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Abstract

Purpose: To investigate the role of fibroblast growth factors (FGFs) in the production of neural
retina (NR) and retinal pigmented epithelium (RPE) in a human pluripotent stem cell model of
early retinal development.

Methods: Human induced pluripotent stem cell (hiPSC) lines from an individual with
microphthalmia caused by a functional null mutation (R200Q) in Visual systems homeobox 2
(VSX2), a transcription factor involved in early NR progenitor cell (NRPC) production, and a
normal sibling were differentiated along the retinal and forebrain lineages using an established
protocol. Quantitative and global gene expression analyses (microarray and RNAseq) were used to
investigate endogenous FGF expression profiles in these cultures over time. Based on these results,
mutant and control hiPSC cultures were treated exogenously with selected FGFs and subjected to
gene and protein expression analyses to determine their effects on RPE and NR production.
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Results: We found that FGF9 and 19 were selectively increased in early hiPSC-derived optic
vesicles (OVs) when compared to isogenic cultures of hiPSC-derived forebrain neurospheres.
Furthermore, these same FGFs were downregulated over time in (R200Q)VSX2 hiPSC-OVs
relative to sibling control hiPSC-OVs. Interestingly, long-term supplementation with FGF9, but
not FGF19, partially rescued the mutant retinal phenotype of the (R200Q)VSX2 hiPSC-OV
model. However, antagonizing FGF9 in wildtype control hiPSCs did not alter OV development.

Conclusions: Our results show that FGF9 acts in concert with VSX2 to promote NR
differentiation in hiPSC-OVs and has potential to be used to manipulate early retinogenesis and
mitigate ocular defects caused by functional loss of VSX2 activity.

INTRODUCTION

The purpose of this thesis is to ascertain the role and impact of specific fibroblast growth
factors (FGFs) in the production of neural retina (NR) and retinal pigment epithelium (RPE)
from human pluripotent stem cells (hPSCs). In recent years, multiple hPSC-based clinical
trials have been initiated that seek to replace RPE in age-related macular degeneration or
Stargardt diseasel-8. Furthermore, improvements in hPSC-NR differentiation protocols,
most notably those that incorporate three dimensional culture techniques, portend future
clinical trials aimed at photoreceptor replacement in late stage retinal degenerative
diseases’23 In addition to its /n7 vivo applications, hPSC biology has been employed to
create /n vitroretinal cell and tissue “disease-in-a-dish” models’-24-41 which have in turn
been used to establish preclinical efficacy for gene therapy trials that are underway
(choroideremia) or pending (CEP290 mutation in Leber congenital amaurosis type 10)4245,
As such, hPSCs now occupy a position at the intersection of developmental biology, vision
science, and ophthalmology, with rapidly increasing clinical relevance despite many gaps
that remain in our understanding of this young technology’: 8- 10. 46 One such gap pertains
to our limited knowledge regarding molecular cues that govern production of specific cell
types and lineages in differentiating hPSCs.

One of the earliest and most important steps in vertebrate retinogenesis occurs during the
optic vesicle (OV) stage, when primitive cells face the seminal decision to develop either as
a neural retinal progenitor cell (NRPC; the anlage of all NR cell types) or an RPE cell*7.
This decision occurs shortly after the OV evaginates from the anterior neural tube, with the
distal portion destined to become the NR domain, whereas the proximal portion becomes
RPE48: 49, However, for an unknown period of time, the presumptive NR remains competent
to develop into RPE and vice-versa®%-52. The forces influencing the adoption and
maintenance of these two broad retinal cell fates are not fully understood, but likely require
the coordinated efforts of multiple extrinsic and intrinsic factors. One such postulated
relationship involves the Fgf family of signaling molecules®3-58 and the pleiotropic
homeodomain transcription factor Visual system homeobox 2 ( Visx2, formerly called
Chx10)53 59-62

Fibroblast growth factor (Fgf) signaling plays a critical role in the development of numerous
tissues, including those of the eye?7: 5. 63,64 Dyring vertebrate retinogenesis,
spatiotemporal expression patterns of specific Fgfsoverlap that of Vsx2, which is the
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earliest marker of NRPCs and is found in all of these cells throughout retinal
development>8-81. Early perturbations in Fgfand Vsx2expression in vertebrate animal
models caused similar ocular phenotypes, including microphthalmia and ectopic production
of RPE at the expense of NR 65-676869-71 ‘Notably, NR did form to some extent when Vsx2
function or Fgf signaling was perturbed, suggesting that these factors were not strictly or
solely necessary for NR specification’2 73, Using a broad and powerful, multi-ligand
inhibitor of FGF signaling (SU5402), we later extended these findings to humans by
showing that FGFs played a similarly prominent role in NR vs. RPE differentiation from
human embryonic stem cells (hRESCs)’4 7. However, the expression profiles and roles of
individual FGF ligands within the 22 member family’®, and their cellular influences relative
to VSX2, had not been examined in differentiating hPSC retinal cultures prior to the present
study.

Beginning in 20097°, we and others demonstrated that both types of hPSCs, human
embryonic stem cells (hESCs) and human induced pluripotent stem cells (hiPSCs), could
differentiate along the retinal lineage in a manner that closely paralleled normal
retinogenesis16: 33 46. 74, 77-91 \wjithin the first weeks of differentiation, near uniform
expression of VSX2 was found in a subpopulation of cell aggregates that possessed
numerous characteristics of the OV46: 74. 78 These hPSC-OVs adopted a vesicular structure
in suspension culture that allowed them to be visibly distinguished and manually separated
from forebrain neurospheres (FBNs), which arose concurrently in culture in keeping with
the co-development of these tissues during embryogenesis’4. Additional investigation
revealed that VSX2+ hPSC-OVs were highly proliferative and gave rise to all NR cell types
in a developmentally appropriate sequence and time frame, which further identified them as
multipotent NRPC cultures’ 82, Moreover, when allowed to remain as adherent cultures,
cells immediately surrounding OV colonies invariably gave rise to RPE%2, These and other
reports established the capacity of hPSC culture systems to provide the first and still only
window into the earliest stages of human retinal development. Importantly, this process was
governed largely by cell and/or tissue autonomous mechanisms, since it occurred in isolated
hPSC-QV cultures grown under fully defined conditions in the absence of exogenous, retina-
inducing morphogens’ 75 78 Thus, hPSC-OVs offered a unique opportunity to examine the
discrete roles and relationships of endogenous developmental factors in a deconstructed
model of early human retinogenesis.

To test the extent to which hPSC-OVs rely on the same developmental mechanisms as their
in vivo counterparts, we embarked on a series of studies that examined the roles of specific
transcription factors and signaling cues in early retinal differentiation33: /2. 92, Similar to the
Vsx2 mutant mouse model, hiPSC-OVs derived from a microphthalmic patient with a
functional knockout mutation (R200Q) in the VSX2 homeodomain (/.e., DNA binding)
region demonstrated an NR-to-RPE shift in differentiation and delayed photoreceptor
maturation, among other findings33 93, Furthermore, RNAseq analysis of (R200Q)VSX2
hiPSC-OVs showed significant changes in the expression of key transcription factor and
signaling pathway genes, including numerous FGFs33. Given that hiPSC-OVs mimic the
spatiotemporal sequence of human retinal development when grown in isolation33, these
cultures provide an ideal system to interrogate the roles of endogenous FGFs without
confounding influences from other tissues. hiPSC-OVs also provide the only human
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experimental platform to corroborate or contrast findings from other species, which is
particularly important for the present study given that species-specific differences in Fgf-
mediated regulation are known to exist4’: 64, 69, 94, 95.

Herein, we used mutant (R200Q)VSX2 and wild-type control hiPSC-OV cultures to probe
the relationship between FGF signaling and VSX2 in NR production and maintenance. We
hypothesized, based on prior published studies by our group?’2: 74 75. 78,96, anq

others®3: 62,66  that specific, endogenously expressed FGF ligands act in concert with VSX2
to establish and/or maintain NR identity in hiPSC-OVs. Quantitative RT-PCR and global
gene expression analyses (microarray and RNAseq) in (R200Q)VSX2 and control hiPSC-
derived cultures showed increased expression of FGF3, FGF8, and FGF9at time points
associated with eye field and OV formation. In addition, when compared to FBNs derived
from the same cultures, hiPSC-OVs displayed increased expression of FGF8, FGF9, and
FGF19(equivalent to Fgfi15in mouse), three FGFs that have been specifically implicated in
vertebrate retinogenesis®® 97: 98, FGF9and FGF19expression levels were also significantly
lower in (R200Q)VSX2 vs. wildtype control hiPSC-OVs. These and other findings pointed
most strongly toward FGF9, and perhaps FGF19, as having particular importance in the
differentiation of NR from hiPSCs. However, treatment with FGF19 failed to reverse the
NR-to-RPE conversion phenotype of (R200Q)VSX2 retinal cultures, which prompted us to
focus our investigations on FGF9.

The role of FGF9 in NR vs. RPE differentiation in (R200Q)VSX2 hiPSC-OV cultures was
further investigated by timed administration of exogenous FGF9, which stimulated a major
downstream effector, extracellular signal-regulated kinase 1/2 (ERK1/2), and succeeded in
partially rescuing the mutant phenotype. Specifically, FGF9 supplementation blunted RPE
production and enhanced NR marker expression in (R200Q)VSX2 hiPSC-OVs. In contrast,
directly antagonizing FGF9 signaling in wildtype control hiPSC-OVs did not affect the
relative production of NR 5. RPE cells despite a reduction in ERK1/2 activation. Together,
these data supported our hypothesis that FGF9 acts in concert with VSX2 to maintain NR
identity in differentiating hiPSC-OVs, but also indicated that multiple, redundant
mechanisms exist that support normal NR:RPE patterning. In addition, our collective results
suggest that FGF9 plays a predominantly pro-NR role during early retinal development,
whereas VSX2 acts in large part to suppress RPE formation. In this way, FGF9 and VSX2
exert distinct but complementary influences on NR production. This knowledge, combined
with earlier published reports, could lead to more efficient methods for retinal differentiation
in vitro and perhaps contribute to future strategies to combat developmental disorders of the
eye and retina.

METHODS

hiPSC generation, culture, and differentiation along the retinal and forebrain lineages.

hiPSCs utilized in this study were derived from activated T-cells of a patient with a
homozygous R200Q mutation in VSX2 (designated (R200Q)VSX2) and an unaffected
sibling control33: 78.93_In prief, whole blood samples were collected from both individuals
and shipped to Cellular Dynamics International for reprogramming (Madison, WI). T cells
within the peripheral blood mononuclear cell population were activated with OKT3 mAb
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(10 ng/mL, eBioscience, San Diego, CA) and recombinant human IL-2 (300 U/mL,
Peprotech, Rocky Hill, NJ). Two days later, Moloney murine leukemia virus (MMLV)
bicistronic constructs were used to deliver the reprogramming genes OCT74, SOX2, c-MYC,
KLF4, NANOG, and L/INZ8. Colonies with distinctive hiPSC morphology were visible
between day 17 and day 20 after transduction, confirmed with live-cell Tra-1-60 antibody
(MAB4770, R&D Systems, Minneapolis, MN), and manually picked for subsequent
propagation. The control and R200Q(VSX2) hiPSC lines utilized in this study were
previously characterized for expression of pluripotency markers (NANOG, OCT4, SSEAA4,
TRA-1-60, TRA-1-81), presence of normal karyotype and ability to form teratomas in
vivos33 78,

The control and patient samples were obtained in accordance with an approved IRB protocol
at University of Wisconsin-Madison and the Helsinki declaration. After reprogramming and
characterization, up to three distinct hiPSC clonal lines from both the control and
R200Q(VSX2) individuals were cultured and maintained in an undifferentiated state in
mTeSR1 medium®®) on Matrigel® (BD Biosciences, San Jose, CA) or on irradiated mouse
embryonic fibroblast feeder layers (WiCell, Madison, WI) in hiPSC culture medium
(DMEM/F12, 20% knockout serum replacement or KOSR, 1% MEM nonessential amino
acids, 1 mM L-glutamine, 0.1 mM B-mercaptoethanol, and basic FGF, 100 ng/ml). To
differentiate hiPSCs towards the retinal lineage, we utilized our original protocol that does
not employ exogenous growth factors or undefined elements such as serum33: 78,
Specifically, hiPSC colonies were enzymatically lifted with dispase (1 mg/ml) and grown as
three dimensional aggregate embryoid bodies (EBs) in EB medium (DMEM/F12, 20%
KOSR, 1% MEM nonessential amino acids, 1 mM L-glutamine, 0.1 mM p-
mercaptoethanol). On day 4 after EB generation, the culture medium was replaced with
neural induction medium (NIM, DMEM/F12, 1% N2 supplement, MEM nonessential amino
acids, and 2 pg/mL heparin to stabilize endogenously secreted growth factors). Two days
after switching to NIM medium, EBs were plated onto laminin-coated 6-well plates and
grown in NIM as an adherent culture for an additional 10 days. Subsequently, at day 16,
neural clusters were mechanically lifted from the tissue culture plate and grown as free-
floating suspension culture in retinal differentiation medium (RDM, DMEM/F12 [3:1], 2%
B27 supplement (without retinoic acid), MEM nonessential amino acids, 1% penicillin-
streptomycin). Four days later, at day 20, hiPSC-OVs and hiPSC-FBNs were manually
isolated based on their distinctive appearance by light microscopy. Subsequently, hiPSC-
OVs and hiPSC-FBNs were maintained in a suspension culture in RDM for up to 90 or 30
days in culture, respectively.

Recombinant FGF and FGF neutralizing antibody treatments.

Adherent retinal cultures from at least two (R200Q)VSX2 hiPSC differentiation runs were
divided into at least four separate wells of a 24-well plate. Starting on day 20, cells in each
well were either cultured in 500 ml RDM alone or 500 ml RDM supplemented with
recombinant FGF9 or FGF19 (100 ng/ml, Pepro Tech, Rocky Hill, NJ) for the duration of
the experiment. Similarly, wildtype control hiPSC retinal cultures were cultured in 500 pl
RDM alone or 500 pl RDM plus neutralizing antibody against FGF9 (anti-FGF9; 500 ng/ml,
R&D systems, Minneapolis, MN). RDM with or without FGF9, FGF19, or anti-FGF9 was
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replaced daily for the duration of the experiment. At the end of the experiments, cells were
collected and processed for analysis by quantitative real time PCR (qRT-PCR), Western blot,
or immunocytochemistry.

Microarray and RNAseq analysis.

Microarray’* and RNASeq33 data from wildtype control and/or R200Q(VSX2) hiPSC OV
cultures at day 20 and/or day 30 were analyzed with GeneSifter software (Perkin Elmer,
Waltham, MA). Of note, the raw microarray and RNASeq data utilized in this study has been
previously published33 74. 75,

Quantitative real time PCR (qRT-PCR).

Total RNA extraction was carried out using either RNeasy Mini Plus Kit (Qiagen,
Germantown, MD) or ARCTURUS® PicoPure® RNA lIsolation Kit (ThermoFisher
Scientific, Waltham, MA) in accordance with the manufacturer’s instructions. Of note, any
residual genomic DNA contamination was removed by DNase | treatment (Qiagen, Venlo,
Netherlands). Subsequently, the iScript cDNA Synthesis kit (Bio-Rad, Hercules, CA) was
utilized to synthesize cDNA from total RNA. Next, our previously published protocol for
gRT-PCR33 was employed using a Bio-Rad CFX Thermal cycler (40 cycles), gene-specific
primers (Supplementary Table 1), and the Sso Advanced SYBR Green Supermix (Bio-Rad).
Data was analyzed using Bio-Rad CFX software (Bio-Rad) and Microsoft Excel.

Immunocytochemical analyses.

Immunocytochemistry was performed in accordance with our previously published
protocol’8. Briefly, free-floating hiPSC-OVs were fixed in 4% paraformaldehyde for 30
minutes and cryosectioned. Next, fixed hiPSC-OV cryosections were incubated in blocking
solution (10% normal donkey or goat serum and 0.5% triton-X100 in PBS) for 1 hour
followed by overnight incubation at 4°C in blocking buffer containing mouse primary
antibody directed against Ki67 (1:500, BD Pharmingen, San Jose, CA). The next day,
samples were washed 2 times in 0.05% Triton-X100 in 1X PBS and incubated for 1 hour at
room temperature in blocking buffer containing host-specific

Alexa-Fluor conjugated secondary antibody (1: 500, ThermoFisher Scientific). Samples
were then washed twice in 0.05% Triton-X100 in 1X PBS, incubated with the nuclear
staining dye, DAPI (ThermoFisher Scientific), for 15 minutes in PBS and treated with
Prolong gold (ThermoFisher Scientific) prior to placing the cover slip. Image acquisition
was carried out on a Nikon 80i laser scanning confocal microscope (Nikon Corporation,
Tokyo, Japan).

Western blot analysis.

hiPSC-derived retinal cultures (OVs in suspension or adherent cultures) were lysed in
protein extraction buffer containing RIPA (Pierce, Rockford, IL) and protease inhibitor
cocktail (Sigma-Aldrich, St. Louis, MO). Of note, in experiments evaluating ERK
phosphorylation, a phosphatase inhibitor cocktail (Sigma-Aldrich) was also added to the
protein extraction buffer. Total protein was quantified using the Bio-Rad DC protein assay
(Bio-Rad) in accordance with the manufacturer’s instructions. Subsequently, protein samples
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were mixed with 1X Laemelli buffer containing 5% p-mercaptoethanol buffer, resolved on
4-20% Tris-HCI gradient gels (Bio-Rad), and transferred onto polyvinylidene difluoride
(PVDF) membranes (Bio-Rad) as previously described33. The PVDF membranes were then
incubated in blocking buffer (Licor Biosciences, Lincoln, NE, USA) for 1 hour at room
temperature followed by overnight incubation in blocking buffer containing one of the
following primary antibodies: TYR (1: 500, mouse, Abcam), ACTN (1:500, goat, Santa
Cruz), Phospho-p44/42 Erk1/2 (1:1000, rabbit, Cell Signaling Technology, Danvers, MA),
ERK (1: 1000, Cell Signaling Technology), RCVRN (1:2000, rabbit, Abcam), or RPE65
(1:500, mouse, EMD Miillipore, Burlington, MA). The next day, PVDF membranes were
washed 5 times in 0.1% Tween in 1X PBS and incubated for 1 hour at room temperature in
blocking buffer solution containing host-specific infrared secondary antibodies (1:10,000,
Licor Biosciences). Subsequently, blots were washed 5 times in 0.1% Tween in 1X PBS and
imaged on an Odyssey Infrared Imager (Licor Biosciences).

Measurement of secreted FGF9.

Statistics.

RESULTS

hiPSC-QV cultures in 24 well plates were fed with fresh RDM and 24 hour later the
conditioned medium was collected and the amount of FGF9 in the media was determined
using a commercially available FGF9 ELISA kit (Abcam, Cambridge, MA) in accordance
with the manufacturer’s instructions.

Data throughout the manuscript are expressed as mean £ SEM and compared using two
tailed student’s t-test with Welch’s correction. A Pvalue less than 0.05 was used as a cut off
for significance. Specific P values approaching (but not reaching) significance were also
provided where appropriate.

Increased expression of FGF9 and FGF19 in hiPSC-derived optic vesicles (OVs) vs. early
forebrain progenitor neurosphere (FBN) cultures.

Fgf signaling is known to be involved in the development of the anterior neuroectoderm and
its primary derivatives, the forebrain and retina, with certain Fgfs demonstrating differential
expression between these tissues*’ 55 63, 64,100,101 sing an established serum-free
“minimal media” hPSC differentiation protocol, which generates distinct OVs and FBNs
from embryoid bodies without the need for exogenous FGFs, we sought to determine the
expression levels of endogenous FGF genes in these two culture populations92: 103 (Figure
1A and 1B). Retrospective analysis of a previously published microarray data set’*
comparing day 20 (D20) gene expression in isolated hiPSC-OV vs. hiPSC-FBN cultures
showed differential expression of specific FGFfamily members, most notably FGF8, FGF9,
and FGF19 (Figure 1C). Quantitative real-time PCR (qRT-PCR) analysis confirmed the
increased expression of FGF9and FGF19in D30 hiPSC-OVs relative to hiPSC-FBNSs, but
not FGF8 (Figure 1D). In addition, both microarray and gRT-PCR analyses demonstrated
expression of the major FGF receptors, FGFR1, FGFRZ, and FGFRS3, in both hiPSC-OV and
hiPSC-FNB cultures (data not shown). Together, these results pointed most strongly toward
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FGF9 and FGF19 as potentially having selective roles in early human hiPSC-OV
development.

Expression levels of FGF9 and FGF19 are decreased in (R200Q)VSX2 vs. sibling control

hiPSC-Ovs.

The role of FGF signaling during early vertebrate OV development has been associated with
the activity of the homeodomain transcription factor VSX2, most notably in conjunction
with the segregation of the NR and RPE domains®? 104, In differentiating wildtype hiPSCs,
we previously demonstrated that broad inhibition of endogenous FGF signaling reduced
VSX2expression and NR cell production and concurrently increased RPE generation and
expression of the RPE-specific gene Microphthalmia-associated transcription factor
(MITF)33. In keeping with this finding, hiPSC-OVs derived from a patient with a functional
null mutation in the homeodomain region of VSX2 (R200Q) showed increased production
of MITF+ RPE at the expense of NR33: 93, RNAseq data comparing D30 OV cultures from
(R200Q)VSX2 and wildtype sibling control hiPSCs revealed decreased expression of a
subset of FGFs, including FGF3, FGF9, and FGF19 (and to a lesser extent FGF8), all of
which have been previously linked to NR development33 (Figure 2A and 2B). However,
subsequent gRT-PCR analysis across multiple cultures (n=3) narrowed the list of FGFs with
significantly and consistently reduced expression in D30 (R200Q)VSX2 vs. control hiPSC-
OVsto FGF9and FGF19, with FGF3 showing only a non-significant trend (Figure 2C).
Given that FGF signaling can exert important and disparate effects at different stages of
retinal development®3, we next examined the expression of FGF9and FGF19in
differentiating (R200Q)VSX2 and wildtype control hiPSC cultures over time, starting with
embryoid body formation (DO0), followed by production of anterior neuroectoderm/eye field
(D6-D10), and finally early differentiation of OVs (D14-D30) (Figure 2D,E). From DO to
D10 (/.e., prior to VSX2 expression), FGF9expression levels increased significantly in both
(R200Q)VSX2 and wildtype control hiPSC-OVs (Figure 2D), whereas FGF19, whose
expression is restricted predominantly to the developing retina33 98, was almost nonexistent
in both cultures over this time period (Figure 2E). A second rise in FGF9expression, along
with an initial increase in FGF19expression, was seen in (R200Q)VSX2 and wildtype
control hiPSC-OVs between D16-D30 (Figure 2D,E). However, consistent with results
presented above (Figure 2C), FGF9and FGF19expression at D30 was higher in wildtype
control vs. (R200Q)VSX2 hiPSC-OVs (Figure 2D,E). Therefore, FGF9is expressed
endogenously in differentiating hiPSCs at time points corresponding to anterior
neuroectoderm/eye field development, whereas both FGF9and FGF19are in a temporal
position to affect early NR development. Furthermore, our results using (R200Q)VSX2
hiPSCs suggested that the expression of both FGF9and FGF19in early OVs is influenced
by the presence or absence of functional VSX2.

Exogenous administration of FGF9, but not FGF19, antagonizes RPE cell production in
differentiating (R200Q)VSX2 hiPSC retinal cultures.

Previous /n vivo mouse studies have shown that localized ectopic expression of Fgf9 or
Fgf15 (equivalent to human FGF19) led to formation of excess NR tissue at the expense of
RPES2, However, it is unclear to what extent these two FGFs can exert this effect in the
absence of functional VSX2 and whether the effect is limited to a particular developmental
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time window. To address the former question using our system, we treated adherent cultures
of differentiating (R200Q)VSX2 hiPSC-QOVs daily with 100 ng/ml FGF9 or FGF19 starting
at D20 and extending to D35-D55. Consistent with previously published data33, untreated
cultures gave rise to numerous patches of deeply pigmented RPE (Figure 3). Treatment with
FGF19 resulted in no phenotypic change relative to untreated control cultures, but FGF9
treatment drastically reduced production of pigmented RPE patches at D35 and D55 (Figure
3). Of note, given the comparative RNAseq results shown in Figure 2B, we also treated
cultures with 100 ng/ml FGF3, which, like FGF19, had no phenotypic effect on mutant
cultures (data not shown).

Continuous FGF9 treatment within an early developmental time window is required for
long-term antagonism of RPE production in differentiating (R200Q)VSX2 hiPSC retinal

cultures.

We next sought to delineate the developmental time window within which FGF9 could
ameliorate the functional null VSX2 phenotype in (R200Q)VSX2 hiPSC-derived retinal
cultures. For end points of FGF9 administration, we chose D30, D55, or D90, which
correspond to peaks of NRPC, RPE, and photoreceptor precursor production,
respectively33: 46 We also varied the day that FGF9 treatment was initiated (D20, D30, or
D55). 100 ng/ml FGF9 was added to cultures daily during the prescribed window of
treatment (with control cultures receiving no exogenous FGF9) and all cultures were carried
to D90 (Figure 4A). Of note, ELISA confirmed that exogenous FGF9 administration led to a
sustained increase in the level of FGF9 in culture media 24 hours after treatment
(Supplementary Figure 1). Visual examination of cultures at D90 revealed decreased RPE-
associated pigmentation in (R200Q)VSX2 hiPSC-0Vs treated with FGF9 from D20-D55,
D20-D90, and D30-D90, with lesser or no effects seen with treatments administered
between D20-D30, D30-D55, or D55-D90 (Figure 4B). Subsequent qRT-PCR analysis
confirmed significantly decreased levels of one or more RPE signature genes at D90
following FGF9 treatment from D20-D55, D20-D90, and D30-D90, but not following
shorter treatments within this time window (Figure 4C). To further examine the effect of
FGF9 supplementation on RPE cell differentiation in the presence or absence of functional
VSX2, we compared the protein expression of the RPE marker Tyrosinase (TYR) in control
vs. (R200Q)VSX2 hiPSC-OVs. Consistent with our phenotypic observations and gRT-PCR
analyses, Western blot analysis showed that prolonged, daily supplementation of FGF9
(D20-D90 or D30-D90) reduced the protein expression of TYR (Figure 4D). Of note,
expression of M/TF, a major RPE gene directly repressed by VSX292, was not significantly
altered in (R200Q)VSX2 hiPSC-OVs after FGF9 treatment from D20-D90 despite a
concurrent upregulation of the functionally inert mutant VVSX2gene (Supplementary Figure
2). These findings revealed that FGF9 effects on M/TFexpression, unlike other RPE genes,
are wholly VSX2-dependent. The persistence of M/TFin treated (R200Q)VSX2 hiPSC-OVs
also indicates that exposure to FGF9, while capable of antagonizing the mutant phenotype,
cannot fully override the molecular consequences of loss of VSX2 function. Collectively,
results from these experiments show that early, prolonged, and selective exposure to FGF9
can partially overcome the pro-RPE phenotype brought about by the functional loss of
VSX2. However, the time window for achieving this effect in (R200Q)VSX2 hiPSC cultures
is limited, since initiation of FGF9 treatment past D55 failed to affect RPE differentiation.
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FGF9 supplementation promotes NR differentiation in (R200Q)VSX2 hiPSC-OVs.

After examining its impact on RPE differentiation, we wished to determine whether
exogenous FGF9 also influenced NR differentiation in (R200Q)VSX2 hiPSC retinal
cultures. We previously observed that (R200Q)VSX2 hiPSC-OVs exhibited delayed
photoreceptor marker expression and attenuated bipolar cell marker expression33.
Comparative gRT-PCR analysis of several NR genes (photoreceptors: RCVRN, retinal
ganglion cells: RXRG; NRPCs and/or bipolar cells: VSX2, CABP5; Milller glia: S100B)
revealed that early and prolonged FGF9 treatment significantly increased expression of
RCVRN, CABP5, and VSX2 (Figure 5A). Furthermore, similar to experiments examining
the effect of FGF9 on RPE cell differentiation, supplementation of FGF9 from D20-D55,
D20-D90, and D30-D90 had the most profound effect on NR gene expression, although
later administration of FGF9 led to an increase in SZ00B, a marker of proliferating Muller
glia (Figure 5A). To further interrogate the effect of FGF9 supplementation on photoreceptor
marker expression, we performed Western blot analysis for RCVRN. Once again, early and
prolonged (D20-D90) treatment of (R200Q)VSX2 hiPSC-OVs with FGF9 increased
RCVRN expression at D90, but later and shorter treatment (D55-D90) had no such effect
(Figure 5B). Western blot analysis at D55 also revealed higher expression of VSX2 protein
in (R200Q)VSX2 hiPSC-0Vs treated with FGF9 from D20-55, with a more modest effect
seen when FGF9 was introduced later (D30-D55) (Figure 5C). Altogether, our data
demonstrate that early and persistent exposure to exogenous FGF9 can limit the NR-to-RPE
shift in hiPSC-OVs caused by the functional absence of VSX2.

FGF9 treatment leads to activation of its downstream effector, ERK1/2, and promotes cell
proliferation in (R200Q)VSX2 hiPSC-OVs.

FGF signaling is mediated by a variety of intracellular signaling pathways, including
phospholipase Cy, protein kinase C, and the ERK/mitogen-activated/protein kinase (MAPK)
pathways10°. Of these potential mediators, prior studies have suggested that FGF signaling
utilizes the ERK/MAPK pathway to influence ocular development1066869-71 \Afe found that
acute administration of FGF9 to (R200Q)VSX2 hiPSC-0Vs transiently activated the ERK/
MAPK pathway, as shown by an increase in the amount of phosphorylated ERK1/2 (p-ERK)
at five minutes post-exposure (Figure 6A). Among numerous other consequences, ERK/
MAPK pathway activation can promote cell proliferation, which is deficient in
differentiating (R200Q)VSX2 hiPSC-OVs33, Daily treatment with FGF9 from D20-D55
resulted in an increase in cell proliferation at D55 as determined by Ki67 immunostaining
(Figure 6B), and also maintained organized, neuroepithelial structure longer than in
untreated (R200Q)VSX2 hiPSC-OVs (Figure 6B and Supplementary Figure 3).
Furthermore, gRT-PCR and Western blot analyses showed increased expression of the cell
cycle regulator CCND1/CCND1 and decreased expression of the cell cycle inhibitor £27in
(R200Q)VSX2 hiPSC-QV cultures after daily FGF9 supplementation from D20-D55 (Figure
6C and 6D). Therefore, at least some of the effects of FGF9 administration on
(R200Q)VSX2 hiPSC-OVs likely involve ERK/MAPK pathway activation and cell cycle
regulation.
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Inhibition of endogenous FGF9 does not impact differentiation of wildtype hiPSC-OVs.

Given that FGF9 supplementation partially rescued the phenotype of (R200Q)VSX2 hiPSC-
OVs, we next investigated whether suppressing endogenous FGF9-mediated signaling would
induce an (R200Q)VSX2 mutant-like phenotype in wildtype sibling control hiPSC-OVs. No
effect of prolonged daily (D20-D90) anti-FGF9 neutralizing antibody treatment (500 ng/ml)
was seen on cellular pigmentation (Figure 7A) or expression of the RPE-specific protein
RPEG65 in control hiPSC-OV cultures (Figure 7B). Similarly, there was no difference
between treated or untreated hiPSC-OVs in the expression of the photoreceptor protein
RCVRN as measured by Western blot (Figure 7B), or in cellular proliferation as determined
by Ki67 immunostaining following OV dissociation and plating (Figure 7C). To confirm the
activity of the FGF9 neutralizing antibody, we performed FGF9 ELISA and found that
antibody treatment resulted in a decrease in endogenously secreted FGF9 to less than 10%
of untreated levels (data not shown). Intracellular p-ERK levels were also transiently
reduced after administration of FGF9 neutralizing antibodies in control hiPSC-OVs (Figure
7D), further confirming its anti-FGF9 activity. These results demonstrate that suppression of
FGF9 alone is not sufficient to mimic the (R200Q)VSX2 phenotype in wildtype control
hiPSC-OVs, which in turn suggests that NR production is likely supported by multiple
signaling molecules and/or pathways with at least partially redundant activities.

DISCUSSION

Deciphering the roles of developmental signaling factors is a challenging task, particularly
when multiple factors are present that can exert competitive, redundant, and/or synergistic
effects on a target cell or tissue. Adding to this complexity is the existence of large signaling
factor families whose individual members may have unique or tissue-specific activities’S.
Such variables are brought to bear during vertebrate retinogenesis, a process that is
influenced by a host of factors elaborated by the developing retina and surrounding
tissues®3-56, While gain and loss of function experiments in nonhuman organisms has
yielded significant insight into the effects of secreted factors®3: 62. 66. 107-109 hpSC model
systems have the exclusive ability to test effects of molecules in isolated human cells and
tissues without confounding influences from surrounding non-target tissues.

Within the retinal lineage, the choice to become either RPE or NR is of significant
importance to both stem cell biology and ophthalmology given current and future
therapeutic applications of these cell types or their derivatives (e.g., photoreceptors).
Pharmacological and gene therapy testing has also successfully employed hPSC-derived
retinal cells and tissues as model systems to support investigational new drug (IND)
submissions. Therefore, it stands to reason that increased knowledge of the intrinsic and
extrinsic factors governing production of specific retinal cell populations from hPSCs will
enhance the clinical utility of — and confidence in — this promising technology.

In addition to its scientific and clinical significance, the RPE/NR decision fork in retinal
development is particularly suitable for studies seeking to de-convolute the effects of
multiple signaling factors. This step is one of the earliest in retinogenesis, and it occurs
during a transient period of relatively minimal retinal tissue complexity. In addition, RPE
and NRPCs show marked differences in pigmentation and morphology and are discernible
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based on their distinct gene and protein expression profiles. Foremost among the early RPE-
and NRPC-specific genes are the transcription factors Mitfand Vsx2. In mammals, Mitfis
expressed earlier than Vsx2and is initially present throughout the early optic vesicle. Soon
thereafter, upregulation of Vsx2and downregulation of Mitfin the distal OV establishes the

NR domain, whereas the proximal OV retains Mitfexpression and becomes
RPES53, 57, 62, 66, 97, 110-119.

The importance of Mitf/MITF and Vsx2/VVSX2 during retinal development is further
underscored by the phenotypes of mice and humans who lack normal function of either
protein. Patients with homozygous M/TF mutations exhibit anophthalmial2%, while those
with homozygous mutations in VSX2display microphthalmia and retinal dysgenesis®3: 121,
In addition, mice with loss of function mutations in Mitfor Vsx2exhibit profound shifts in
RPE:NRPC production, with mutations in Mijtfleading to excess NR tissue at the expense of
RPE and mutations in Vsx2eliciting the contrary phenotype82 65-67,107-109 Thege effects
led to the speculation that Mitfand Vsx2directly or indirectly suppressed each other’s
expression or activity. Indeed, Vsx2 was shown to directly inhibit Mitfexpression in mice
through binding and repression of specific Mitfisoform promoter sites®6: 122 and via
protein-protein interactions®”. However, prior to the advent of hPSC technology, the
activities of these and other developmental signaling factors in differentiating human cells
and tissues remained uninvestigated due to the absence of source material for such studies.

Using hiPSCs derived from a microphthalmic patient with a homozygous R200Q mutation
in VSX2that eliminates its DNA binding capacity (thus rendering it a functional “null”
protein), we previously showed that mutant hiPSC-OVs grew considerably slower than
wildtype sibling control hiPSC-OVs, consistent with the patient’s clinical phenotype33. In
addition, (R200Q)VSX2 hiPSC-OVs demonstrated increased production of RPE at the
expense of NR, as had been observed in Vsx2/~ animal models®-67. 107 | entivirus-
mediated expression of wildtype VSX2 in mutant hiPSC cultures restored production of NR
while simultaneously reducing RPE generation33. To directly test MITF function during
early human retinal development, we also engineered a genetic M/TF '~ knockout in a hESC
line%2. (Of note, no patients with homozygous M/TF mutations were known to exist at the
time, although we later collaborated with a team from the National Eye Institute that
described two such patients who exhibited anophthalmia and deafness'20.) Compared to
isogenic control hESCs, the M/TF '~ hESC line showed defects in cell proliferation and
RPE production, also mimicking effects seen in mammalian model systems92. A similar
phenotype could be obtained by directly downregulating MITF expression using short
hairpin RNAs (shRNAs) directed against M/7F%2. We then employed chromatin
immunoprecipitation (ChlP) analyses to show that VSX2 bound directly to a subset of M/TF
isoform promoters and downregulated its expression92. These two studies established for the
first time the roles of VSX2 and MITF in the establishment of the NR and RPE domains in a
human developmental model system.

In the course of examining the functions of VSX2 and MITF in differentiating hPSC
cultures, we also found relationships between developmental signaling pathways and the
targeted production of NR or RPE from hPSCs33: 7292, RNAseq signaling pathway analysis
of (R200Q)VSX2 hiPSC-0Vs revealed upregulation of multiple canonical Wingless/
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Integrated (Wnt) pathway genes and downregulation of specific FGF family members
compared to sibling wildtype control hiPSC-OVs33. Wnt agonists are similar to FGFs in that
they are secreted and act on the same or nearby cells to regulate gene transcription; however,
activation of the Wnt or FGF pathways yields opposing results, with Wnt stimulation
favoring formation of RPE over NR. We found that pharmacological inhibition of Wnt
signaling in (R200Q)VSX2 hiPSC-OVs rescued the NR-to-RPE mutant phenotype, while
augmentation of Wnt signaling in wildtype hiPSC-OVs induced a NR-to-RPE production,
mimicking the (R200Q)VSX2 hiPSC-OV mutant phenotype’2. ChlPseq assays subsequently
uncovered multiple Wnt pathway genes that, like M/TF, are direct regulatory targets of
VSX272, These experiments uncovered a role for VSX2 as a direct transcriptional repressor
of Wnt pathway constituents and suggested a means in addition to M/TF repression whereby
VSX2 promoted NR production at the expense of RPE (Figure 8A, top and middle panels).

Unlike WNT pathway genes, FGF family member genes were not found to be direct targets
of transcriptional repression by VSX272, in keeping with the synergistic effects of VSX2 and
FGFs during early mammalian NR development. The overall importance of FGF signaling
in the formation of NR from hPSCs was evident from our earlier study using the FGF
receptor-1 inhibitor SU5402, which caused a profound reduction in VSX2expression and a
reciprocal increase in M/TFexpression’®. This finding spurred our interest in examining the
relationship between VSX2 and specific FGFs in the maintenance of NR vs. RPE cell
identity in hPSC-OVs. In accordance with previously published studies, we found that
FGF3, FGF8, FGF9, and FGF19 were robustly expressed in wildtype hPSC-derived OVs33.
Among these FGFs, FGF9 had a peak in gene expression at time points corresponding to
both neuroectoderm/eye field specification (D10) as well as OV formation (D20-D30),
whereas FGF19 expression peaked only during the latter time period. Most strikingly, we
discovered that supplementation with FGF9, but not FGF19, was sufficient to partially
overcome the NR-to-RPE fate switch associated with the (R200Q)VSX2 hiPSC-OV mutant
phenotype (Figure 8A, lower panel). However, we did not see any discernible effect of anti-
FGF9 treatment in control hiPSC-derived retinal cultures. The fact that FGF9 suppression
alone did not adversely affect NR production in wildtype hiPSC-OVs is likely due to
redundancy in FGF signaling (or other pro-NR morphogen pathways) during retinal
development.

Together, these findings suggest that FGF9 and VSX2 act in parallel to promote NR
production and antagonize RPE production. This conclusion is a departure from previously
held theories based on non-human, whole organism model systems that hypothesized that
FGFs and VSX2 worked in series to achieve this effect®3: 54, 56-58, 97,117, 123 oyr combined
data further revealed that FGF9 and VVSX2 are part of a redundant quality control system
that assures proper NR and RPE production during retinal development. Other FGFs or
signaling factors controlled by VSX2, including Wnt pathway components, are prime or
known candidates in this heavily orchestrated event (Figure 8B). The requirement for
continuous and prolonged FGF9 treatment in our studies also points toward a significant
degree of plasticity in NR and RPE development in early OVs. This information not only
sheds light on mechanisms of human retinogenesis, but may also be helpful in efforts to
manipulate hPSC differentiation for applications in cell replacement therapies and disease
modeling. Furthermore, although treatments for genetic defects that affect early ocular
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development face a high barrier for implementation in humans, our results show that such
therapies are at least theoretically possible via spatiotemporally targeted application of
specific developmental signaling factors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ERK 1/2 Extracellular signal-regulated kinase 1/2
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FGF Fibroblast growth factor

hPSC Human pluripotent stem cell

hESC Human embryonic stem cell

hiPSC Human induced pluripotent stem cell
IND Investigational new drug

MAPK Mitogen-activated/protein kinase
Mitf/MITF Microphthalmia associated transcription factor
NR Neural retina

NRPC Neural retina progenitor cell

ov Optic vesicle

PVDF Polyvinylidene difluoride
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RPE Retinal pigmented epithelium
gRT-PCR Quantitative real time polymerase chain reaction
Vsx2/VSX2 Visual system homeobox 2
Wnt Wingless/Integrated
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Figure 1. Gene expression of FGF ligands in early optic vesicles (OVs) and forebrain
neurospheres (FBNs) derived from hiPSCs.

A) Schematic showing the timeline of early hiPSC differentiation to OVs and FBNs. At day
0 (D0), pluripotent hiPSCs are subjected to a well-established, fully defined differentiation
protocol that generates anterior neuroepithelium/eye field cells by D10, followed 10 days
later by the appearance of OVs and FBNs’4 75 78_B) hiPSC-OVs and hiPSC-FBNs can be
easily distinguished in live cultures by their light microscopic appearances, manually picked,
and cultured separately. C) Comparative microarray analysis showing the relative expression
(see accompanying heat map legend) of FGF ligands in wildtype hiPSC-OVs vs. hiPSC-
FBNs isolated from the same cultures at D2074. D) Quantitative real-time PCR analysis at
D30 revealed a significantly sustained increase in the expression of FGF9and FGF19in
hiPSC-OVs relative to hiPSC-FBNs, but not FGF8 (**£<0.01).
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Figure 2. Comparative gene expression of FGF ligands in early wildtype control vs.
(R200Q)VSX2 hiPSC-0OVs.

No difference in light microscopic appearance at day 20 (D20) was observed between
wildtype control and (R200Q)VSX2 hiPSC-0Vs, as expected since VSX2 is first expressed
around this time. B) Comparative RNAseq analysis showing the relative expression (see
accompanying heat map legend) of FGF ligands in D30 (R200Q)VSX2 hiPSC-OVs relative
to parallel D30 cultures of wildtype control hiPSC-OVs. C) Confirmatory gRT-PCR analysis
of selected FGF ligands revealed significantly decreased expression of FGF9and FGF19,
but not FGF3or FGF8, in (R200Q)VSX2 hiPSC-0V cultures relative to wildtype control
hiPSC-OVs (**£<0.01, ***/<0.001). D,E) Quantitative RT-PCR analyses of wildtype and
(R200Q)VSX2 hiPSC-OVs showing FGF9 (D) and FGF19(E) expression levels at multiple
differentiation time points between DO and D30 (relative to DO wildtype hiPSC-OVs; note
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the logarithmic y axis scale). FGF9demonstrated a biphasic rise in expression levels
between D10-D14 and again between D20-D30, whereas FGF19 expression increased
between D16-D30.
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Figure 3. Treatment with exogenous FGF9, but not FGF19, substantially reduced production of
pigmented RPE in (R200Q)VSX2 hiPSC-QV cultures.

Culture wells containing equal amounts of adherent (R200Q)VSX2 hiPSC-OVs were treated
with or without 100 ng/ml FGF9 or FGF19 beginning at day 20 (D20) of differentiation.
Wells were photographed on D35 and again on D55 to qualitatively assess the relative
production of pigmented RPE.
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Figure 4. Early and prolonged exposure to exogenous FGF9 is required for long-term
maintenance of RPE antagonism in (R200Q)VSX2 hiPSC-QV cultures.

A) Schematic depicting the time periods of FGF9 treatment tested in panels B and C (blue
bars). Treatments were initiated at day 20 (D20; the day OVs are isolated), D30, or D55 and
carried to D30, D55, or D90. Time points were chosen to coincide with peaks of NRPC,
RPE, and photoreceptor precursor production in wildtype cultures. B) Photographs of
culture wells containing equal amounts of adherent (R200Q)VSX2 hiPSC-OVs treated for
the time periods shown in A. C) Quantitative RT-PCR showing expression levels of selected
RPE genes relative to GAPDH in adherent cultures of (R200Q)VSX2 hiPSC-OVs treated
with FGF9 for the indicated time periods (*/<0.05, **/~<0.01, or otherwise indicated). D)
Western blot of Tyrosinase (TYR) protein expression in untreated adherent (R200Q)VSX2
hiPSC-OV cultures (15t and 3 lanes) and the same cultures treated with FGF9 from D20-

Am J Ophthalmol. Author manuscript; available in PMC 2020 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Gamm et al.

Page 27

D90 (2" lane) or D30-D90 (41" lane). Expression of Actin (ACTN) protein was used as a
control.
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Figure 5. Early and prolonged exposure to FGF9 also led to upregulation of NR genes in
(R200Q)VSX2 hiPSC-OV cultures.

A) Quantitative RT-PCR showing expression levels of selected NR genes relative to GAPDH
in adherent cultures of (R200Q)VSX2 hiPSC-OVs treated with FGF9 for the same time
periods investigated in Figure 4 (*/<0.05 or otherwise indicated). B) Western blot of
Recoverin (RCVRN) protein expression in untreated adherent (R200Q)VSX2 hiPSC-OV
cultures (15t and 3" lanes) and the same cultures treated with FGF9 from D20-D55 (2nd
lane), D20-D90 (41" lane), or D55-90 (5! lane). C) Western blot of VSX2 protein
expression in untreated adherent (R200Q)VSX2 hiPSC-OV cultures (15t and 3" lanes) and
the same cultures treated with FGF9 from D20-D55 (2" lane) or D30-D55 (4t lane).
Expression of Actin (ACTN) protein was used as a control in panels B and C.
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Figure 6. FGF9 treatment increased ERK phosphorylation and cell proliferation in
(R200Q)VSX2 hiPSC-QV cultures.

A) Western blot showing the temporal effects of FGF9 treatment on levels of phosphorylated
ERK (p-ERK) in (R200Q)VSX2 hiPSC-QV cultures. Expression of unphosphorylated ERK
and Actin (ACTN) is also shown. B) Immunocytochemical analysis on fixed cryosections
showing increased nuclear expression of the cell proliferation marker Ki67 in FGF9-treated
vs. untreated (R200Q)VSX2 hiPSC-QV (Scale bar = 50 mm). C,D) Quantitative RT-PCR
(C) and Western Blot (D) analyses showing increased gene and protein expression of the
pro-proliferative marker CCNDZ/CCND1 (C,D) and decreased expression of the cell cycle
inhibitor P27(C) at day 55 (D55) in (R200Q)VSX2 hiPSC-OVs treated with or without
FGF9 beginning at D20.
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Figure 7. Inhibition of FGF9 activity in wildtype hiPSC-OV cultures did not alter RPE or NR
gene expression, ERK phosphorylation, or cellular proliferation.

A) Photographs taken at day 90 (D90) of culture wells containing equal amounts of adherent
wildtype hiPSC-OVs treated with or without 500 ng/ml FGF9 neutralizing antibody (anti-
FGF9) beginning at D20. No qualitative difference in the production of pigmented RPE was
observed. B) Western blots showing similar protein expression levels of the RPE marker
RPE65 and the NR (and photoreceptor) marker RCVRN with or without treatment with
FGF9 neutralizing antibody from D20-D90. ACTN expression was used as a control. C)
Immunocytochemical analysis also showed no difference in nuclear Ki67 expression in
hiPSC-QV cultures with or without treatment with FGF9 neutralizing antibody from D20-
D90. D) Western blot demonstrating a reduction in the level of phosphorylated ERK (p-
ERK) protein in wildtype hiPSC-OVs 5 min after treatment with or without FGF9
neutralizing antibody (demonstrating activity of the anti-FGF9 antibody). Expression levels
of ACTN and unphosphorylated ERK are also shown.

Am J Ophthalmol. Author manuscript; available in PMC 2020 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Gamm et al.

A

Page 31

Wild type VSX2 B

Retinal
Neural

a\.\ “g —_— Pigmented :

Vesicle

Retinal AgY \TF Epithelium
Progenitors \NN-‘s N\
<G Y e, )/\ *
NI ic —l
FGF9 VSX2 \/

R200Q VSX2 @ G2
@

Retinal
—\ W
2 NT”enali,,g &

Neural
Retinal

Pigmented
Epithelium

NRPC

R200Q VSX2 + FGF9

Retinal
Pigmented
13 Epithelium

Vesicle

Figure 8. Model generated by our study series depicting the inter-related effects of VSX2, MITF,
FGF9, and Wnt signaling on RPE and NR production in hPSCs.

Top panel: In normal hiPSC-OVs, VSX2 binds directly to and inhibits M/7Fand Wnt
pathways genes, leading to the generation of NRPCs over RPE’2 92 in the early optic
vesicle. Middle panel: In the absence of functional VSX2, inhibition of pro-RPE genes is
lifted and RPE production is favored over NRPCs33. Lower panel: Application of exogenous
FGF9 can tip balance back towards NRPC production and at least partially override the
phenotypic consequences of the functional loss of VSX2 activity in hiPSC-OVs (present
study). B) Simplified schematic showing the relative impact of VSX2, MITF, FGF9, and
Whnt signaling on RPE and NRPC production in hPSCs. Note that FGF9 works in parallel
with VSX2 but is not strictly required for NR production and maintenance in wildtype
cultures, likely due to the redundant activity of other pro-NR factors. The asterisk denotes
the existence of additional pro-NR influences from factors other than FGF9. Circled
numbers demarcate the following individual studies and the aspect(s) of RPE and NR
production on which the indicated study focused: 1 = Phillips and colleagues (2014)33; 2 =
Capowski and colleagues (2014)%2; 3 = Capowski and colleagues (2016)72; 4 = Gamm and
colleagues (present study).
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