) from DEPs of control HRECs as compared to DEPs of HRECs subjected to PIGF-ab
treatment (FC < 0.23). Principle component analysis (PCA) and volcano plot were
performed to graphically represent the quantitative data as a sample distribution
(Supplementary material, Figure 1).

Gene ontology and functional classification of the DEPs

The DEPs were uploaded to the DAVID (Database for Annotation, Visualization, and
Integrated Discovery) annotation tool (https://david.ncifcrf.gov/) and Panther classification
system database (23), (20), with the complete human genome as the background for gene
ontology (GO) classification. We have investigated the biological process, cellular
component, molecular function, protein classes, and functional pathways in the significantly
enriched GO terms.

The significant upregulation of proteins in the PIGF-ab—treated group, was primarily related
to protein production and regulation. The biological process classification revealed that the
DEPs are involved in the metabolic process (22.63% of DEPs), regulation of biological
process (20.75%), response to a stimulus (13.67%), cell organization and biogenesis
(13.11%), transport (10.07%), and other activities (19.77%). Most of the DEPs are involved
in the metabolic process (22.63%) and regulation of biological process (20.75%) (Figure
2A). The molecular function results revealed that the DEPs are involved in protein binding
(33.95%), RNA binding (8.50%), DNA binding (5.42%), catalytic activity (19.07%),
nucleotide-binding (7.71%), metal ion binding (9.70%), and other activities (15.64%). Most
of the DEPs are involved in protein binding (33.95%) and catalytic activity (19.07%) of
molecular functions (Figure 2B). The cellular component results revealed that the DEPs are
involved in the membrane (18.80%), nucleus (15.80%), mitochondrion (5.35%), cytosol
(15.98%), cytoplasm (15.54%), and other activities (28.52%). Most of the DEPs are
involved in the membrane (18.80%) and other (28.52%) of cellular components (Figure 2C).
The protein classification results revealed that the DEPS go to various classes like transferase
(22.1%), cytoskeletal protein (13.5%), enzyme modulator (17.3%), hydrolase (18.3%) and
nucleic acid binding (28.8%). Most of the DEPs belong to nucleic acid binding (28.8%) and
transferase (22.1%) of protein classes (Figure 3A).

The DEPs were further subjected to pathway-focused functional analysis. The results
showed that most of the identified proteins are involved in the PPP (10 proteins), adherens
junction (6 proteins), p53 signaling pathway (5 proteins), signal transduction of
sphingosine-1-phosphate (S1P) receptor (4 genes), Alzheimer disease—presenilin pathway (6
genes), metabotropic glutamate receptor group 111 pathway (4 genes), antifolate resistance (4
genes), and one-carbon metabolism (4 genes) (Figure 3B). The functional pathway results
revealed that most of the DEPs are involved in the PPP (23%), adherens junction (14%), and
Alzheimer’s disease—presenilin pathway (14%).

J Proteomics. Author manuscript; available in PMC 2021 April 15.


https://david.ncifcrf.gov/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Saddala et al. Page 8

Comparative analysis of Proteome and Transcriptome

Despite the central dogma of gene expression from mRNA transcription to protein
translation, protein changes often cannot be matched with their mMRNA transcript changes
due to post-transcriptional modifications and spatiotemporal dynamics of mRNA transcripts.
Therefore, we performed a comparative analysis of the current proteome and previously
published transcriptomic (RNA Seq) data (24), which identified a total of 53,808 significant
transcripts from the raw datasets of 12 files (6 controls vs. 6 treatments). Among them, a
total of 3,275 DEGs that satisfy g-value (FDR-corrected p-value) < 0.05 and fold change =
+2.0, were identified in the PIGF-ab—treated HREC samples relative to the control HREC
samples. These DEGs were compared with DEPs from proteomics analysis by the \enny
tool (https://bioinfogp.cnb.csic.es/tools/venny/) (12). Sixty DEPs were found to their
matched mRNA transcripts in the DEGs (Figure 4). Functional analysis and classification
were further performed for these 60 overlap transcripts/proteins (Figure 5). The results
showed that they are involved in the PPP (58.3%), interleukin-12 signaling (25%), and
glycolysis, and gluconeogenesis (16.7%). Both datasets indicated that the majority of
proteins/transcripts were involved in PPP, such as aldolase A (ALDOA), aldolase, fructose-
biphosphate C (ALDOC), deoxyribose-phosphate aldolase (DERA), glucose-6-phosphate
dehydrogenase (G6PD), 6-phosphogluconolactonase (PGLS), transketolase (TKT), and
retinal pigment epithelium (RPE) (Table 1). The results suggest that the PPP may play an
essential role in the protective effect provided by PIGF in HREC:s.

Protein-protein network analysis of the pentose phosphate pathway proteins

We further analyzed the seven PPP elements that overlap between the DEGs and the DEPs.
All of the seven proteins were used for the protein-protein interaction analysis with the
human genome as the background using the STRING database (https://string-db.org/). We
constructed five various networks, including evidence-based network, confidence-based
network, molecular action-based network, molecular action-based k means clustering,
molecular action based Markov Cluster (MCL) clustering (Figure 6). All the networks have
7 nodes, 18 edges, 5.14 average node degree, 0.886 average local clustering coefficient, and
0 expected number of edges with a PPI enrichment p-value < 1.0e-16. The evidenced-based
network showed that all the genes were directly connected, and ALDOC (red color sphere)
was the query protein and first interactor. Interestingly, the G6PD gene was shown to interact
with many genes, such as ALDOA, ALDOC, DERA, PGLS, TKT, and RPE (Figure 6A).
Based on confidence analysis, G6PD showed the highest interaction with ALDOA, ALDOC,
DERA, PGLS, TKT, and RPE (Figure 6B). The molecular action network was also
performed to gain insights into how these genes affect each other, and the results reveal that
G6PD binds directly with ALDOA, ALDOC, DERA, PGLS, TKT, and RPE (Figure 6C).
The molecular action-based k-means clustering network results showed that the clustering of
the seven proteins involved in the PPP exhibited three distinctive clusters. In one cluster,
proteins, G6PD, and PGLS were grouped (green color), while ALDOA and ALDOC
clustered together (blue color), and DERA, TKT, and RPE clustered with each other (red
color) (Figure 6D). The molecular action-based MCL clustering network analysis showed
the clustering of the seven proteins involved in the PPP. The seven proteins were clustered
together (Figure 6E). All the networks of Kyoto Encyclopedia of Genes and Genomes
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(KEGG) pathway showed that 7 of 30 genes and Reactome pathways identified, 5 of 15
genes to be involved in the PPP.

Treatment with anti-PIGF antibody increased the barrier function of HREC and G6PD
expression in HREC lysates.

Both TEER data (Figure 7A) and western blot analysis (Figure 7B) indicated that inhibition
of PIGF resulted in increased resistance of HREC monolayer and elevated expression of VE-
Cadherin suggestive of increased endothelial barrier function when treated with ani-PIGF
antibody, these results are consistent with our mass-spec and RNA-seq findings as well as
previous experiments (25). Consistent with our findings in mass-spec and RNA-seq results.
G6PD upregulation by the anti-PIGF antibody at 48 h was also validated by western blot
analysis (Figure 7B). Previously we reported increased expression of Prdx6 in PIGF-ab
treated HREC (13).

Discussion

The present study employed a TMT-based proteomics approach to identify the total protein
in HREC protein lysates and quantify the protein expression differences in the presence and
absence of PIGF signaling. A total of 7,286 proteins were identified in HREC protein
extracts, and 305 proteins were found to differentially express between the control and
PIGF-ab treatment samples. DEPs were further characterized and annotated for gene
ontology and functional enrichment analyses. The complete set of proteins and pathways
regulated by PIGF signaling in HRECs were identified at the genomic level. Identification of
such DEPs/DEGs gives novel insights into the mechanisms whereby PIGF is involved in
vascular endothelial cell functions, such as proliferation, angiogenesis, and barrier function,
and provides new candidates for function evaluation and new targets for potential therapeutic
intervention of vascular disorders, such DR and DME.

Pathway-focused bioinformatics analysis demonstrated that the PPP, such as ALDOA,
ALDOC, DERA, G6PD, PGLS, phosphoglucomutase-1 (PGM1), phosphoglucomutase-2
(PGM2), RPE, transaldolase-1 (TALDO1), and transketolase (TKT), is one of the involved
pathways in HRECs and may play a beneficial role in diabetes-related oxidative damage to
retinal cells since it is the primary source of reductant co-factor nicotine adenosine
dinucleotide phosphate (NADPH). Oxidative stress is caused by an imbalance between the
antioxidant defense system and the production of reactive oxygen species (ROS). The PPP
catalyzes the oxidative decarboxylation of glucose-6-phosphate (G6P), conserving its redox
potential relying on nicotinamide adenine dinucleotide phosphate (NADP*); thus, by two
sequential reactions, which are catalyzed by G6PD and 6-phosphogluconate dehydrogenase
(6PGD), respectively, 2 mol of NADPH is generated from 2 mol of NADP* per mol of the
oxidized G6P. The oxidative branch of PPP yields ribulose-5-phosphate (R5P), which
isomerizes to ribose-5-phosphate and can be used for nucleotide biosynthesis (26).
Depending on the cellular context, some R5P molecules can be recycled to the glycolytic
intermediates fructose-6-phosphate (F6P), which can be isomerized back to G6P, and
glyceraldehydes-3-phosphate (G3P) by the non-oxidative PPP branch. The G6PD gene plays
a crucial role in regulating carbon flow through the PPP. Specifically, the enzyme affects the
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production of the reduced form of the extramitochondrial NADPH coenzyme by controlling
the conversion of G6P to 6-PGD in the PPP. Our results in the PIGF-ab-treated HRECs
suggest that the G6PD protein is up-regulated in the absence of PIGF and stimulates the
oxidative branch of PPP to supply cytosolic NADPH to counteract oxidative damage as well
as up-regulating antioxidant proteins such as Prdx6, NQO1, and YES1. Our previous
proteomics studies also reported that PIGF knockout increases antioxidant proteins (e.g.,
Prdx6) and neuroprotective proteins (e.g., Map2) in the diabetic mouse retina (12).

The comparative analysis of proteome and transcriptome revealed the alteration of the
expression of 60 genes at both MRNA and protein levels. The functional analysis revealed
that 58.3% of these common gene products are involved in the PPP, such as ALDOA,
ALDOC, DERA, G6PD, PGLS, RPE, and TKT. In order to verify their interactions,
regulatory networks were constructed. Interestingly, the seven PPP gene products were the
most critical hubs orchestrating protein regulation in the constructed molecular action-based
(MCL clustering) regulatory network. ALDOA, aldolase fructose-bisphosphate B (ALDOB),
and ALDOC are three members of the aldolase isozyme family, are encoded by separate
genes (27) and are involved in one of the essential steps in glycolysis, a process required in
all cells that consume glucose (28). The three proteins are expressed in a tissue-restricted
manner (29). For example, ALDOA is the key enzyme of the glycolytic pathway and is
virtually ubiquitous in all mammalian tissues, including the brain, and in all cell types of the
retina (30). The transcriptomic analysis also revealed that the PPP is up-regulated by PIGF-
ab in HRECs. Further pharmacological inhibition and gene silencing by siRNA confirmed
that PIGF inhibition promotes endothelial cell barrier function and prevents endothelial cell
dysfunction by high glucose through activation of G6PD and PPP, as well as antioxidant
defense (13)

The PPP plays a beneficial role in protecting the cells against oxidative stress by the
production of NADPH. Antioxidant systems such as peroxiredoxins (PRDX) family
members (e.g., PRDX1, PRDX3, and PRDX6) and the Nrf2-antioxidant responsive element
(ARE) pathway (e.g., heme oxygenase 1 [HMOX1], NQO1, and YES1) were regulated by
PPP and can prevent endothelial cell barrier dysfunction by oxidative stress in diabetes (13).
Our current and previous findings indicate that the PIGF inhibition promotes HREC
biological functions through the antioxidant defense and the PPP, which acts as a
downstream target pathway and is implicated in the pathophysiology of DR.

Conclusion

In conclusion, A total of 305 proteins were found to be differentially expressed between the
PBS-treated HREC control samples and PIGF-ab-treated HREC samples. Among them, the
expression of 60 genes was altered at both mRNA and protein levels. These DEPs are
involved in the PPP and the antioxidant defense protein pathway. Further functional studies
with these newly identified proteins can potentially lead to new targets for the therapeutic
interventions in patients with DR, diabetic macular edema, or other retinopathies refractory
to the current anti-VEGF therapy.
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Significance

PIGF (Placental growth factor) is known to play a pivotal role in pathological
angiogenesis and inflammation by stimulating endothelial cell migration and by
recruiting pericytes and inflammatory cells such as microglia and macrophages. Despite
the well-defined pathophysiological roles of PIGF, the underlying molecular and cellular
mechanisms are not completely understood, especially the exact relationships between
biochemical events and molecular pathways regulated by PIGF, whose inhibition exhibits
a protective role in diabetic retinopathy. This study provides new insights into protein
expression patterns and enables the identification of many attractive candidates for
investigation of PPP pathway role in the activation of the antioxidant defense system in
diabetic retinopathy (DR). Our findings suggest that the PPP proteins and antioxidants
(PRDX6, HMOX1, NQO1 and YES1) may act as downstream targets of PIGF and may
play a decisive role in HREC biological functions in DR.
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Highlights

TMT-labeled quantitative proteomic analysis on human retinal endothelial
cells (HRECS), treated anti-PIGF antibody.

This study identified 305 differentially expressed proteins and potential
signaling pathways that are involved in the pentose phosphate pathway
(PPP)and antioxidants activity.

This study indicated that ALDOA, ALDOC, DERA, G6PD, PGLS, RPE,
TKT and Prdx are the key factor of the pentose phosphate pathway (PPP) and
antioxidants according to the integrated analysis of transcriptomic and
proteomic data.

The result revealed PPP proteins and antioxidants may act as a downstream
target of PIGF and may play a decisive role in HREC biological functions in
diabetic retinopathy (DR).
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Figure 1:

Schematic of the experimental workflow. HREC cultures were treated with PBS control and
anti-PIGF antibody (5 replicates per group). Proteins were extracted, digested with trypsin,
and labeled with a specific TMT reagent. The resulting peptide mixtures were labeled with
one of the TMT reagents from the 10plex version. The labeled samples were then
fractionated by high-pH reverse-phase high-performance liquid chromatography (HPLC)
using an Agilent 300 Extend C18 column. Bioinformatics and statistical analyses were
performed to identify and quantify the proteins. The differentially expressed proteins (DEPS)
were performed gene ontology and functional enrichment analysis. The DEPs were further
compared with transcriptome data (RNA-Seq) and annotated.

J Proteomics. Author manuscript; available in PMC 2021 April 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Saddala et al. Page 17

Biological Process B Molecular Function [ Cellular Component

catalytic activty (19.07%)

I metabolic process (22.63%) I cell organization and biogenesis (13.11%)
iological 11
E::::z:"l:'s:r:m:: 4 3""’;;“ ROT%) Eg;":m‘,: ,‘0) %) I protein binding (33.95%)  MERRNA binding (8.50%) 1 ONA binding (5.42%)
[ catalytic activity (19.07%)  [Jnucleotide binding (7.71%) [ Other (15.64 %) [ membrane (18.80%) EEBnucleus (15.80%)  [ZZ)mitochondrion (5.35%)
I metal fon binding (9.70%) [ cytosol (15.98%) I cytoplasm (15.54%) [ Other (28.52 %)

Gene ontology (GO) analysis illustrates the classification of proteins. Proteins with
significant differences between the two groups were subjected to GO classification in terms
of biological process (A), molecular function (B), and cellular compartment (C). A GO term
was considered significant at p-value < 0.05.

J Proteomics. Author manuscript; available in PMC 2021 April 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Saddala et al. Page 18

A Protein Class
4 . (PC00220): 22.19 cytoskeletal protein (PC00085): 13.5%
ransferase :22.1%
/} ‘“‘/‘ enzyme modulator (PC00095): 17.3%

Bl cytoskeletal protein (PC00085) [l enzyme modulator (PCO0095)
I hydrolase (Pc00121) [l nucleic acid binding (PC00171) M transferase (PC00220)

nucleic acid binding (PC00171): 28.8%
hydrolase (PC00121): 18.3%

B KEGG Pathways

One Carbon Metabolism: 9.3%\
Antifolate resistance: 9.3%"\“
Metabotropic glutamate receptor group lll pathway: 9:3%* 7

Alzheimer disease-presenilin pathway: 14.0%

Pentose phosphate pathway: 23%

Adherens junction: 14.0%

Signal Transduction of S1P Receptor: 9.3% P53 pathway: 11.6%

Il Pentose phosphate pathway [l Adherens junction [l p53 pathway

Bl signal Transduction of S1P Receptor Ml Alzheimer disease-presenilin pathway
Il Metabotropic glutamate receptor group Ill pathway [l Antifolate resistance
Il One Carbon Metabolism

Figure 3:
Proteins with significant differences between the PIGF-ab-treated HREC samples and the

HREC control samples were subjected to functional enrichment analysis in terms of protein
class (A), KEGG pathway analysis (B). The results were considered significant at p-value <
0.05.
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Figure 4:
The Venn diagram illustrates the comparisons of proteomics and transcriptome data of the

differentially expressed proteins (DEPs) and differentially expressed genes (DEGSs). The
Venn diagram showed that 60 proteins overlapped between proteomics and transcriptome

data.
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Figure 5:
Gene ontology (GO) analysis illustrates the classification of the 60 overlapped proteins/

MRNA transcripts between the proteomics and transcriptome data. (A) The common
proteins/mRNA transcripts were subjected to GO classification in terms of biological
process, molecular function, and cellular compartment. (B) KEGG pathway analysis. Note
that 58.3 percent of these factors are involved in the pentose phosphate pathway. A GO term
was considered significant at p-value < 0.05.
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Figure 6:
Protein-protein interaction (PPI) regulatory network of proteins involved in the pentose

phosphate pathway (PPP). Differentially expressed proteins of the PPP were combined for
building a regulatory network using String software. (A) The evidence-based interaction
network analysis, (B) The confidence-based interaction network analysis, (C) The molecular
action-based interaction network analysis, (D) A k means cluster analysis of the genes. (E)
A Markov Cluster Algorithm (MCL) cluster analysis of the genes.
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Figure 7:

Transendothelial electrical resistance measurement (TEER) by an electrical cell-impedance
sensing system (ECIS) of HREC treated with anti-PLGF antibody and western blot
validation of HREC protein extracts. A. Treatment with anti-PIGF antibody (PL5D11D4; 25
pg/ml) of HREC cultures resulted in a prominent increase of measured resistance by ECIS,
starting 24 h after treatment and becoming prominent by 48 h. B. Western blot analysis of
VE-cadherin, G6PD in HREC protein extracts treated with (PL5D11D4; 25 pg/ml) collected
at 48 hours after the start of the treatment.

J Proteomics. Author manuscript; available in PMC 2021 April 15.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Saddala et al.

Table 1:

Page 23

List of Pentose phosphate pathway genes, and antioxidant genes along with Ensembl, gene symbol, gene name
logFC, p-values in proteomics data analysis.

Ensembl Gene Symbol Gene Name Abundance Ratio (log2) | p-value
ENSG00000149925 ALDOA aldolase, fructose-bisphosphate A -0.3098081 0.05
ENSG00000109107 ALDOC aldolase, fructose-bisphosphate C -0.3773762 0.03
ENSG00000023697 DERA deoxyribose-phosphate aldolase 0.9723172 0.01
ENSG00000160211 G6PD glucose-6-phosphate dehydrogenase 0.2379935 0.01
ENSG00000130313 PGLS 6-phosphogluconolactonase -0.8096812 0.01
ENSG00000197713 RPE ribulose-5-phosphate-3-epimerase 0.5650684 0.02
ENSG00000163931 TKT Transketolase 0.2392153 0.01

Antioxidant genes
ENST00000470017 PRDX6 peroxiredoxin 6 0.7948333 0.04
ENSG00000100292 HMOX1 heme Oxygenase 1 0.1752908 0.02
ENSG00000181019 NQO1 NAD(P)H Quinone Dehydrogenase 1 0.1932262 0.05
ENSG00000176105 YES1 YES Proto-Oncogene 1, Src Family Tyrosine Kinase 0.8682562 0.04
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