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Abstract: Long-term hyperglycemia-mediated oxidative stress and inflammation lead to the blood-
retinal barrier (BRB) dysfunction and increased vascular permeability associated with diabetic
retinopathy (DR). Interleukin-6 (IL-6) is one of the primary mediators of retinal vascular inflammation.
IL-6 signaling through its membrane-bound IL-6 receptor is known as classical signaling, and through
a soluble IL-6 receptor (sIL-6R) is known as trans-signaling. Increasing evidence suggests that classical
signaling is primarily anti-inflammatory, whereas trans-signaling induces the pro-inflammatory
effects of IL-6. The purpose of this study was to compare the effects of these two pathways on
paracellular permeability and expression of genes involved in inter-endothelial junctions in human
retinal endothelial cells (HRECs). IL-6 trans-signaling activation caused significant disruption to
paracellular integrity, with increased paracellular permeability, and was associated with significant
changes in gene expression related to adherens, tight, and gap junctions. IL-6 classical signaling
did not alter paracellular resistance in HRECs and had no distinct effects on gene expression. In
conclusion, IL-6 trans-signaling, but not classical signaling, is a major mediator of the increased
paracellular permeability characteristic of inner BRB breakdown in diabetic retinopathy. This study
also identified potential inter-endothelial junction genes involved in the IL-6 trans-signaling mediated
regulation of paracellular permeability in HRECs.

Keywords: RNA-Seq; diabetic retinopathy; paracellular permeability; gene expression; IL-6 trans-
signaling; retinal endothelial cells

1. Introduction

Diabetic retinopathy (DR) remains the primary cause of adult-onset blindness in
working-age Americans [1–4]. Long-term hyperglycemia-mediated oxidative stress and
inflammation lead to blood-retinal barrier (BRB) dysfunction and increased vascular per-
meability, allowing extravasation of plasma proteins into the interstitium [1,5]. This dys-
function leads to edema, deposition of hard exudates in the retina, microaneurysms, and
retinal hemorrhage [1,6–9]. BRB breakdown and subsequent macular edema are the main
pathologies associated with blindness in DR [1,10–12].

The flow of molecules across the BRB is primarily controlled by the regulation of
paracellular permeability, which involves intercellular connections that allow for the selec-
tive movement of water and small water-soluble molecules between adjacent endothelial
cells [13,14]. Inter-endothelial cell junctions primarily consist of three types: adherens junc-
tions, tight junctions, and gap junctions [1,15]. Adherens junctions initiate and mediate the
initial cell-to-cell contact required for tight junction formation, and major components in-
clude VE-cadherin and β-catenin [16]. Tight junctions are made up of zona occludens (ZO),
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occludin, claudins, and junctional adhesion molecules (JAMs) that restrict and regulate
transport through the paracellular space of adjacent vascular endothelial cells [14,17]. Gap
junctions are formed by members of the connexin protein family and allow intercellular
movement of small molecules and electron coupling [18,19]. In the blood–brain barrier,
reduced expression of occludin and ZO-1 are associated with increased permeability at
inter-endothelial junctions [1,20–22]. Similarly, recent studies implicate changes in ad-
herens and tight junction integrity in the pathology of various ocular diseases [4,15,17,23].
Exposure to VEGF or advanced glycation end-products (AGEs) has been associated with
VE-cadherin degradation and increased permeability [1,17].

Interleukin 6 (IL-6) plays a role in initiating BRB breakdown in DR [24–26]. This
pleiotropic cytokine has diverse biological functions and acts via two distinct mechanisms,
known as IL-6 classical and trans-signaling [27–30]. While classical signaling is limited
to cells expressing the membrane-bound IL-6 receptor, trans-signaling occurs through
the soluble receptor (sIL-6R) and functions ubiquitously [27]. Recent evidence suggests
that IL-6 decreases ZO-1 and occludin levels in human retinal microvascular endothelial
cells [31,32]. It has also been shown that both IL-6 and sIL6R were required for the loss of
monolayer barrier function in human umbilical vein endothelial cells and that IL-6 alone
does not affect barrier permeability [33].

Previous studies have shown the importance of IL-6 in BRB dysfunction associated
with DR, however the distinct effects of IL-6 classical and trans-signaling on the paracellular
permeability and inner BRB are unknown [1,25]. The purpose of this study was to compare
the precise gene expression changes caused by IL-6 classical and trans-signaling that can
affect inter-endothelial cell junctions, including adherens junctions, tight junctions, gap
junctions, and the subsequent effects on paracellular permeability.

2. Materials and Methods
2.1. Cell Culture

Human retinal endothelial cells (HRECs, Cell Systems, Kirkland, WA, USA) were
cultured in a humidified 37 ◦C incubator with 5% CO2. Cells were plated in gelatin-coated
cell culture flasks and grown to confluency in Endothelial Cell Medium (Cell Biologics,
Chicago, IL, USA) supplemented with 5% fetal bovine serum (FBS), 1% L-glutamine, 1%
penicillin-streptomycin, and growth factors provided in the Medium Supplement Kit
(VEGF, EGF, FGF, heparin, and hydrocortisone) (Cell Biologics). Fresh media was replaced
every alternate day until confluent. Cells were serum-starved (1% FBS) for 4 h before
treatments. To activate IL-6, classical signaling cells were treated with IL-6 (50 ng/mL;
PeproTech, Rocky Hill, NJ, USA) overnight, and to activate IL-6 trans-signaling, cells were
treated with IL-6 (50 ng/mL) and sIL-6 R (150 ng/mL, PeproTech) overnight as previously
established in our lab [24,34]. Cells were harvested the following day and centrifuged at
300× g for 5 min to isolate cell pellets.

2.2. Measurement of Trans-Endothelial Resistance in HRECs

Normalized trans-endothelial electrical resistance (TER) was measured in HREC
monolayers by electric cell impedance sensing (ECIS) using an ECIS Z-Theta instrument
(Applied Biophysics, Inc., Troy, NY, USA) with 8W10E + arrays (Applied Biophysics).
To stabilize resistance readings, arrays were coated with L-cysteine (10 uM, Alfa Aesar,
Haverhill, MA, USA) followed by fibronectin (10 ug/mL, Thermofisher, Waltham, MA,
USA), and cell-free baseline resistance readings were recorded with cell culture media.
HRECs (50,000 cells/well) were seeded and allowed to reach confluence overnight. Read-
ings were continuously recorded at multiple frequencies (62.5, 125, 250, 500, 1000, 2000,
4000, 8000, 16,000, 32,000, and 64,000 Hz), and cells were considered confluent monolayers
when capacitance (C) measurements < 10 nF at 64,000 Hz. Resistance measurements at
4000 Hz were collected to assess endothelial barrier function, and resistance values were
normalized relative to initial resistance at the time of treatment and plotted as a function of
time. Multiple frequency readings were used to model paracellular barrier function (Rb),
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membrane capacitance (Cm), and flow beneath cells (α) using ECIS software as previously
described [35].

2.3. RNA Isolation, Library Preparation, and Sequencing

Frozen cell pellets were submitted to the Emory Integrated Genomics Core (EIGC,
Atlanta, GA, USA) to isolate and analyze RNA within the samples. RNA quality was
assessed using a 2100 Bioanalyzer (Agilent Technologies; Santa Clara, CA, USA), and
all samples had an integrity number > 8.0. Sample enrichment was performed prior to
sequencing using the NEBNext® Ultra™ RNA Library Prep Kit (Illumina; San Diego, CA,
USA) to prepare cDNA libraries. Library quality was subsequently determined using the
2100 Bioanalyzer. RNA Sequencing was performed using a 150 bp paired reads protocol
of the NovaSeq 6000 (Illumina). Quality control analyses were performed using the
bioinformatics tool, FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc,
accessed on 20 July 2020) [36]. The total read counts were more than 50 million in all
15 samples. Mapping was performed using rsubread package [37], from which more than
97% of reads were mapped to the transcripts in the UCSC human genome hg19.

2.4. qRT-PCR

qRT-PCR was performed to validate seven selected genes (CLDN1, CLDN3, CLDN11,
CDH12, CDH24, CTNNAL1, and GJA1) with significant differential expression from the
RNA-Seq data. RNA was isolated from HRECs using phenol–chloroform extraction with
TRIzol reagent (Invitrogen, Carlsbad, CA, USA) [38]. cDNA synthesis was performed
using High-Capacity cDNA Reverse Transcriptase Kit (Applied Biosystems, Foster City,
CA, USA). Primers were designed using the NCBI Primer-BLAST tool and were purchased
from Integrated Device Technology (San Jose, CA, USA) (Table 1). RT-PCR reactions were
performed using SsoAdvanced Universal SYBR Green Supermix, and Bio-Rad CFX Connect
Thermocycler (Bio-Rad Laboratories, Hercules, CA, USA). Gene expression was normalized
to expression of housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH),
and relative mRNA expression values were calculated as 2∆∆Ct.

Table 1. Primers used for qRT-PCR confirmation of selected genes.

Gene Name Gene Symbol
Designed qRT-PCR Primers

Forward Primer (5′→3′) Reverse Primer (5′→3′)

Cadherin 12 CDH12 GGACAGTCGTCAGCTTTCTCT CTTTCTGCCACTGACCACCT
Cadherin 24 CDH24 AGAGCTCGACAGTTCTGCAC GTATCGTAGGGCTCAGCCAG

Catenin alpha like 1 CTNNAL1 TCTGACGCTGACTGCGAAAT ACCCTCTGCAGCAAAAACCT
Claudin 1 CLDN1 CCCAGTCAATGCCAGGTACG CAAAGTAGGGCACCTCCCAG
Claudin 3 CLDN3 GTCTAAGGGACAGACGCAGG AAGTATTGGCGGTCACCCAG

Claudin 11 CLDN11 TTGACTGCCTGCTTTGTGCTAC CTCACGATGGTGGTCTCACG
Gap junction protein alpha 1 GJA1 CTGAGTGCCTGAACTTGCCT CTGGGCACCACTCTTTTGC
Glyceraldeyhde 3-phosphate

dehydrogenase GAPDH AATGAAGGGGTCATTGATGG AAGGTGAAGGTCGGAGTCAA

2.5. Western Blot Analyses

HRECs were lysed in RIPA buffer and proteins were separated using 4–20% SDS-PAGE
gels (25–30 µg protein per sample). Proteins were transferred to a nitrocellulose membrane,
blocked in 5% milk buffer in tris-buffered saline with 0.1% tween (TBST), and probed for
CDH12 (A10206, ABclonal, Woburn, MA, USA), CLDN3 (A2946, ABclonal), and GJA1
(A11752, ABclonal) overnight at 4 ◦C. Blots were developed with electrochemiluminescence
(ECL) substrate (32209, Thermo Scientific, Waltham, MA, USA), exposed to X-ray film,
scanned, and quantified using ImageJ software (NIH). Protein levels were normalized to
the expression of β-actin (AC028, ABclonal), and results were expressed as fold changes
relative to untreated HRECs.

http://www.bioinformatics.babraham.ac.uk/projects/fastqc
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2.6. Statistical Analyses

For RNA-Seq data, read counts were normalized based on median of ratios. DE-
Seq2 R package was used for differential expression analyses using negative binomial
regression model [39,40]. Genes with a false discovery rate (FDR) < 0.05 were consid-
ered differentially expressed. Principal component analysis (PCA) was performed using
“prcomp” function in R to investigate overall differences in gene expression profiles be-
tween treatment groups. Further, the differentially expressed genes were clustered into
four groups using unsupervised hierarchical clustering. Expression patterns of these genes
were visualized through heatmap using gplots package in R [41]. Gene ontology (GO)
analyses were performed to associate the differentially expressed genes with biological
processes, cellular components, and molecular functions. The GOFIG software package
(https://github.com/adidevara/GOFIG, accessed on 29 July 2021) was used to perform
gene ontology enrichment analysis and visualization [42]. All of these statistical analyses
were performed using R version 4.0.3 [39].

Statistical analyses of qRT-PCR and Western blot data were performed using GraphPad
Prism software 8.0 (GraphPad Software, Inc., San Diego, CA, USA). One-way ANOVA
with Tukey’s multiple comparisons test was performed to identify differences between
experimental groups. The threshold for significance was set at p-value < 0.05.

3. Results
3.1. Differential Effects of IL-6 Classical and Trans-Signaling on Endothelial Barrier Function

Trans-endothelial electrical resistance (TER) was measured using ECIS in HRECs
after activation of IL-6 classical and trans-signaling. IL-6 trans-signaling caused a sig-
nificant drop in TER, while IL-6 classical signaling had no effect (Figure 1A). Overall
barrier resistance formed by the endothelial cells is composed of three different parameters
independently, including the paracellular resistance (Rb), basal adhesion (α), and cell mem-
brane capacitance (Cm) (Figure 1B). Similar to the TER, average paracellular resistance (Rb)
values were significantly decreased by IL-6 trans-signaling, while classical signaling had
no significant effect (Figure 1C). Inversely, membrane capacitance (Cm) was significantly
increased by IL-6 trans-signaling (Figure 1D). None of the treatments significantly changed
basal adhesion (α) values (Figure 1E). These data revealed that the decrease in overall
barrier resistance after IL-6 trans-signaling activation is due to changes in the paracellular
resistance (Rb) and not due to changes in either the basal adhesion of the cells (α) or the
physical capacitive properties of the cell membrane (Cm). The paracellular resistance is
regulated by inter-endothelial junctions, including tight junctions, adherens junctions, and
gap junctions.

3.2. Gene Expression Changes Induced by IL-6 Classical and Trans-Signaling Activation
in HRECs

RNA-Seq gene expression profiling was performed after IL-6 classical and trans-
signaling activation in HRECs. Differential expression analysis revealed that 343 genes
were upregulated and 141 were downregulated in trans-signaling as compared to classical
signaling (Figure 2A). Principle component analysis (PCA), which identifies distinguishing
features between groups in a large dataset, shows a clear distinction between untreated,
classical, and trans-signaling gene expression data (Figure 2B). Unsupervised clustering
of 484 differentially expressed genes revealed four distinct clusters (Figure 2C). Cluster-1
(53 genes) consists of genes downregulated only in trans-signaling relative to untreated
and classical signaling. Cluster-2 (86 genes) and cluster-3 (21 genes) contain genes that
are upregulated and downregulated, respectively, only in classical signaling relative to
the other two groups. Cluster-4 (324 genes) consists of genes upregulated by IL-6 trans-
signaling but not by classical signaling.

https://github.com/adidevara/GOFIG
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Figure 1. IL-6 trans-signaling, but not classical signaling, disrupts endothelial barrier function in human retinal endothelial 
cells (HRECs). Electric cell impedance sensing (ECIS) apparatus was used to measure changes in barrier function. (A) IL-
6 trans-signaling (TS) significantly disrupted trans-endothelial resistance (TER) in HRECs relative to untreated (UT), 
whereas there was no significant effect of IL-6 classical signaling (CS); (B) schematic representation of the impedance 
parameters for barrier integrity as measured by ECIS: paracellular resistance (Rb), indicative of the distance of intercellular 
junctions; cell membrane capacitance (Cm), a measure of cell membrane integrity, and basal adhesion (α), detailing subcel-
lular attraction to the substrate; (C) IL-6 trans-signaling caused a drastic reduction in paracellular resistance (Rb) of inter-
cellular junctions, and (D) a significant increase in cell membrane capacitance (Cm); (E) no change in basal adhesion (α) 
occurred. IL-6 classical signaling had no effect on all these parameters. Results are expressed as means ± SD; n = 3–5 bio-
logical replicates per group, * p-value < 0.05 vs. untreated (TS vs. UT); ns = not significant. 
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naling (Figure 2A). Principle component analysis (PCA), which identifies distinguishing 
features between groups in a large dataset, shows a clear distinction between untreated, 
classical, and trans-signaling gene expression data (Figure 2B). Unsupervised clustering 
of 484 differentially expressed genes revealed four distinct clusters (Figure 2C). Cluster-1 
(53 genes) consists of genes downregulated only in trans-signaling relative to untreated 
and classical signaling. Cluster-2 (86 genes) and cluster-3 (21 genes) contain genes that are 
upregulated and downregulated, respectively, only in classical signaling relative to the 
other two groups. Cluster-4 (324 genes) consists of genes upregulated by IL-6 trans-sig-
naling but not by classical signaling. 

Gene ontology (GO) analyses were performed to discover enriched biological pro-
cesses, cellular components, and molecular functions associated with 484 differentially 
expressed genes (Figure 3). The top enriched biological processes are cytokine-mediated 
signaling pathway (59 genes), response to cytokine (73 genes), cell adhesion (67 genes), 
and regulation of cellular component movement (55 genes). The most enriched cellular 
components are plasma membrane (183 genes), extracellular region (143 genes), extracel-
lular matrix (31 genes), and collagen-containing extracellular matrix (21 genes). Cytokine 
binding (16 genes), cytokine receptor activity (11 genes), cytokine receptor binding (17 
genes), and calcium ion binding (31 genes) are the most enriched molecular functions in 
the differentially expressed genes (Figure 3). While this analysis identified numerous GO 
terms associated with cytokine signaling as expected, many of the GO terms identified are 

Figure 1. IL-6 trans-signaling, but not classical signaling, disrupts endothelial barrier function in human retinal endothelial
cells (HRECs). Electric cell impedance sensing (ECIS) apparatus was used to measure changes in barrier function. (A) IL-6
trans-signaling (TS) significantly disrupted trans-endothelial resistance (TER) in HRECs relative to untreated (UT), whereas
there was no significant effect of IL-6 classical signaling (CS); (B) schematic representation of the impedance parameters for
barrier integrity as measured by ECIS: paracellular resistance (Rb), indicative of the distance of intercellular junctions; cell
membrane capacitance (Cm), a measure of cell membrane integrity, and basal adhesion (α), detailing subcellular attraction
to the substrate; (C) IL-6 trans-signaling caused a drastic reduction in paracellular resistance (Rb) of intercellular junctions,
and (D) a significant increase in cell membrane capacitance (Cm); (E) no change in basal adhesion (α) occurred. IL-6 classical
signaling had no effect on all these parameters. Results are expressed as means ± SD; n = 3–5 biological replicates per group,
* p-value < 0.05 vs. untreated (TS vs. UT); ns = not significant.

Gene ontology (GO) analyses were performed to discover enriched biological pro-
cesses, cellular components, and molecular functions associated with 484 differentially
expressed genes (Figure 3). The top enriched biological processes are cytokine-mediated
signaling pathway (59 genes), response to cytokine (73 genes), cell adhesion (67 genes), and
regulation of cellular component movement (55 genes). The most enriched cellular com-
ponents are plasma membrane (183 genes), extracellular region (143 genes), extracellular
matrix (31 genes), and collagen-containing extracellular matrix (21 genes). Cytokine bind-
ing (16 genes), cytokine receptor activity (11 genes), cytokine receptor binding (17 genes),
and calcium ion binding (31 genes) are the most enriched molecular functions in the dif-
ferentially expressed genes (Figure 3). While this analysis identified numerous GO terms
associated with cytokine signaling as expected, many of the GO terms identified are linked
to the regulation of paracellular permeability, including cell adhesion, plasma membrane,
extracellular region, and calcium ion binding.



Int. J. Transl. Med. 2021, 1 142

Int. J. Transl. Med. 2021, 1, FOR PEER REVIEW  6 
 

 

linked to the regulation of paracellular permeability, including cell adhesion, plasma 
membrane, extracellular region, and calcium ion binding. 

 
Figure 2. Global gene expression changes induced by IL-6 classical and trans-signaling in human 
retinal endothelial cells (HRECs). Gene expression levels were measured by RNA-Seq following IL-
6 classical (CS) and trans-signaling (TS) activation, and differential expression analyses were per-
formed using DESeq2 R package. (A) Volcano plot of differentially expressed genes induced by IL-
6 trans-signaling relative to classical signaling (343 genes are upregulated, shown in red, and 141 
genes are downregulated, shown in blue); (B) principle component analysis (PCA) of gene expres-
sion data depicting separation of 3 treatment groups; (C) unsupervised clustering revealed four 
clusters with distinct patterns of differential expression. Heat map colors represent row z-scores. 
Bar plots depict the average gene expression across treatment groups for cluster-1, -2, -3, and -4. 
Results are expressed as means ± SD; n = 5 per group. UT: Untreated group (blue), CS: IL-6 classical 
signaling group (green), TS: IL-6 trans-signaling group (red). 

Figure 2. Global gene expression changes induced by IL-6 classical and trans-signaling in human
retinal endothelial cells (HRECs). Gene expression levels were measured by RNA-Seq following
IL-6 classical (CS) and trans-signaling (TS) activation, and differential expression analyses were
performed using DESeq2 R package. (A) Volcano plot of differentially expressed genes induced by
IL-6 trans-signaling relative to classical signaling (343 genes are upregulated, shown in red, and
141 genes are downregulated, shown in blue); (B) principle component analysis (PCA) of gene
expression data depicting separation of 3 treatment groups; (C) unsupervised clustering revealed
four clusters with distinct patterns of differential expression. Heat map colors represent row z-scores.
Bar plots depict the average gene expression across treatment groups for cluster-1, -2, -3, and -4.
Results are expressed as means ± SD; n = 5 per group. UT: Untreated group (blue), CS: IL-6 classical
signaling group (green), TS: IL-6 trans-signaling group (red).
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S2). IL-6 trans-signaling caused significant alterations in the expression of 16 out of 79 
inter-endothelial genes (5 upregulated and 11 downregulated), whereas only one gene 
was significantly upregulated by IL-6 classical signaling (Table 2).  

Figure 3. Biological processes (A); cellular components (B), and molecular functions (C) associated with differentially
expressed genes in HRECs after activation of IL-6 classical and trans-signaling. Bioinformatics analysis was performed to
determine significantly enriched Gene Ontology (GO) terms. The horizontal bars represent the number of genes annotated
to each GO term and the black lines represent the p-value of enrichment.
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3.3. Differential Expression of Adherens Junction, Tight Junction, and Gap Junction Genes Induced
by IL-6 Classical and Trans-Signaling Activation

From RNA-Seq analyses, 79 genes were identified as inter-endothelial molecules that
form adherens junctions, tight junctions, and gap junctions (Supplementary Tables S1 and
S2). IL-6 trans-signaling caused significant alterations in the expression of 16 out of 79
inter-endothelial genes (5 upregulated and 11 downregulated), whereas only one gene was
significantly upregulated by IL-6 classical signaling (Table 2).

Table 2. Gene expression changes in adherens junctions, tight junctions, and gap junctions after activation of IL-6 classical
and trans-signaling in human retinal endothelial cells (HRECs).

Symbol Description FC (TS vs. UT) Adj. p-Value
(TS vs. UT) FC (CS vs. UT) Adj. p-Value

(CS vs. UT)

Adherens Junctions
CTNNA1 Catenin alpha 1 −1.04 0.525 −1.24 0.213

CTNNAL1 Catenin alpha-like 1 −1.21 * 4.36 × 10−5 −1.16 0.404
CTNNB1 Catenin beta 1 1.07 0.235 −1.17 0.380

CTNNBIP1 Catenin beta interacting protein 1 −1.29 * 6.05 × 10−4 −1.37 0.086
CTNNBL1 Catenin beta-like 1 −1.08 0.352 −1.35 0.078
CTNND1 Catenin delta 1 1.72 0.089 1.06 0.889

CDH2 Cadherin 2 −1.09 0.112 −1.13 0.474
CDH5 Cadherin 5 −1.08 0.138 −1.14 0.467
CDH6 Cadherin 6 −1.66 * 5.96 × 10−20 −1.10 0.637

CDH11 Cadherin 11 1.74 * 3.08 × 10−14 −1.06 0.774
CDH12 Cadherin 12 1.97 * 2.35 × 10−4 −1.11 NA
CDH13 Cadherin 13 −1.12 0.076 −1.21 0.290
CDH15 Cadherin 15 1.38 0.108 −1.48 NA
CDH24 Cadherin 24 −1.67 * 8.42 × 10−15 −1.21 0.202

Tight Junctions
CLDN1 Claudin 1 −3.27 * 6.91 × 10−10 −1.52 NA
CLDN3 Claudin 3 −4.44 * 3.91 × 10−8 −1.45 NA
CLDN4 Claudin 4 −1.26 0.368 1.75 NA
CLDN5 Claudin 5 −1.04 0.723 −1.39 0.052
CLDN7 Claudin 7 −1.13 0.131 −1.30 0.155
CLDN11 Claudin 11 −1.85 * 2.79 × 10−52 −1.25 0.181
CLDN12 Claudin 12 1.25 * 0.003 1.02 0.936
CLDN14 Claudin 14 −1.36 * 2.17 × 10−4 −1.15 NA
CLDN15 Claudin 15 1.04 0.823 1.48 * 0.048
CLDND1 Claudin domain containing 1 1.08 0.217 −1.19 0.373

TJAP1 Tight junction associated protein 1 −1.06 0.473 −1.06 0.732
TJP1 Tight junction protein 1 1.17 * 0.013 1.04 0.866
TJP2 Tight junction protein 2 −1.31 * 9.83 × 10−8 −1.12 0.548

Gap Junctions
GJA1 Gap junction protein alpha 1 1.49 * 1.75 × 10−18 −1.18 0.366
GJA4 Gap junction protein alpha 4 −2.41 * 2.36 × 10−9 −1.89 NA
GJC1 Gap junction protein gamma 1 −1.19 * 0.002 −1.09 0.661
GJC2 Gap junction protein gamma 2 −1.19 0.438 −1.33 NA
GJD3 Gap junction protein delta 3 1.16 0.056 −1.24 0.207

FC: Fold Change; TS vs. UT: IL-6 trans-signaling vs. untreated; CS vs. UT: IL-6 classical signaling vs. untreated; Adj. p-value: FDR
adjusted p-value; NA: adj. p-values were not calculated due to smaller read counts. Data represents UT (n = 5), TS (n = 5), and CS (n = 5).
* p-value < 0.05.

3.3.1. Adherens Junctions

A total of 32 adherens junction genes, including nine catenins (CTNN) and 23 cadherins
(CDH)) were detected in HRECs (Figure 4). Among catenins, CTNNA1, CTNNB1, and
CTNNAL1 featured the highest overall expression (Figure 4A); for the cadherin-encoding
genes, CDH2, CDH5, and CDH13 showed the highest expression (Figure 4B). A total
of 6 adherens junction genes were altered in response to IL-6 trans-signaling activation:
CDH12 (1.97-fold), CDH11 (1.74-fold), CDH24 (−1.67-fold), CDH6 (−1.66-fold), CTNNBIP1
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(−1.29-fold), and CTNNAL1 (−1.21-fold). No significant alterations were observed in the
adherens junction genes after IL-6 classical activation.
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Figure 4. Differential expression of genes encoding adherens junctions following IL-6 classical and
trans-signaling activation in human retinal endothelial cells (HRECs). Relative mRNA expression
levels of 9 catenin-related genes (A) and 23 cadherin-related genes (B). Results are expressed as
means ± SD; n = 5 per group. UT: Untreated group (blue), CS: IL-6 classical signaling group (green),
TS: IL-6 trans-signaling group (red). * p-value < 0.05 vs. untreated (TS vs. UT); ND = not detected.



Int. J. Transl. Med. 2021, 1 146

3.3.2. Tight Junctions

A total of 27 genes were identified as encoding tight junction proteins, including
23 claudins (CLDN) and 4 tight junction proteins (TJP or TJAP) (Figure 5). Three genes,
CLDN5, CLDN11, and TJP2, showed the highest level of expression in HRECs. IL-6 trans-
signaling altered the expression of seven tight junction genes (two upregulated, five down-
regulated), including CLDN3 (−4.44-fold), CLDN1 (−3.27-fold), CLDN11 (−1.85-fold),
CLDN14 (−1.36-fold), TJP2 (−1.31-fold), CLDN12 (1.25-fold) and TJP1 (1.17-fold). Only
one tight junction gene, CLDN15 (1.48-fold) was upregulated in response to IL-6 classical
activation.
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3.3.3. Gap Junctions

A total of 20 genes involved in gap junctions were detected through RNA-Seq analysis,
with GJA1, GJC1, and GJD3 being the three genes with the highest expression (Figure 6).
Three genes were differentially expressed in HRECs after IL-6 trans-signaling activation:
GJA4 (−2.41-fold), GJA1 (1.49-fold), and GJC1 (−1.19-fold). No significant effects in the
expression of gap junctions were observed after IL-6 classical signaling activation.
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Figure 6. Differentially expressed genes encoding gap junctions following activation of IL-6 classical
and trans-signaling in human retinal endothelial cells (HRECs). RNA-Seq analysis detected 20 gap
junction-related genes and revealed significant changes in 3 genes due to IL-6 trans-signaling (TS)
activation compared to untreated (UT). Results are expressed as means ± SD; n = 5 per group,
* p-value < 0.05 vs. untreated (TS vs. UT); ND = not detected.

3.4. Validation of Selected Genes Using Quantitative RT-PCR

A total of seven differentially expressed genes, including three adherens (CTNNAL1,
CDH12 and CDH24), three tight junctions (CLDN1, CLDN3, and CLDN11), and one gap
junction gene (GJA1) were confirmed using qRT-PCR. Among adherens junctions, IL-6
trans-signaling induced the upregulation of CDH12 (9.65-fold), and downregulation of
CDH24 (0.54-fold) and CTNNAL1 (0.76-fold), confirming the findings of RNA-Seq analysis
(Figure 7A). Similar to RNA-Seq analysis, three members of the tight junction family
showed a significant decrease in relative mRNA expression in response to trans-signaling
but no change after classical signaling activation: CLDN1 (0.28-fold), CLDN3 (0.58-fold),
and CLDN11 (0.73-fold) (Figure 7B). The expression levels of GJA1 increased in response
to IL-6 trans-signaling activation (1.57-fold), though not classical, in both RNA-Seq and
qRT-PCR analyses (Figure 7C).
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Figure 7. Confirmation of differentially expressed genes in inter-endothelial junctions of HRECs
by qRT-PCR analysis. (A) Relative expression for three adherens junctions, including CDH12,
CDH24, and CTNNAL1; (B) CLDN1, CLDN3, and CLDN11 genes were significantly downregulated
in IL-6 trans-signaling group, with no significant effect observed from classical signaling; (C) GJA1
mRNA levels were measured, and RT-PCR confirmed its upregulation after IL-6 trans-signaling
activation with no effect due to classical signaling. Results are expressed as means ± SD; n = 3–16,
* p-value < 0.05 vs. untreated (TS vs. UT); † p-value < 0.05 vs. untreated (CS vs. UT).

3.5. Confirmation Using Western Blot Analyses

Protein levels were assessed using Western blotting for three proteins (cadherin 12,
CDH12; claudin 3, CLDN3; and gap junction protein alpha 1, GJA1) to represent the
adherens, tight, and gap junctions, respectively (Figure 8). Activation of IL-6 trans-signaling
showed significant upregulation of CDH12 (1.19-fold) and GJA1 (1.32-fold) relative to
untreated HRECs. CLDN3 expression was significantly downregulated (0.73-fold) in
response to IL-6 trans-signaling alone. Activation of IL-6 classical signaling showed no
significant effect on the expression of these proteins in HRECs. These trends for CDH12,
CLDN3, and GJA1 were observed across RNA-Seq, qRT-PCR, and Western blot analyses,
showing transcriptional and translational changes to adherens, tight, and gap junctions in
response to IL-6 trans-signaling in HRECs.
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Figure 8. Validation of differential expression of inter-endothelial junctional proteins following
activation of IL-6 trans-signaling in HRECs. Protein expressions are normalized to β-actin and
reported as fold changes relative to untreated. Results are expressed as means ± SD; n = 3–13,
* p-value < 0.05 vs. untreated (TS vs. UT).

4. Discussion

Inter-endothelial junctions are composed of many repetitive molecular connections
that ensure proper barrier function and regulate transport through the paracellular space [43].
Increased endothelial paracellular permeability has been linked to the BRB breakdown, a
known characteristic of several retinal diseases [24,44]. We have previously shown that
activation of IL-6 trans-signaling significantly disrupts endothelial barrier function [24],
and the present study compares the effects of IL-6 classical and trans-signaling on para-
cellular permeability and expression of inter-endothelial junction genes in human retinal
endothelial cells. GO analysis of differentially expressed genes in RNA-Seq showed sig-
nificant alterations for transcripts related to cell adhesion, calcium ion binding, and the
extracellular region. IL-6 trans-signaling activation, but not classical signaling, caused
a significant disruption to the paracellular permeability in HREC, and gene expression
profiling revealed transcriptional alterations in several adherens junction, tight junction,
and gap junction genes following IL-6 trans-signaling activation. A summary of differential
gene expression induced by IL-6 trans-signaling in HRECs is shown in Figure 9.

Adherens junctions comprise complexes of transmembrane cadherins and cytoplas-
mic catenins that initiate contact between cells, facilitate tight junction formation, and
mediate paracellular transport and permeability [13,16]. In this study, IL-6 trans-signaling
significantly downregulated mRNA expression of two cadherin genes (CDH6, CDH24)
and two catenin-related genes (CTNNAL1, CTNNBIP1). Various studies in cancer, diabetic
nephropathy, and DR indicate a decrease in expression of cadherins and catenins at cell-to-
cell junctions following exposure to pro-inflammatory stimuli [1,45–47]. However, previous
studies on adherens junctions in HRECs are primarily focused only on expression of VE-
cadherin, N-cadherin, and β-catenin [1]. Downregulation of α-catulin (Catenin alpha like
1, CTNNAL1), which interacts with both β-catenin and α-catenin at the plasma membrane,
has been previously reported as a consequence of inflammation in breast cancer studies
and in ApoCIII-treated porcine vascular endothelial cells [45,46]. β-catenin–interacting
protein 1 (CTNNBIP1) participates in inhibition of the Wnt/β-catenin signaling pathway
to maintain barrier permeability and integrity [47,48]. Downregulation of CTNNBIP1 is
reported to disrupt its inhibitory function, thereby stimulating Wnt/β-catenin activity and
subsequent vascular leakage [47,48].



Int. J. Transl. Med. 2021, 1 150

Int. J. Transl. Med. 2021, 1, FOR PEER REVIEW  13 
 

 

4. Discussion 
Inter-endothelial junctions are composed of many repetitive molecular connections 

that ensure proper barrier function and regulate transport through the paracellular space 
[43]. Increased endothelial paracellular permeability has been linked to the BRB break-
down, a known characteristic of several retinal diseases [24,44]. We have previously 
shown that activation of IL-6 trans-signaling significantly disrupts endothelial barrier 
function [24], and the present study compares the effects of IL-6 classical and trans-signal-
ing on paracellular permeability and expression of inter-endothelial junction genes in hu-
man retinal endothelial cells. GO analysis of differentially expressed genes in RNA-Seq 
showed significant alterations for transcripts related to cell adhesion, calcium ion binding, 
and the extracellular region. IL-6 trans-signaling activation, but not classical signaling, 
caused a significant disruption to the paracellular permeability in HREC, and gene ex-
pression profiling revealed transcriptional alterations in several adherens junction, tight 
junction, and gap junction genes following IL-6 trans-signaling activation. A summary of 
differential gene expression induced by IL-6 trans-signaling in HRECs is shown in Figure 
9. 

 
Figure 9. Summary of gene expression alterations to inter-endothelial junctions by IL-6 trans-sig-
naling in HRECs. Significant changes in mRNA expression for (A) adherens junctions, (B) tight junc-
tions, and (C) gap junctions are summarized as fold changes, showing upregulated genes (red) and 
downregulated genes (blue) relative to untreated (UT). 

Adherens junctions comprise complexes of transmembrane cadherins and cytoplas-
mic catenins that initiate contact between cells, facilitate tight junction formation, and me-
diate paracellular transport and permeability [13,16]. In this study, IL-6 trans-signaling 
significantly downregulated mRNA expression of two cadherin genes (CDH6, CDH24) 
and two catenin-related genes (CTNNAL1, CTNNBIP1). Various studies in cancer, diabetic 

Figure 9. Summary of gene expression alterations to inter-endothelial junctions by IL-6 trans-
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We found a significant decrease in the expression of five tight junction transcripts,
including CLDN1, CLDN3, CLDN11, CLDN14, and TJP2, following IL-6 trans-signaling
activation. CLDN12 and TJP1, however, were significantly upregulated by trans-signaling
in HRECs. Abundant CLDN1 and CLDN3 expression is characteristic of normal endothelial
barrier integrity in both the blood–brain barrier and the inner BRB [4,49,50]. Expression
of CLDN1, CLDN11, and CLDN14 has been correlated with the strength of paracellular
junctions in epithelial cells [51,52]. The downregulation of these claudins by IL-6 trans-
signaling may account for part of the significant decrease in paracellular resistance that
was observed using ECIS, but further studies are needed to determine additional effects
of IL-6 trans-signaling on endothelial tight junctions beyond the level of transcriptional
regulation.

Gap junctions consist of connexins that participate in intercellular transport and
promote the formation of tight junctions and adherens junctions [1,53–55]. These junctional
molecules are transient between cells, lasting only a few hours, allowing rapid cellular
response to the extracellular environment [56]. Previous studies suggest that IL-6 signaling
has significant effects on gap junction formation [57,58]. In this study, IL-6 trans-signaling
caused significant downregulation of GJA4 and GJC1 and upregulation of GJA1, while
classical signaling exhibited no significant effect on expression of gap junction genes.

5. Conclusions

This study is the first attempt to compare the distinct effects of IL-6 classical and
trans-signaling on paracellular permeability in HRECs. Our results demonstrate that
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IL-6 trans-signaling activation, but not IL-6 classical signaling, causes significant barrier
disruption in HREC monolayers via increased paracellular permeability at inter-endothelial
junctions. We also identified several adherens junction, tight junction, and gap junction
genes that were significantly altered with IL-6 trans-signaling activation, which may be
of interest in future mechanistic studies on IL-6 trans-signaling mediated regulation of
paracellular permeability in HRECs.
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46. Tőkés, A.-M.; Szász, A.M.; Juhász, É.; Schaff, Z.; Harsányi, L.; Molnár, I.A.; Baranyai, Z.; Besznyák, I.; Zaránd, A.; Salamon, F.
Expression of tight junction molecules in breast carcinomas analysed by array PCR and immunohistochemistry. Pathol. Oncol.
Res. 2012, 18, 593–606. [CrossRef]

47. Xiao, L.; Wang, M.; Yang, S.; Liu, F.; Sun, L. A glimpse of the pathogenetic mechanisms of Wnt/β-catenin signaling in diabetic
nephropathy. BioMed Res. Int. 2013, 2013, 987064. [CrossRef]

48. Lee, K.; Hu, Y.; Ding, L.; Chen, Y.; Takahashi, Y.; Mott, R.; Ma, J.-x. Therapeutic potential of a monoclonal antibody blocking the
Wnt pathway in diabetic retinopathy. Diabetes 2012, 61, 2948–2957. [CrossRef]

49. Morcos, Y.; Hosie, M.J.; Bauer, H.C.; Chan-Ling, T. Immunolocalization of occludin and claudin-1 to tight junctions in intact CNS
vessels of mammalian retina. J. Neurocytol. 2001, 30, 107–123. [CrossRef]

50. Liebner, S.; Kniesel, U.; Kalbacher, H.; Wolburg, H. Correlation of tight junction morphology with the expression of tight junction
proteins in blood-brain barrier endothelial cells. Eur. J. Cell Biol. 2000, 79, 707–717. [CrossRef] [PubMed]

51. Anderson, J.M.; Van Itallie, C.M. Physiology and function of the tight junction. Cold Spring Harb. Perspect. Biol. 2009, 1, a002584.
[CrossRef] [PubMed]

52. Furuse, M.; Hata, M.; Furuse, K.; Yoshida, Y.; Haratake, A.; Sugitani, Y.; Noda, T.; Kubo, A.; Tsukita, S. Claudin-based tight
junctions are crucial for the mammalian epidermal barrier a lesson from claudin-1–deficient mice. J. Cell Biol. 2002, 156, 1099–1111.
[CrossRef] [PubMed]

53. Morita, H.; Katsuno, T.; Hoshimoto, A.; Hirano, N.; Saito, Y.; Suzuki, Y. Connexin 26-mediated gap junctional intercellular
communication suppresses paracellular permeability of human intestinal epithelial cell monolayers. Exp. Cell Res. 2004, 298, 1–8.
[CrossRef]

54. Kojima, T.; Sawada, N.; Chiba, H.; Kokai, Y.; Yamamoto, M.; Urban, M.; Lee, G.-H.; Hertzberg, E.L.; Mochizuki, Y.; Spray, D.C.
Induction of tight junctions in human connexin 32 (hCx32)-transfected mouse hepatocytes: Connexin 32 interacts with occludin.
Biochem. Biophys. Res. Commun. 1999, 266, 222–229. [CrossRef] [PubMed]

55. Kojima, T.; Spray, D.C.; Kokai, Y.; Chiba, H.; Mochizuki, Y.; Sawada, N. Cx32 formation and/or Cx32-mediated intercellular
communication induces expression and function of tight junctions in hepatocytic cell line. Exp. Cell Res. 2002, 276, 40–51.
[CrossRef]

56. Meşe, G.; Richard, G.; White, T.W. Gap junctions: Basic structure and function. J. Investig. Dermatol. 2007, 127, 2516–2524.
[CrossRef] [PubMed]

57. Maruo, N.; Morita, I.; Shirao, M.; Murota, S. IL-6 increases endothelial permeability in vitro. Endocrinology 1992, 131, 710–714.
[PubMed]

58. Bao, B.; Jiang, J.; Yanase, T.; Nishi, Y.; Morgan, J.R. Connexon-mediated cell adhesion drives microtissue self-assembly. FASEB J.
2011, 25, 255–264. [CrossRef] [PubMed]

https://rdrr.io/cran/gplots/
https://github.com/adidevara/GOFIG
http://doi.org/10.1242/jcs.00972
http://www.ncbi.nlm.nih.gov/pubmed/14996944
http://doi.org/10.2337/diabetes.47.12.1953
http://www.ncbi.nlm.nih.gov/pubmed/9836530
http://doi.org/10.1080/15384101.2017.1373222
http://doi.org/10.1007/s12253-011-9481-9
http://doi.org/10.1155/2013/987064
http://doi.org/10.2337/db11-0300
http://doi.org/10.1023/A:1011982906125
http://doi.org/10.1078/0171-9335-00101
http://www.ncbi.nlm.nih.gov/pubmed/11089919
http://doi.org/10.1101/cshperspect.a002584
http://www.ncbi.nlm.nih.gov/pubmed/20066090
http://doi.org/10.1083/jcb.200110122
http://www.ncbi.nlm.nih.gov/pubmed/11889141
http://doi.org/10.1016/j.yexcr.2004.03.046
http://doi.org/10.1006/bbrc.1999.1778
http://www.ncbi.nlm.nih.gov/pubmed/10581193
http://doi.org/10.1006/excr.2002.5511
http://doi.org/10.1038/sj.jid.5700770
http://www.ncbi.nlm.nih.gov/pubmed/17934503
http://www.ncbi.nlm.nih.gov/pubmed/1639018
http://doi.org/10.1096/fj.10-155291
http://www.ncbi.nlm.nih.gov/pubmed/20876208

	Introduction 
	Materials and Methods 
	Cell Culture 
	Measurement of Trans-Endothelial Resistance in HRECs 
	RNA Isolation, Library Preparation, and Sequencing 
	qRT-PCR 
	Western Blot Analyses 
	Statistical Analyses 

	Results 
	Differential Effects of IL-6 Classical and Trans-Signaling on Endothelial Barrier Function 
	Gene Expression Changes Induced by IL-6 Classical and Trans-Signaling Activation in HRECs 
	Differential Expression of Adherens Junction, Tight Junction, and Gap Junction Genes Induced by IL-6 Classical and Trans-Signaling Activation 
	Adherens Junctions 
	Tight Junctions 
	Gap Junctions 

	Validation of Selected Genes Using Quantitative RT-PCR 
	Confirmation Using Western Blot Analyses 

	Discussion 
	Conclusions 
	References

