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Abstract: Epithelial-mesenchymal transition (EMT), which is well known for its role in embryonic
development, malignant transformation, and tumor progression, has also been implicated in a va-
riety of retinal diseases, including proliferative vitreoretinopathy (PVR), age-related macular de-
generation (AMD), and diabetic retinopathy. EMT of the retinal pigment epithelium (RPE), alt-
hough important in the pathogenesis of these retinal conditions, is not well understood at the mo-
lecular level. We and others have shown that a variety of molecules, including the co-treatment of
human stem cell-derived RPE monolayer cultures with transforming growth factor beta (TGF-{3)
and the inflammatory cytokine tumor necrosis factor alpha (TNF-a), can induce RPE-EMT; how-
ever, small molecule inhibitors of RPE-EMT have been less well studied. Here, we demonstrate that
BAY651942, a small molecule inhibitor of nuclear factor kapa-B kinase subunit beta (IKK{) that se-
lectively targets NF-«B signaling, can modulate TGF-B/TNF-a-induced RPE-EMT. Next, we per-
formed RNA-seq studies on BAY651942 treated hRPE monolayers to dissect altered biological path-
ways and signaling events. Further, we validated the effect of IKKf inhibition on RPE-EMT-asso-
ciated factors using a second IKKp inhibitor, BMS345541, with RPE monolayers derived from an
independent stem cell line. Our data highlights the fact that pharmacological inhibition of RPE-
EMT restores RPE identity and may provide a promising approach for treating retinal diseases that
involve RPE dedifferentiation and EMT.

Keywords: stem cells; differentiation; retinal pigment epithelium; epithelial-mesenchymal
transition; TGF-f/ —a; kinase inhibitors; transcriptomics; PVR and AMD
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1. Introduction

The retinal pigment epithelium (RPE), which consists of a highly pigmented, hexag-
onally packed cuboidal monolayer of epithelial cells, is essential for vision. Healthy RPE
cells exhibit marked apicobasal polarity, with their apical surface interdigitating the outer
segments of the light-sensing cells of the retina (rod and cone photoreceptors) and their
basal surface resting on the basement membrane, known as Bruch’s membrane, which
separates the RPE from its blood supply, the choriocapillaris. RPE cells promote the health
and function of photoreceptor cells in multiple ways, including the transfer of oxygen and
nutrients, phagocytosis of rod outer segments, synthesis and recycling of vitamin-A me-
tabolites, and protection against reactive oxygen species [1,2]. RPE dysfunction and cell
death, which occur in a number of retinal diseases, generally leads to photoreceptor de-
generation and vision loss [3]. As one of the pathological processes causing RPE dysfunc-
tion, epithelial-to-mesenchymal transition (EMT) has increasingly drawn the attention of
vision researchers [4-8]. During EMT progression, RPE cells lose their polarity, cellular
adhesions and pigmentation, and acquire a fibroblast-like phenotype, resulting in a dys-
functional state that can no longer properly support the health and function of photore-
ceptor cells [9]. Additionally, the EMT-associated contractile activity of RPE cells can lead
to complex retinal detachments that are difficult to treat.

It has been shown that injury and stress can induce a variety of pathological changes
in the RPE, including trans-differentiation and EMT [5,7,10-12], and that RPE-EMT is in-
volved in multiple retinal diseases, including proliferative vitreoretinopathy (PVR)
[4,6,13], neo-vascular (“wet”) age-related macular degeneration (AMD) [14], and atrophic
(“dry”) AMD [8,15,16]. To better understand the pathogenesis and help develop thera-
peutic strategies for these diseases, we have been studying the process of RPE-EMT using
human stem cell-derived RPE cells (hRPE) [10-12]. As an in vitro model of EMT, we and
others have been using the co-treatment of hRPE monolayer cultures with TGF- and
TNF-a (TGF-p/TNF-a) to analyze the molecular changes that occur during the progres-
sion of EMT and to test the effects of molecules that attenuate EMT [7,10,11]. In our pre-
vious studies, using transcriptomic and proteomic datasets, we have used “upstream reg-
ulator analysis” (URA) to predict potential upstream targets of RPE-EMT, such as tran-
scription factors, kinases, cytokines, growth factors, and microRNAs [10,11]. Among the
predicted regulators were several components of the nuclear factor kappa B (NF-kB) sig-
naling pathway.

NF-kB, a master regulator of inflammation and immune responses, is one of the sig-
naling pathways that promote EMT by directly regulating several EMT transcription fac-
tors (EMT-TFs) and mesenchymal genes [17-19]. The NF-kB family is composed of five
structural members, including NFKB1 (p50), NFKB2 (p52), RELA (p65), RELB, and REL
[20]. In resting cells, NF-kB exists as a dimer in the cytoplasm in association with the kB
(IxB) protein inhibitor. Diverse stimuli induce the activation of the IxB kinase (IKK) com-
plex, which phosphorylates IxB proteins and consequently leads to their proteasome-me-
diated degradation. Released NF-kB dimers translocate to the nucleus, where they bind
to their preferred DNA sequences in the promoters or enhancers of their target genes and
activate transcription [21]. The IKK complex is a key regulatory node of the NF-«B cas-
cade, which is composed of two catalytic subunits (IKKa and IKKf3) and a regulatory sub-
unit (IKKy), and is modulated by post-translational events including the phosphorylation,
ubiquitination, and degradation of its inhibitory subunit [22-24]. NF-«B signaling is con-
stitutively activated in a range of malignancies [25], and contributes to their metastatic
potential through the induction and maintenance of EMT [18,19,26,27]. Dysregulated NF-
kB signaling modulates sub-RPE drusen deposits in hiPS RPE cells containing AMD risk
alleles [28].

Based on our above-mentioned prediction of RPE-EMT regulators, we tested several
candidate small molecules that target these dysregulated pathways for their ability to
modulate and reduce RPE-EMT induced by TGF-/TNF-a. Here, we demonstrate that
BAY651942, an ATP competitive potent inhibitor of IKK( that selectively targets NF-«xB
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signaling activity [29,30], can inhibit RPE-EMT. To validate this finding, we also tested
the effect of BMS345541, another IKKf3 inhibitor that blocks NF-kB-dependent transcrip-
tion [31], and found that it also could modulate RPE-EMT. Additionally, we performed
transcriptomic (RNA-seq) analysis to dissect the altered molecular events and associated
biological pathways elicited by BAY651942. Taken together, our results show that IKK[3
inhibition attenuates the transcriptomic and physiological changes that are associated
with TGF—3/TNF-a-induced RPE-EMT, and thus identify the inhibition of IKKf as a po-
tential approach for treating retinal diseases that involve RPE-EMT.

2. Materials and Methods
2.1. Human Pluripotent/Embryonic Stem Cell (hiPSC/hESC) Cultures and RPE Differentiation

The human embryonic stem cell (hESC) line H7 and human induced pluripotent stem
cell (hiPSC) line was obtained under license from WiCell (Madison, WI, USA). The hiPSC
EP1 was generated as described previously [32]. Use of these cell lines has been authorized
by the Johns Hopkins University (JHU) Institutional Stem Cell Research Oversight Com-
mittee (ISCRO 00000023). All policies and guidelines mandated by the ISCRO were strictly
followed for the data generated in this manuscript. hiPSC/hESC lines were cultured and
differentiated into RPE as previously described [33,34]. Briefly, the hiPSC (EP1, IMR90.4)
and hES (H7) lines were maintained on Matrigel basement membrane matrix (Corning,
Bedford, MA, USA) coated tissue culture plates with mTeSR1 medium (Stem Cell Tech-
nologies, Vancouver, Canada) in 5% Oz and 10% CO: conditions and amplified by clonal
propagation using the ROCK pathway inhibitor blebbistatin (Sigma-Aldrich, St. Louis,
MO, USA). For hRPE differentiation, stem cells were plated at a higher density (25,000
cells per cm?) and maintained in mTeSR1 to form a monolayer. The culture medium was
replaced with a differentiation medium (DM) for 7 weeks. Differentiating cells were en-
zymatically dissociated to make single-cell suspension using 0.25% (wt/vol) collagenase
IV (Gibco) and resuspended in AccuMAX (Sigma-Aldrich, St. Louis, MO, USA). Cells
were replated on to Matrigel basement membrane matrix coated plates and maintained in
an RPE medium [70% DMEM, 30% Ham’s F12 nutrient mix, 2% B27-serum-free supple-
ment, 1% antibiotic-antimycotic solution (Invitrogen, Waltham, MA, USA)] for ~3 months
to form mature RPE monolayers.

2.2. A549 and H1299 Cell Cultures and EMT Induction In Vitro

Human non-small cell lung cancer cells A549 (CCL-185™) and H1299 (CRL-5803™)
were cultured in RPMI-1640 supplemented with 10% fetal bovine serum (FBS) in a 5%
CO, incubator at 37 °C. 90% confluent cells were used for all the experiments. Inducing
TGF-f signaling-associated cancer-EMT in A549 and H1299 cells were treated with 20
ng/mL of recombinant human TGF-f1 in RPMI-1640 for 48 h in 37 °C/5% CO: conditions.

2.3. Small-Molecule Treatment

The small molecule kinase inhibitors BAY651942 (Bayer, Wuppertal, Germany) and
BMS345541 (Selleckchem, Houston, TX, USA) were reconstituted in DMSO (10 mM and
200 uM stocks), loaded into Echo qualified 384-well polypropylene microplates, and dis-
pensed precisely in multiples of 2.5 nL droplets at the desired concentrations in triplicate
using an ECHO 550 acoustic liquid handling system (Labcyte, San Jose, CA, USA).

2.4. RPE-EMT Induction In Vitro

For inducing TGF-f signaling-associated RPE-EMT in hRPE monolayers, cells were
co-treated with 20 ng/mL of recombinant human TGF-{31 (Thermo Scientific, Waltham,
MA, USA; Catalog # PHG9204) and recombinant human TNF-a protein (R&D systems,
Minneapolis, MN, USA Catalog # 210-TA-020) in RPE medium for 24 h in 37 °C/5% CO:
conditions. For inducing EMT in A549 and H1299 lines, cells were treated with 20 ng/mL
of recombinant human TGF-31 only.
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2.5. RNA Isolation and Quantitative RT-PCR (qRT-PCR)

Total RNA from hRPE monolayers was extracted using an Isolate II RNA mini kit
(Bioline, Taunton, MA, USA). cDNA was synthesized by reverse-transcription (High Ca-
pacity cDNA kit; Applied Biosystem). qRT-PCRs were performed using SsoAdvanced
Universal SYBR Green Supermix (Bio-Rad, Hercules, CA, USA). All samples were run in
biological triplicate, and expression levels were normalized by the geometric mean of
three housekeeping genes (CREBBP, GAPDH and SRP72) (the geometric mean, which re-
duces the effect of outlier values, was calculated by multiplying together the Ct values of
each of the housekeeping genes and then talking the cube root of the resulting product)
[35]. Gene-specific primers sequences used for this study are included in Supplementary
Materials Table S1.

2.6. RNA-Seq and Data Processing

First-strand cDNA synthesis was performed with 200 ng total RNA using anchored
oligo-dT and SuperScript III First-Strand Synthesis with SuperMix (ThermoFisher, Wal-
tham, MA, USA). Second-strand cDNA synthesis was performed using RNase H, DNA
Polymerase I, and Invitrogen Second Strand Buffer (ThermoFisher, Waltham, MA, USA).
Double-stranded cDNA was purified using DNA Clean & Concentrator-5 (Zymo Re-
search, Irvine, CA, USA). Library preparation was performed using the Nextera XT DNA
Library Preparation Kit (Illumina, San Diego, CA, USA). Libraries were cleaned using
Agencourt AMPure XP beads according to manufacturer’s instructions (Beckman Coulter,
Brea, CA, USA). Libraries were evaluated by the High Sensitivity DNA Kit on a 2100 Bio-
analyzer. They were then multiplexed and sequenced on an Illumina HiSeq with 50 bp
paired-end reads. Reads were aligned to NCBI build 37.2 using TopHat (v2.1.0) [36].
Cuffquant and Cuffnorm (Cufflinks v2.2.1) were used to quantify expression levels and
calculate normalized FPKM values [37].

2.7. RNA-Seq Data Analysis

We performed a Student’s f-test to identify differentially expressed genes (DEGs).
For the TGF-3/TNF-a-induced EMT data set, DEGs were defined as genes with log?2 fold
change >1 and adjusted p < 0.1. For unsupervised hierarchical clustering, the Pearson cor-
relation coefficient was used to construct a linkage matrix, and Ward’s method was used
to calculate the distance between clusters.

2.8. Biological Pathway and Upstream Regulator Analysis

Pathway analysis was performed using Ingenuity Pathway Analysis (IPA)
(QIAGEN, Redwood City, CA, USA). Transcripts identified to be differentially expressed
during RPE-EMT compared to untreated monolayers with >2-fold change and p < 0.05
were input into IPA and KEGG (Kyoto Encyclopedia of Genes and Genomics) for bioin-
formatics analysis using gene IDs. Differentially-expressed transcripts were analyzed in
IPA using core analysis followed by comparison analysis between dissociation time
course, TGF-3/TNF-a concentration, and BAY-651942 treatment. Data sets were assessed
for the prediction of canonical pathways and upstream regulators [38].

2.9. Hierarchical Transcription Factors Analysis

To identify the relationships between differentially expressed genes (DEGs) and their
potential regulators, we integrated our gene expression data with available RPE chroma-
tin accessibility data using a previously described method [39—41]. In the analysis, we only
considered DEGs with open chromatin accessibility. To identify the enriched transcription
factor (TF) binding motifs in the open regions, we utilized the “findMotifsGenome.pl”
module in HOMER [42] with RPE ATAC-seq data as the background. We generated the
required bed files, including the genomic coordinates for DEGs and the background, us-
ing a custom code. We executed the following command in HOMER:
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“findMotifsGenome.pl DEG.bed hg19 output -size 5000 -bg RPE_ATAC.bed.” To perform
connectivity analysis of the DEGs, we used the STRING database [43] with default param-
eters.

2.10. Statistical Analysis

All statistical analyzes were performed using a Python statistical function
(scipy.stats) and library (statsmodels). Fisher’s exact test, Student’s t-test, one-way
ANOVA, and Pearson’s correlation coefficient were used to assess the significance. Fold
change, p-values and false discovery rate (FDR) were calculated in the analysis.

3. Results

3.1. IKKB Inhibitor (BAY651942) Treatment Partially Inhibits TGF-B/TNF-a-Induced RPE-
EMT and Restores Expression of RPE Genes

Given the role of RPE-EMT in PVR and possibly in AMD, efforts have been made to
identify inhibitors of RPE-EMT for potential therapeutic use [44,45]. Despite some pro-
gress in this field [46,47], since a safe and effective RPE-EMT inhibitor has yet to be re-
ported, we sought to utilize our previously reported RPE-EMT model and transcriptional
studies [10-12] to identify a suitable inhibitor. Our previous transcriptomic [11], proteo-
mic [10], and phosphoproteomic [12] studies identified several malignancy-associated
EMT factors that were also significantly altered during RPE-EMT. Although malignancy-
associated EMT is controlled by a variety of biological pathways, NF-«B signaling is acti-
vated in a wide range of human cancers, and is involved in maintaining epithelial cell
plasticity and metastasis via the orchestrated modulation of IKK-2/IkBa/NF-«B [26]. Mul-
tiple tumor-associated studies have shown that IKKp is a key factor that regulates metas-
tasis, and that the NF-«B signaling pathway is targeted by IKKf3 inhibitors [48-50]. More-
over, the Upstream Regulator Analysis (URA) module, which generated kinase expres-
sion patterns that we delineated in our previous transcriptome study [11] suggested acti-
vated IKKp expression during TGF-3/TNF-a-induced EMT (Figure 1D). Collectively,
these findings led us to further investigate IKKf inhibition as an approach to modulate
RPE-EMT.

First, to confirm the effect of the IKKf inhibitor BAY651942 [51] on cancer-related
EMT, we tested the drug on two well-established non-small cell lung cancer lines, A549
and H1299, which have been shown to have high basal levels of NF-kB activity [52,53].
We initially tried to induce EMT by co-treatment with TGF-/TNF-a (each at 20 ng/mL),
but found that this treatment induced significant cell death with both the A549 and H1299
cell lines ; however, upon further testing we found treatment with TGF- alone (20
ng/mL) induced EMT without affecting cell survival. We treated both cell lines with either
TGF— alone or a combination of TGF—3 and BAY651942. Next, we analyzed the differen-
tial expression of multiple EMT markers by qPCR analysis. Our data show that CDH1 (E-
cadherin) levels markedly increased with the BAY651942 treatment in both lines (Figure
1A, B). We also found that the expression of EMT-related factors SNAIL (SNAII) and
SLUG (SNAI2) was suppressed in both lines (Figure 1A,B). The downstream EMT-associ-
ated factors vimentin (VIM) and alpha smooth muscle actin (a-SMA) showed a small, but
not notably significant, decrease in expression with drug treatment (Figure 1A,B). Mesen-
chymal markers were markedly upregulated in TGF—{ treated cells along with a reduction
in the epithelial markers. This effect was reversed upon treatment with BAY651942, lead-
ing to a more epithelial-like cell state. Interestingly, we also observed markedly increased
CDHI1 expression in A549 cells upon treatment with BAY651942 compared to the control
(i.e., not treated with TGF—3), which may reflect higher basal levels of NF-«B activity that
could lead to latent or low-grade EMT at the cells’ basal state. Taken together, these stud-
ies are consistent with the notion that IKKf3 inhibition modulates tumorigenesis-associ-
ated EMT, and led us to investigate the possibility that BAY651942 treatment could also
inhibit RPE-EMT.
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Using our TGF-B/TNF-a-induced RPE-EMT model, we treated hRPE monolayer
cultures with BAY651942 and used qPCR to assess potential effects on the expression of
EMT-related and RPE differentiation-related genes (Figure 1C). BAY651942 treatment re-
stored the expression of key RPE factors, including BEST1 (12-fold), RPE65 (3-fold), CRX
(5-fold) (Figure 1E), L-RAT (6-fold), RLBP1 (4-fold), TYR (2-fold), and MITF (2-fold) (Fig-
ure 2E). Concomitantly, it also significantly suppressed the expression of multiple EMT
factors, including SNAI1 (1.6-fold), JAGI (3-fold), HMGA2 (4-fold), CDH2 (2-fold), and
FN1 (11-fold) (Figure 1F). Additionally, as expected since IKKf3 inhibition inhibits NF-«xB
signaling, BAY651942 treatment reduced the expression of NF-kB downstream target
genes such as ICAM1 (16-fold), FTH (1.5-fold), FAS (2-fold), and IRF1 (4-fold) (Figure 1G).
This ability of BAY651942 to inhibit RPE-EMT increased with dose, but there were clear
limitations, as at higher doses (>48 uM), BAY651942 was toxic to the RPE monolayers and
caused significant RPE cell death after 24 h of treatment. As another limitation, in contrast
to its potent effects in the TGF—3/TNF-a model, BAY651942 neither inhibited EMT nor
restored RPE marker expression in the enzymatic dissociation induced RPE-EMT model.
These results suggest that blockade of NF-1B signaling may be a potent pharmacological
target for inhibiting RPE-EMT and maintaining RPE identity.
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Figure 1. Identification of small molecule kinase inhibitors that modulate TGF-B/TNF-«a associated
RPE-EMT. qPCR validation of altered EMT-associated factors in (A) non-small cell lung cancer
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A549 and (B) H1299 cells. (C) Schematic representation of kinase inhibitors treatment and RPE-EMT
induction. (D) Heatmap of potential small molecule kinase inhibitors identified by IPA-generated
upstream regulator analysis. qPCR analysis shows differential expression of (E) RPE genes, (F) EMT
and (G) NF-«xB factors from TGF-3/TNF-a-induced EMT were altered by BAY651942 treatment.
Error bars represent SD of at least three biological replicates and statistically significant mean dif-
ferences (p < 0.05 by ANOVA). * p <0.05; ** p<0.01; ** p < 0.001;.
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Figure 2. Transcriptomic analysis of BAY651942 modulated RPE-EMT in TGF—3/TNF-a model. (A)
Hierarchical clustered heatmaps of log2-transformed ratios. Average abundances of DEG showing
significant differences from DMSO and BAY651942 treatment after TGF-B/TNF-a-induced EMT in
hiPS-RPE. Heatmap of axon guidance genes that were altered by BAY651942 treatment compared
TGF—/TNF-a plus DMSO treatment. (B-E) qPCR validation of altered multiple axon guidance
genes (B-D), RPE genes (E) by BAY651942 treatment followed by TGF-3/TNF-a-induced EMT. Er-
ror bars represent SD of at least three biological replicates and statistically significant mean differ-
ences (p <0.05 by ANOVA).

3.2. BAY651942 Restores Normalized Expression of Multiple Axon Guidance Molecules

To expand on these qPCR studies and better dissect the molecular events associated
with BAY651942’s inhibition of TGF-/TNF-a-induced RPE-EMT, we performed RNA-
seq analysis on RPE monolayer cultures treated with TGF-3/TNF-a only, TGF-/TNF-a
plus vehicle (DMSO) control, and TGF—3/TNF-a plus BAY651942 (16 pM, 32 uM) for 24
h. We applied a stringent statistic threshold of greater than or equal to twofold change,
FDR of <0.05, and a p-value of <0.05 to identify DEG between drug- and DMSO-treated
samples (Figure 2A; Supplementary Materials Table S2). As shown by principal compo-
nent analysis (PCA), with the exception of one “outlier” sample (a 32 uM treated sample),
there was overall consistency of the replicates and the relative position of the control,
DMSO, and drug treated samples (Figure S1A). Because our previous transcriptomic
study [11] identified axon guidance signaling as the top enriched pathway from TGF-
/TNF-a-induced RPE-EMT, we examined the top 40 expressed axon guidance molecules
from the RNA-seq dataset. Our findings reveal that multiple dysregulated axon guidance
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cues (NGEF, UNC5B, NTNG1, UNC5D, SEMA3C, SEMA4B, SEMA3D, SEMA6D, EPHBI,
EPHB2, EFNA5 EFNB1, and EFNB?2), as well as other axon guidance cues indirectly regu-
lated through cytoskeletal dynamics (ROBO2, LIMK1, RGS3, RHOA), were significantly
altered by at least one dose of BAY651942 treatment (Figure 2B). To confirm our RNA-seq
results, we performed qPCR validation for select axon guidance genes using the same
RNA samples used for the RNA-seq study and noted a tight correlation (Figure S1B).
These results, taken together, demonstrate that BAY651942 can reverse some of the axonal
guidance-related gene expression changes associated with TGF-/TNF-a-induced RPE-
EMT (expression of EFNB1, MICAL2, RGS3, BMP7, GNB3, NTNG, SEMA3D ITGA2, and
ITGA5 were all significantly modulated by treatment with 32 puM BAY 651942) (Figure
2B-D).

3.3. BAY651942 Modulates Multiple RPE-EMT-Associated Biological Pathways and Upstream
Regulators

In addition to modulating the effects of RPE-EMT on the expression of axon guid-
ance-related molecules, we found that BAY651942 treatment also modulated a number of
other signaling pathways, including ILK signaling, BMP signaling, coagulation pathway,
TGF-f signaling, osteoarthritis pathway, RAR (retinoic acid receptor) activation, and IL-
8 signaling (Figure 3A, Supplementary Materials Table S3). To investigate the cascade of
transcription regulators acting upstream of the observed DEGs that occur in response to
dissociation or TGF—3/TNF-a-induced EMT, we analyzed the RPE-EMT transcriptome
using the “upstream regulator analysis” (URA) module in IPA. The URA algorithm uses
p-value overlap and activation z-score to predict regulators that have already been exper-
imentally shown to alter gene expression (“transcription regulators”) and may influence
the genes identified from the input pathways. IPA enables testing of the biological pro-
cesses, pathways, and diseases the transcription regulators and their targets may control.
It also shows how the upstream molecules may regulate one another. These upstream
molecules are predominantly DNA-associated transcription factors but include kinases,
miRNAs, translational regulators, growth factors, and cytokines, as well as exogenous
drugs, such as kinase inhibitors (Supplementary Materials Table S2) [38,54]. We filtered
for regulators which were predicted by IPA analysis to be activated or inhibited for at
least one time point in the dissociation EMT-induced samples and one dose from TGF—
B/TNF-a-induced EMT samples. We clustered the resulting URs on the basis of the abso-
lute IPA activation score at any dissociation time/TGF—3/TNF-a dose to identify temporal
and dose-dependent regulated patterns (Supplementary Materials Table S4 and Figure
3B-G). URA from BAY651942-treated RPE shows strong evidence for the inhibition of
several possible EMT-associated factors including transcription factors (Figure 3B), ki-
nases (Figure 3C), cytokines (Figure 3D), enzymes (Figure 3E), growth factors (Figure 3F),
and miRNAs (Figure 3G). Together, these findings implicate several of the likely molecu-
lar mediators and mechanisms by which BAY651942 modulates TGF—{3/TNF-a-induced
RPE-EMT.
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Figure 3. BAY651942 regulated transcriptome dynamics of TGF—3/TNF-a-induced RPE. (A) Top
canonical pathways were predicted based on the alteration of highly-enriched genes that changed
in abundance (activated or inhibited) from DMSO and BAY651942 treated hiPS-RPE monolayers
prior to TGF—f/TNF-a-induced EMT (B-G) heatmaps of IPA-generated upstream regulator analy-
sis from DMSO- and BAY651942-treated hiPS RPE monolayers. IPA uses activation Z-score as a
statistical measure of the match between expected relationship direction and observed changes in
the gene expression regulator such as different transcription factors; (TFs) (B), kinases (C), cytokines
(D), growth factors (E), enzymes (F), and miRNAs (G) were predicted to be activated (violet) or
inhibited (yellow) after DMSO and BAY651942. Z-scores of >2 (activated) or <-2 (inhibited) were
considered significant. Only genes with statistically significant changes at an FDR of 5% (p < 0.05)
were included in the analysis.

3.4. BAY651942 Restores Multiple AMD-Associated Risk Factors that were Altered by TGF—
B/TNF-a-Induced RPE-EMT

Our earlier studies noted the expression of several genome wide association study-
defined AMD-associated risk factor genes [55] were altered by treatment with TGF-
/TNF-a[11]. To extend our findings on the ability of BAY651942 to partially inhibit TGF-
B/TNF-a-induced RPE-EMT, we tested whether it could modulate the effect of RPE-EMT
on expression of complement genes and other AMD risk genes. We compared our RPE-
EMT dataset (Figure 4A) to a previously curated list of 283 AMD-associated genes [56].
From this list, we identified 257 genes from our dissociation and TGF—3/TNF-a-induced
EMT data sets. Solute carrier (SLC) groups of membrane transport proteins are crucial for
visual function, as the deletion of SLC16A8 in mice leads to vision loss [57] and decreased
expression of SLC16A8 in eyes with geographic atrophy (GA) increases disease sever-
ity[58]. Our transcriptomic analysis shows decreased expression of SLC family genes dur-
ing TGF—f/TNF-a-induced RPE-EMT including zinc transporter SLC39A12 (31-fold), a
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hypoxia-inducible key regulator [59], SLC6A13 (53-fold), a sodium and chloride-depend-
ent GABA transporter [60], and monocarboxylate transporter family, SLC16A10 (13-fold).
Interestingly, these factors were significantly restored with BAY651942 treatment (Figure
4B) indicating potential clinical significance, as SLC16A8 and SLC16A10 expression are
altered during AMD progression [61].

Several studies have shown that elevated levels of matrix metalloproteinases (MMPs)
are a hallmark of EMT progression during tumor metastasis and alter cell-cell contact
leading to ECM degradation [62]. Additionally, dysregulated MMP homeostasis contrib-
utes to various retinal diseases, including PVR and AMD [63,64]. We identified several
MMP family members including MMP1 (18-fold), MMP3 (3.5-fold), MMP9 (213-fold), and
MMP10 (46-fold), which were increased during TGF-/TNF-a-induced RPE-EMT. Of
these, MMP3 and MMP9 have been reported as risk factors for AMD progression [65]. A
previous study showed that SNAII expression is regulated by the secretion of MMP9 to
induce EMT during tumor cell invasion [66]. Our RNA-seq analysis shows that the ex-
pression of MMPs, such as MMP1, MMP3, and MMP9, were significantly decreased with
BAY651942 treatment (Figure S2), confirmed by qRT-PCR analysis (Figure 4C). We found
that RPE [BEST1, RPE65, RLBP1, and LRAT] (Figure 4D) and EMT [FN1, HMGA2, SNAII,
and CDH?2] (Figure 4E) factors were also partially or completely restored by BAY651942
treatment. Furthermore, AMD-associated complement factors-C5 [67], cytokines-
NAMP[68] were reduced after BAY651942 treatment, supporting the efficacy of
BAY651942 as a potential therapeutic molecule to reduce RPE abnormalities and dysfunc-
tionin AMD. Taken together, these findings suggest BAY651942 modulates the expression
of multiple AMD-associated risk factors altered during TGF—{3/TNF-a-induced RPE-
EMT.
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Figure 4. Differential expression of AMD-associated risk factor modulated by BAY651942 treatment.
(A) Heatmaps of dysregulated AMD-associated risk factors altered due to dissociation, TGF-
B/TNF-a-induced EMT and differentially regulated with the treatment for BAY651942 from TGF-
B/TNF-a. (B-E) qPCR validation of multiple AMD-associated risk factors (B,C), RPE factors and
EMT factors (D) by BAY651942 treatment followed by TGF—3/TNF-a-induced EMT. Error bars rep-
resent SD of at least three biological replicates and statistically significant mean differences (p < 0.05
by ANOVA).

3.5. Validation of TGF-B/TNF-a-Induced RPE-EMT Using IKKB Inhibitor (BMS345541)

To validate and generalize our findings with BAY651942, we tested another IKKf3
inhibitor, BMS345541 [31], with RPE generated from two independent human stem cell
lines, the iPS line IMR90.4 and the embryonic stem cell line H7. Consistent with
BAY651942’s results, BMS345541 partially suppressed RPE-EMT and restored expression
of RPE factors. Our data showed that the number of RPE factors suppressed due to TGF-
B/TNF-a-induced RPE-EMT were significantly increased via BMS34554 treatment (64
uM) in hiPS (IMR90.4) derived RPE monolayers. Our qPCR analysis revealed that BEST1
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(4-fold), MITF (2-fold), TYR (2-fold), RDH5 (5-fold), CDH1 (2-fold) and APOE (4-fold)
were significantly restored from BMS34554 treatment (Figure 5A-C). Next, we found ele-
vated EMT-associated factors, such as HMGA2 (8-fold), JAGI (4-fold), integrin members
ITGA2? (11-fold), ITGAS5 (3-fold) and matrix metalloproteinases (MMP) factors MMP1 (3.5-
fold), MMP9 (139-fold) and NF-kB downstream target gene ICAM1 (51-fold) were signif-
icantly decreased from BMS34554 treatment (Figure 5D-H). Together, these findings in-
dicate that IKK inhibitors can partially suppress TGF—3/TNF-a-induced RPE-EMT.
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Figure 5. qPCR validation of TGF-p/TNF-a-induced RPE-EMT by IKKp inhibitor BMS345541. (A—
C) Differential expression of RPE-EMT-associated factors were measured after treatment with
BMS345541 in TGF-f3/TNF-a-induced EMT in hiPS (IMR90.4) RPE. (D-H). Differential expression
of RPE-EMT-associated factors were measured after treatment with BMS345541 in TGF—{3/TNF-a-
induced EMT in hES (H7) RPE.

3.6. Hierarchial Analysis of Transcription Factors Affected by Inhibition of NFxB Pathway

We performed a hierarchical analysis of the DEGs and their potential regulators to
better understand their relationships. To do this, we integrated our gene expression data
with chromatin accessibility in RPE and extracted the promoter sequences of DEGs lo-
cated in open chromatin regions in RPE. These regions can interact with transcription fac-
tors (TFs), so we scanned them with TF binding motifs available in TRANSFAC to identify
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enriched TF binding motifs in up-regulated and down-regulated DEGs (Figure 6A). These
motifs represent the binding sites of possible DEG regulators. This analysis identified sev-
eral TFs as candidate regulators of the up-regulated DEGs, including REST, KLF10,
Zfp281, TRPS1, JunD, GATA, and E2F4, of which many are known to be associated with
EMT (Figure 6B). For instance, REST is a crucial regulator for acquiring EMT-like and
stemness, and TRPS1 positively correlates with E-cadherin and {3-catenin expression in
ERa-positive breast cancer cells[69]. Additionally, we identified a set of TFs predicted to
regulate the down-regulated DEGs, including NFkB, JunB, ZNF7, and ISRE[70] (Figure
6C) Furthermore, we performed a STRING analysis of the DEGs to examine their connec-
tivity, including both direct (physical) and indirect (functional) associations. Interestingly,
we found that many DEGs form a network, suggesting that they cooperate during EMT.
Notably, MYC and Sox17 were identified as hub genes in the network with high connec-
tivity to other DEGs (Figure 6D). In summary, our hierarchical analysis identifies potential
regulators of DEGs and their relationships, highlighting the importance of cooperation
among DEGs as EMT takes place.
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Figure 6. Hierarchical analysis of transcription factors impacted by NF«B pathway inhibition. (A)
Flowchart for identifying potential regulators of differentially expressed genes (DEGs). (B) Enriched
binding motifs from up-regulated DEGs. (C) Enriched binding motifs from down-regulated DEGs.
(D) Connectivity diagram of DEGs.

4. Discussion

Our prior transcriptome study identified multiple upstream regulators that can mod-
ulate TGF-3/TNF-a-induced RPE-EMT, and among them were several factors in the NF-
kB signaling pathway, including IKKf3 [11,71]. Recently, we have also found that the IKKf3
inhibitor BAY651942 can protect RPE from sodium iodate-induced oxidative stress in mice
[72]. In this current study, we identified BAY651942 as a small molecule suppressor of
TGF-B/TNF-a-induced RPE-EMT. We dissected the molecular events and associated bi-
ological pathways altered by BAY651942 treatment during RPE-EMT progression using
unbiased genome-wide transcriptome analysis to broadly characterize IKKf’s role in
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modulating RPE-EMT. We validated the effects of BAY651942 using another IKKf inhib-
itor, BMS345541, in independent hRPE lines. Our results, taken together, indicate IKKf3
inhibition attenuates gene expression changes associated with TGF-/TNF-a-induced
RPE-EMT, including alterations in the expression of multiple AMD-associated risk fac-
tors. Below, we discuss some of the implications and translational potential of these find-
ings.

Stress and injury induce various pathological changes in the RPE, including de-dif-
ferentiation and EMT, which lead to RPE dysfunction and potentially cell death [4,5,73].
RPE-EMT contributes to the formation of fibrous epiretinal membranes (ERMs) in PVR
[6,7,13], and the contractile activity of affected RPE cells can cause complex retinal detach-
ments [6]. Additionally, oxidative stress, which is one of the major risk factors for devel-
oping AMD [74], can cause EMT-like changes of RPE cells [75-77]. Of additional interest,
increasing data suggests that RPE-EMT may contribute to dry and wet AMD [8,14-16].
Increased SNAII and vimentin with decreased E-cadherin were observed in the RPE/cho-
roid of human dry AMD eyes compared to age-matched controls [8]. Of further interest
and potential clinical relevance, hypertrophic RPE was noted in the atrophic region of
human eyes with geographic atrophy (GA), an advanced form of dry AMD, as well as
around the edge of choroidal neovascularization (CNV) in human eyes with wet AMD
[78]. However, whether RPE hypertrophy in these GA and CNV eyes is related to EMT is
unclear and requires further investigation.

To study RPE-EMT, the co-treatment of hRPE cultures with TGF—3/TNF-a, which
synergistically activates an EMT program compared with treatment with either cytokine
alone [7,10-12], has been used. In our investigation, this model proved useful in conduct-
ing molecular-level dissection of the RPE-EMT pathways. Notably, BAY651942 treatment
attenuated expression changes of multiple EMT-related genes as well as genes important
to RPE integrity and mature functions, such as those involved in the visual cycle and mel-
anin pigment synthesis. Most importantly, BAY651942 treatment also partially restored
the expression of multiple AMD-associated risk factors that were altered during TGF-
B/TNF-a-induced RPE-EMT, including complement factors, matrix metalloproteinases,
solute carrier transport proteins, and pro-inflammatory cytokines. These results show that
IKK{ inhibition not only attenuates EMT-related gene expression patterns, but also pre-
serves the normal expression levels of AMD-associated risk factors in hRPE cells. This
suggests that the inhibition of IKKf3 could potentially be used as a therapeutic approach
for retinal diseases that involve RPE-EMT, such as PVR and AMD.

As described above, our previous studies predicted the NF-kB signaling pathway as
one of the potential upstream regulators of RPE-EMT induced by TGF-3/TNF-a in hiPS-
RPE cells [11]. To activate NF-kB, which is normally associated with IxB in the cytoplasm
in the resting state, IxB needs to be phosphorylated and degraded, which enables NF-xB
dimers to translocate to the nucleus and function as a DNA-binding transcription factor
[20]. The key regulatory node of the NF-kB cascade is the IkB kinase (IKK) complex on
which diverse stimuli and inputs from other signaling pathway converge [21-24] . To test
the role of NF-kB, past studies have targeted one of the IKK catalytic subunits, IKK(, by
pharmacological inhibition and genetic ablation [29,30,79]. In these reported studies, the
selective IKKf3 inhibitor, BAY651942, suppressed mostly inflammation-related pathologi-
cal phenomena, such as pulmonary inflammation in animal models of asthma, edema for-
mation in the ear caused by chemical inducers [29], myocardial injury following acute
ischemia-reperfusion injury [80], and lipopolysaccharide-induced neurotoxicity to dopa-
mine neurons in a Parkinson’s disease model [30]. Since NF-kB is a master regulator of
inflammation and immune responses, these reported effects of BAY651942 are reasonable
and expected. In our study, using pathway analysis, we found multiple lymphokine sig-
naling pathways were altered by BAY651942 treatment. In addition, a number of individ-
ual cytokines were implicated by upstream regulator analysis. These findings suggest that
inflammatory components are likely involved in our RPE-EMT system. However, we also
found alterations or restorations of the expression of multiple EMT-related genes by
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BAY651942 treatment. Thus, we speculate that the effects of BAY651942 are of a wider
biological spectrum, involving more than just inflammation and modulation of immune
reactivity. It is also interesting to note that, while mice with conditional knockout of Ikbkb
(also known as Ikk2) in their retina showed no obvious defects in retinal development or
function, they did show significantly reduced laser-induced CNV[24].

EMT can be activated by multiple signaling pathways, such as TGF-3, Wnt/{3-
catenin, and Notch pathways, which are all interconnected. The TGF-f3 pathway is linked
to the PI3K-AKT pathway, which in turn triggers the activation of several signaling path-
ways, including the NF-«kB pathway[17,81]. These pathways ultimately lead to the tran-
scriptional activation of EMT-TFs, such as SNAI1, ZEB1, and TWIST, in the nucleus. These
EMT-TFs regulate their target genes to activate EMT programs at the cellular level by up-
regulating mesenchymal cell-related factors, such as FN1 (fibronectin), CDH2 (N-cad-
herin), and MMPs, and, in parallel, downregulate epithelial cell markers, such as CDH1
(E-cadherin)[18]. EMT is a complex cellular process with many different variations and
properties, which prompted a ‘Consensus Statement” from the EMT International Associ-
ation (TEMTIA)[82]. Likely reflecting such diversity, we observed that blocking TGF-
B/TNF-a-induced RPE-EMT by IKKf inhibitors resulted in the restoration of gene ex-
pression patterns; however, we found variability in the degree of restoration, i.e., the ex-
pression levels were nearly completely restored for some genes but only partially for oth-
ers. In addition, each gene responded differently to different concentrations of com-
pounds. The complex patterns of IKKf inhibitors’ effects also likely reflect the complexity
of the EMT regulatory pathways and their interconnected networks. Further reflecting the
complexity of RPE biology, RPE cells have capacities to dedifferentiate or transdifferenti-
ate under certain conditions or under stress [77,83-85]. The unbiased transcriptomic data
presented here will, we hope, help advance the characterization and understanding of
RPE-EMT biology and disease mechanisms.

In summary, our results show that IKK{ inhibitors restore gene expression patterns
altered during TGF-B/TNF-a-induced RPE-EMT in hiPS-RPE cells, including those with
multiple AMD-associated risk factors. Thus, our results identify the inhibition of IKKf as
a potential approach to treating retinal diseases that involve RPE-EMT, possibly includ-
ing AMD.
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