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Periocular neural crest cell differentiation into corneal
endothelium is influenced by signals in the nascent corneal
environment

Anna Babushkina, Peter Lwigale”
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Abstract

During ocular development, periocular neural crest cells (pNC) migrate into the region between
the lens and presumptive corneal epithelium to form the corneal endothelium and stromal
keratocytes. Although defects in neural crest cell development are associated with ocular
dysgenesis, very little is known about the molecular mechanisms involved in this process. This
study focuses on the corneal endothelium, a monolayer of specialized cells that are essential for
maintaining normal hydration and transparency of the cornea. In avians, corneal endothelial cells
are first to be specified from the pNC during their migration into the presumptive corneal region.
To investigate the signals required for formation of the corneal endothelium, we utilized orthotopic
and heterotopic injections of dissociated quail pNC into chick ocular regions. We find that pNC
are multipotent and that the nascent cornea is competent to induce differentiation of ectopically
injected pNC into corneal endothelium. Injected pNC downregulate expression of multipotency
transcription factors and upregulate genes that are consistent with ontogenesis of the chick corneal
endothelium. Importantly, we showed that 7GFB2is expressed by the nascent lens and the corneal
endothelium, and that TGF@ signaling plays a critical role in changing the molecular signature of
pNC in vitro. Collectively, our results demonstrate the significance of the ocular environmental
cues towards pNC differentiation, and have potential implications for clinical application of stem
cells in the anterior segment.
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INTRODUCTION

The corneal endothelium is a monolayer that overlays the inner-most surface of the cornea
and interfaces with the aqueous humor of the anterior chamber. Corneal endothelial cells
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contain Na*/K*-ATPase ionic pumps and aquaporinl (AQP1) water channels that play a
critical role in maintaining proper hydration and transparency of the cornea (Reneker et al.,
2000; Huang et al., 2003; Fischbarg et al., 2006; Thiagarajah and Verkman, 2002). Defects
in the corneal endothelium such as Fuchs endothelial dystrophy account for the majority of
corneal transplants performed in the United States (Al-Yousuf et al., 2004). Previous
regenerative studies using corneal endothelial-like cells derived from human embryonic stem
cells (Zhang et al., 2014), or induced cornea-derived precursors (Hatou et al., 2012)
demonstrated the feasibility to generate corneal endothelial cells /n vitro and their ability to
incorporate into wounded corneal endothelium and prevent stromal edema and clouding.
While much has been learned about the potential for neural crest-like cells to generate the
corneal endothelium, the mechanisms by which periocular neural crest cells (oNC)
transdifferentiate into corneal endothelial cells have not been extensively investigated.

During ocular development, the corneal endothelium develops from pNC that migrate
between the presumptive corneal epithelium and lens. In avians, reptiles, and primates, this
process occurs as the first wave of pNC migration, which results in the formation of a
monolayer that consequently forms the corneal endothelium (Hay and Revel, 1969; Hay,
1980). In rodents, cats, cows, and pigs, the corneal endothelium forms by differentiation of
the innermost layer of the presumptive corneal mesenchyme (Dublin, 1970; Pei and Rhodin,
1970; Hay, 1980). Earlier studies in chick embryos showed that interactions between the
lens vesicle and the pNC are critical for the proper formation of the corneal endothelium.
Lens ablation prior to corneal development resulted in aberrant migration of the periocular
mesenchyme into the presumptive cornea environment and malformation of the corneal
endothelium (Genis-Galvez, 1966; Beebe and Coats, 2000). We later identified that
SEMA3A/NRP1 signaling plays an important role in regulating pNC migration during
corneal development, given that pharmacological inhibition of SEMAS3A signaling from the
lens caused similar defects in pNC migration and corneal malformation (Lwigale and
Bronner-Fraser, 2009). Combined, these studies suggested that pNC differentiation into
corneal cells is regulated spatially and temporally by signals from the developing ocular
environment.

Studies utilizing knockout mice provided additional insight into the molecular mechanisms
involved in pNC development. These studies showed that upon migration into the periocular
region, pNC respond to retinoic acid (RA) signaling from the optic cup (Matt et al., 2005;
Mic et al., 2004; Molotkov et al., 2006), Wnt signaling from the optic cup and presumptive
corneal epithelium (Jin et al., 2002; Fujimura, 2016), and TGFp signaling from the lens
vesicle (Ittner et al., 2005; Saika et al., 2001; Flugel-Koch et al., 2002). Combined, these
signaling events regulate the expression of transcription factors such as Pitx2and Foxc1 by
the pNC (Gage et al., 2005, 2005; Ittner et al., 2005), which have been shown to play a
critical role in the development of the anterior segment. Both Pitx2and FoxcI knockout
mice have severe ocular defects (Kume et al., 1998; Lu et al., 1999; Evans and Gage, 2005)
and phenocopy Axenfeld-Rieger syndrome, a human anterior segment disorder (ASD) that is
characterized by multiple defects in neural crest-derived ocular tissues including the cornea
(Semina et al., 1996; Timer and Buch-Holm, 2009). Peters anomaly is another ASD in
which corneal development is disrupted through defective function of transcription factors
such as Pitx3and Foxe3, which are expressed in the lens during ocular development
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(Semina et al., 1998; Blixt et al., 2000; Ormestad et al., 2002). The above studies identified
the major signaling pathways and some of the associated transcription factors involved in
early ocular development. However, despite the adverse malformations in the anterior
segment, the pNC in these mutants migrate and in most cases, differentiate into appropriate
ocular tissues. Thus, it still remains unclear how pNC differentiate into specific ocular cell
types including the corneal endothelium and keratocytes.

In this study, we focused on the formation of the avian corneal endothelium, which serves as
an excellent model for studying early differentiation of pNC during ocular development,
given that it is derived from the initial cell migration into the presumptive corneal region. In
addition, these migratory pNC form a distinct monolayer that is useful for assaying cell
differentiation. We demonstrate that the nascent corneal environment influences pNC
differentiation and identify novel changes in gene expression during normal and perturbed
development. Our findings suggest that TGFp signaling in the nascent corneal environment
plays a critical role in controlling pNC differentiation by regulating the expression of some
multipotency transcription factors and corneal endothelial genes.

METHODS

Animals

Fertilized White Leghorn chick (Gallus gallus domesticus) and quail (Coturnix coturnix
Japonica) eggs were obtained from commercial sources (Texas A&M and Ozark Egg
Company, respectively). All eggs were incubated at 38°C under humidified conditions.
Chick eggs were incubated for 3, 5, and 7 days to obtain embryonic day (E)3, E5 and E7.
Quail eggs were incubated for 60 hours to obtain E2.5 embryos from which periocular
mesenchyme was dissected. Chick embryos were prepared for cell injections at different
timepoints as previously described by (Spurlin and Lwigale, 2013). All procedures on the
embryos were carried out following protocols approved by the Institutional Animal Care and
Use Committee (IACUC) at Rice University.

Isolation and microinjection of pNC

Quail embryos were collected at E2.5 and placed in Ringer’s solution. The anterior eyes
including the surrounding periocular mesenchyme were dissected and incubated in 1.5 pg/ml
dispase (Worthington) for 5-10 minutes at 38°C. Following dispase treatment, the anterior
eyes were rinsed in Ringer’s solution with 0.1% w/v bovine serum albumin (0.1% BSA) to
inactivate the enzyme. The surface ectoderm, the lens vesicles, and the optic cups were
physically separated using fine forceps. Periocular mesenchyme pooled from approximately
50 anterior eyes was mechanically dissociated by gentle trituration in 10 pl of Ringer’s
solution. Dissociated cells were concentrated into a pellet and then resuspended in 5 pl of
Ringer’s solution. The cells were filled in a pulled glass needle and microinjected using a
Picospritzer I11 (Parker Hannifin) into the desired ocular regions of E3 and E5 chick
embryos at approximately 3x10% and 1.5x10° cells, respectively. Injected chick eggs were
sealed and re-incubated, then collected for further analysis at E5 and E7.
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Lens Ablations

Lens ablations were performed on E3 chick embryos as previously described (Beebe and
Coats, 2000; Lwigale and Bronner-Fraser, 2007). Briefly, eggs were windowed and the
vitelline membrane and amnion were dissected from the head region to expose the right eye.
An incision was made in the surface ectoderm in the ventral region of the eye between the
lens and optic cup, and the lens vesicles were gently removed through the slit using fine
forceps. The eggs were sealed and re-incubated for 2 days, then collected at E5 for gene
expression analysis. The left unablated eyes served as control.

Collection of tissues for RNA isolation

Periocular mesenchyme was isolated from E2.5 chick embryos as described above and
pooled in a 1.5 ml Eppendorf tube for RNA isolation. To obtain the monolayers of corneal
endothelium, anterior eyes were dissected from E5 chick embryos and the lenses were
removed and discarded. The presumptive corneas consisting of the corneal endothelium and
epithelium were dissected from the surrounding mesenchyme and optic cup, then incubated
in 1.5 pg/ml dispase for 5-10 minutes at 38°C. Following dispase treatment, the presumptive
corneas were rinsed in 0.1% BSA, and the epithelial layers were removed using fine forceps.
The isolated corneal endothelium layers were pooled in a 1.5 ml Eppendorf tube for RNA
isolation.

Primary culture of dissociated pNC

Dissociated E2.5 chick pNC were initially cultured in complete media consisting of
Dubeccos modified eagle medium (DMEM, Corning) + 100 pg/ml Penicillin-Streptomycin
(Gibco) + 10% fetal bovine serum (FBS, Gibco) at a density of 2.1x104 cells per cm? in 6-
well plates, and allowed to attach for two hours. Cell cultures were rinsed with minimal
DMEM (DMEM), then cultured for 18 hours in DMEM alone (control), or supplemented
with 50 ng/pl active recombinant human (rh) TGFB2 (Abcam). At the end of the cell culture,
plates were rinsed twice with phosphate buffered saline (PBS, Gibco) prior to RNA
isolation.

Quantitative RT-PCR (qRT-PCR)

Total RNA from chick E2.5 pNC, E5 corneal endothelium, or primary cell cultures were
extracted using RNAeasy MicroKit (Qiagen) in accordance with the manufacturer’s
protocol. The cDNA was reverse transcribed from 100 ng of RNA using Super Script 111
Reverse transcriptase Kit (Invitrogen). Real-time PCR was performed in triplicate using
Power SYBR Green PCR Master Mix (Applied Biosystems) on StepOnePlus Real-Time
PCR System (Applied Biosystems). GAPDH transcript was used to normalize all genes.
Fold change was calculated as the AACt relative to mMRNA expression by pNC or untreated
cell cultures. Primer sequences used for qRT-PCR are listed in Supplementary Table 1.

Section in situ hybridization

Decapitated E3 chick heads or enucleated eyeballs from E5 and E7 embryos were fixed
overnight at 4°C in modified Carnoy’s solution (60% ethanol, 30% formaldehyde, and 10%
glacial acetic acid). Samples were embedded in paraffin blocks and sectioned at 10-12 um.
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Section /n situ hybridization procedures were performed as previously described (Etchevers
et al., 2001). Riboprobes for (HEY1, MSX2, LMO4, PITXZ, RALDHZ, RHOB, SNA/1,
TGFBZ, and WNTZIA) were synthesized using cDNA sequences reported in NCBI. Primer
sequences for generating the probes are listed in Supplementary Table 2. Sections from
embryos injected with quail pNC were further immunostained with anti-QCPN antibody
after /n situhybridization.

Immunofluorescence staining

Imaging

RESULTS

Whole heads or enucleated eyeballs were fixed overnight in 4% paraformaldehyde at 4°C.
Fluorescent immunostaining was performed on wholemount heads and trimmed corneas, or
on 8-10 um cryosections as described (Lwigale et al., 2005). The mouse anti-QCPN
antibody (1gG1, Hybridoma Bank, lowa City, IA. [DHSB]) was used at 1:1 dilution to label
quail nuclei. The rat anti-N-cadherin antibody (IgG1, DHSB) was used at 1:3 dilution to
label the corneal endothelium. Signals were visualized using the following secondary
antibodies at 1:200 dilution: Alexa Fluor 488 goat anti-mouse 1gG1, Alexa Fluor 594 goat
anti-mouse 1gG1, and Alexa Fluor 488 goat anti-rat IgG. Sections were counterstained with
4,6-Diamidino-2-phenylindole (DAPI) to label all nuclei.

Fluorescent and brightfield images of all wholemount and sectioned samples were acquired
with a Zeiss Axiocam camera mounted on an Axiolmager2 fluorescent microscope with
ApoTome (Carl Zeiss AG, Oberkochen, Germany). Image processing was performed using
Adobe Photoshop and Image J software.

Orthotopically transplanted quail pNC migrate and differentiate into corneal endothelium

Unlike most quail/chick chimera studies that track neural crest cell differentiation after
xenotransplantation of dorsal neural tubes, this study utilizes dissociated quail pNC injected
into various ocular regions of developing chick embryos, and tracked at different stages of
ocular development using a quail nuclei-specific antigen (QCPN). This approach allowed us
to perform precise cell grafts into the ocular region without disruption of the adjacent optic
cup, lens vesicle, or the overlaying ectoderm. Given that this is the first time such cell grafts
have been performed in the ocular environment, we initially examined whether the isolation,
dissociation, and injection procedures (Fig.1A) affected the ability of injected pNC to
migrate and differentiate. These experiments involved orthotopic injections of dissociated
E2.5 quail pNC into the temporal region of E3 chick eyes (n = 5; Fig. 1B and 1C). Injected
embryos were re-incubated and examined at E5, which corresponds with the formation of
the corneal endothelium (Creuzet et al., 2005; Lwigale et al., 2005). At this time there was
robust displacement of QCPN-positive cells into the periocular and presumptive corneal
regions (Fig. 1D). Further analysis of the QCPN-positive cells localized in the corneal region
indicated that they were positive for the corneal endothelial marker N-cadherin, and
displayed expression levels noticeably similar to the endogenous (QCPN-negative) chick
corneal endothelial cells (Fig. 1E). We found that 96% of QCPN-positive cells were NCAD-
positive (Supplementary Fig. 3G). In addition, we observed from transverse sections through
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the eye that the QCPN-positive cells had migrated into the cornea region and formed a
monolayer between the epithelium and lens (Fig. 1F), confirming that the injected pNC cells
exhibited the characteristic behavior of the first wave of cell migration into the presumptive
corneal region. Furthermore, we observed in embryos collected at later stages that such
injections resulted in contribution of QCPN-positive cells to the various neural crest derived
ocular tissues including the stromal keratocytes, iris stroma, and pericytes in the ocular
blood vessels (Supplementary Fig. 1, Creuzet et al., 2005; Lwigale et al., 2005). Similar
injections into the periocular region with GFP-labeled chick fibroblasts (DF-1 cells) showed
limited migration from the periocular region into the presumptive corneal region
(Supplementary Fig. 2), suggesting that pNC have specific characteristics that are required
for proper migration and formation of the corneal endothelium. Combined, our results
indicate that pNC cells are not disrupted by the isolation and injection procedures, and that
they migrate and differentiate into the corneal endothelium within normal developmental
timeframe. Therefore, the quail-chick pNC graft is an excellent model for testing the
differentiation potential of pNC into the corneal endothelium under different spatiotemporal
conditions.

The ability to induce pNC differentiation into corneal endothelium is maintained by the
presumptive corneal region during early ocular development

Disruption of the timing of the first wave of pNC migration during avian ocular
development, which normally occurs at about E4.5, causes malformation of the corneal
endothelium (Beebe and Coats, 2000; Lwigale and Bronner-Fraser, 2009). To determine
whether the environmental cues required for the formation of the corneal endothelium are
tightly regulated, we injected pNC into in the presumptive corneal region at different time
points during early ocular development. The first set of experiments involved injections
between the ectoderm and lens vesicle of E3 chick embryos, prior to endogenous pNC
migration (n = 5; Fig. 2A and 2B, asterisks). Analysis of the injected eyes one day preceding
the normal formation of the corneal endothelium at E4, showed precocious expression of N-
cadherin by approximately 60% of the QCPN-positive cells whereas the un-injected control
cornea showed no expression at this time (Fig. 2C and 2D, Supplementary Fig. 3). By E5,
there was robust coverage of the entire corneal region by QCPN-positive cells also positive
for N-Cadherin (n = 5; Fig. 2E and 2F). Cross sections through injected eyes showed that the
QCPN- and N-cadherin-positive cells organized to form a monolayer between the epithelium
and lens (Fig. 2G). Suggesting that the presumptive corneal environment is conducive for the
proper differentiation of pNC into corneal endothelium between E3-E4.

In the second set of experiments, we tested the ability of the corneal environment to induce
injected pNC after the formation of the endogenous corneal endothelium. In this case, E5
chick eyes were injected with quail pNC then examined at E7 (n = 5; Fig. 2H and 2J).
Analysis of E7 wholemount corneas indicated that almost all the QCPN-positive cells (99%)
stained positive for N-cadherin (n = 5; Supplementary Fig. 3). Transverse sections through
the injected eyes revealed that the QCPN-positive cells were arranged in supernumerary N-
cadherin-positive monolayers, and each resembled the endogenous corneal endothelium
(Fig. 2K, arrowheads). Therefore, the E5 presumptive corneal environment retains the ability
to induce E3 pNC to form the corneal endothelium. Combined, our results indicate that the
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presumptive corneal environment can induce differentiation of injected undifferentiated E2.5
quail pNC to form corneal endothelium at multiple time points during ocular development
between E3 and E7.

pNC-specific genes are downregulated following ectopic injection into the presumptive
corneal region

pNC grafted
genes

Cranial neural crest cells express several genes during their migration into the various
embryonic locations (Simoes-Costa et al., 2014). Our recent transcriptomic analysis of gene
expression during corneal development identified that several of these genes including
LMO4, MSX2, and SNA/1 where expressed during neural crest cell aggregation in the
periocular region, and that some non-neural crest genes such as HEYZ were also expressed
by pNC (Bi and Lwigale, 2019; Ma and Lwigale, 2019). To determine whether pNC change
gene expression during differentiation into corneal endothelium, we first examined the
expression of the above transcription factors by performing /in situ hybridization on corneal
sections at E3 and E5. Our results confirmed that HEYZ, LMO4, MSX2, and SNA/I were
all strongly expressed in the periocular region at E3 (Fig. 3A, 3D, 3G, and 3J). In contrast,
these genes were undetectable in the corneal endothelium at E5 (Fig. 3B, 3E, 3H, and 3K;
arrowheads), although their expression is maintained in the periocular region (arrows).
These results indicate that the above genes are downregulated during pNC differentiation
into corneal endothelial cells.

Given that E2.5 pNC injected into the presumptive corneal region at E5 transformed into N-
cadherin-positive corneal endothelium, we investigated whether such injections caused
similar downregulation in the expression of pNC genes. Our results reveal that the QCPN-
positive pNC cells downregulated expression of HEY1, LMO4, MSX2, and SNA/1
following direct injection into the presumptive corneal region (Fig. 3C, 3F, 3l, 3L, and
insets) although their expression was maintained in other ocular tissues at E7
(Supplementary Fig. 4). Combined, these results suggest a molecular transformation of pNC
during early corneal development, and that the signals responsible for downregulation of
transcription factors expressed by migratory cranial neural crest and pNC may reside within
the presumptive corneal region.

into the presumptive corneal region upregulate early corneal endothelial

Next, we wanted to determine whether downregulation of the pNC genes by the injected
cells corresponds with upregulation of corneal endothelial genes. In our recent study, we
showed that several genes including (RALDHZ, RHOB, TGFB2, and WINTIA) were
upregulated during formation of the chick corneal endothelium (Bi and Lwigale, 2019). Our
section /n situ hybridization results showed that none of the above genes were detectable in
the periocular region at E3 (Fig. 4A, 4G, and 4J) except for RHOB, which was diffusely
expressed in the mesenchyme, optic cup and lens (Fig. 4D). We confirmed that all the above
genes were strongly expressed by the corneal endothelium at E5 (Fig. 4B, 4E, 4H, and 4K;
arrowheads). Likewise, we observed induced expression of all the above genes in QCPN-
positive pNC that were injected into the presumptive corneal region at E5 and analyzed at
E7 (Fig. 4C, 4F, 41, 4L, and insets). Thus, the presumptive corneal environment at E5 plays a
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role in inducing a molecular shift in gene expression of grafted E2.5 pNC towards the
corneal endothelium lineage.

Role of the lens in directing pNC differentiation into corneal endothelium

During formation of the corneal endothelium, migratory pNC are localized in close
proximity to the lens epithelium. Previous studies showed that lens ablation in chick prior to
formation of the cornea resulted in precocious migration of pNC into the presumptive
corneal region, which disrupted their differentiation into corneal endothelium and stromal
keratocytes (Beebe and Coats, 2000; Lwigale and Bronner-Fraser, 2009). These observations
imply that signals from the lens are critical for pNC migration and differentiation. To
determine whether lens signals are required for the changes in the molecular signature of the
injected pNC (Fig. 3 and Fig. 4), we performed /n situ hybridization on corneal sections of
malformed E5 eyes from which the lens vesicles had been ablated at E3. First, we examined
the expression of pNC genes and observed that with the exception of HEY1, which was
undetectable (Fig. 5A), LMO4, MSX2, and SNA/I were all expressed in the ectopic
mesenchyme of the malformed cornea (Fig. 5B, 5C, and 5D). This result indicates that
downregulation of HEYZ during corneal development is independent of signals from the
lens. Ectopic expression of LMO4, MSXZ, and SNA/Z indicate that their downregulation in
the cornea is dependent on signals from the lens.

Next, we analyzed the expression of corneal endothelial genes following lens ablation. To
our surprise, we observed different patterns of expression of all genes in the ectopic corneal
mesenchyme at E5 (Fig. 5E-5H). RALDHZwas broadly expressed by the ectopic
mesenchyme that filled the void where the lens would normally reside (Fig. 5E;
arrowheads). RHOB and TGFB2 were diffusely expressed throughout the mesenchyme (Fig.
5F and 5G), whereas WNT9A was expressed in clusters of cells spread throughout the
mesenchyme (Fig. 5H; arrowheads). We also analyzed the expression of P/ITX2, a
transcription factor that was previously shown to be robustly expressed during mouse ocular
development, and its absence causes sever ocular defects (Gage et al., 1999; Lu et al., 1999).
Our results show that similar to mouse, P/TX2is strongly expressed in the chick pNC (Fig.
51), and it is maintained during development of the corneal endothelium (Fig. 5J) and
stromal keratocytes (Supplementary Fig. 5). Interestingly, analysis of corneal sections from
E5 lens ablated eyes revealed that robust expression of P/7.X2was maintained in the
mesenchyme of the malformed corneas (Fig. 5K). We also observed that expression of
PITX2was maintained by the QCPN-positive cells injected as E2.5 pNC into the
presumptive corneal region at E5, and examined at E7 (Fig. 5L). Our results indicate that
lens ablation causes severe defects in morphogenesis of the corneal endothelium and
disrupts the expression of corneal endothelial genes, but that the expression of A/TX2is
unperturbed despite these defects. Since the corneal endothelial genes are also expressed in
the periocular region at E5 (Fig. 4B, 4E, 4H, and 4K), and that considerably more cells are
positive than what would normally form a monolayer, it is likely that their expression is
induced in the pNC by signals from the optic cup prior to their ectopic migration into the
malformed corneas.
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Quantitative evaluation of pNC and corneal endothelial genes.

Our section /n situ hybridization results showed localized expression of sets genes in the
periocular mesenchyme and during development of the corneal endothelium (Fig. 3 and Fig.
4). Thus, we first undertook gPCR analysis to quantify the 7n vivo expression of pNC and
corneal endothelial genes. Our results revealed that genes associated with the pNC (MSX2Z,
SNAII) were decreased, whereas those associated with corneal endothelial differentiation
(RALDHZ, TGAB2, WNTY9A, NCAD, and AQPI) were increased (Fig. 6A). We also
observed that the genes that were expressed at both stages of neural crest development
(RHOBand PITX2) showed the least increase in the corneal endothelium.

Given that disruption of TGFp signaling from the lens prevents formation of the corneal
endothelium in mouse (Saika et al., 2001; Flugel-Koch et al., 2002), and that 7GFB2is
vividly expressed by the lens epithelium and during development of the corneal endothelium
(Fig. 4G and 4F), we examined the its role in the changes of gene expression observed
during pNC differentiation. Our gPCR analysis of pNC cultured with or without TGFf32
showed significant reduction in the expression of MSX2and increase in AQPI and WNTIA
(Fig. 6B). Expression of SNA/1, RALDHZ, TGFB2, NCAD, PITX2, and RHOB remained
mostly unchanged. These results suggest that TGFB2 signaling is required for
downregulation of some multipotency genes and specification pNC towards a corneal
endothelial lineage.

DISCUSSION

During early development, a population of cranial neural crest cells migrates into the
periocular region and subsequently give rise to various ocular anlage. Up to now, the
molecular mechanisms involved in pNC differentiation are not clearly understood despite
severe ocular malformation associated with cranial neural crest defects. Given that signals
within the environment of the developing embryo play a critical role in altering neural crest
cell fate (Anderson, 1997; Dorsky et al., 2000), we investigated the ability of the nascent
corneal microenvironment to induce pNC differentiation, focusing on the formation of the
avian corneal endothelium. Here, we have shown that pNC injected into the presumptive
corneal region are induced to express N-cadherin and assemble into monolayers at various
timepoints during ocular development. We found that during this process, injected pNC
downregulate expression of transcription factors of the neural crest gene regulatory network
(GRN) and upregulate genes that are consistent with ontogenesis of the chick corneal
endothelium. Ocular expression of these genes in the presumptive cornea was disrupted in
the absence of the lens. TGFP2 was identified as a potential environmental cue that regulates
the expression of some pNC and endothelial genes. From these data we concluded that pNC
maintain the multipotential characteristics of migratory neural crest following their
aggregation in the periocular region. These characteristics are lost during differentiation into
corneal endothelial cells in response to TGFB2 signaling.

Previous studies involving orthotopic grafts of quail dorsal neural tubes into stage-matched
chick embryos showed that neural crest cells migrate into various cranial locations including
the periocular region, where they give rise to multiple ocular tissues (Johnston et al., 1979;
Creuzet et al., 2005; Lwigale et al., 2004; 2005). Using closely related approaches, we and
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others have demonstrated the potential of injected cells to differentiate into several neural
crest-derived tissues. These experiments involved grafting of neural crest cells derived from
human embryonic stem cells (Curchoe et al., 2010) or maintained in culture as
“crestospheres” (Kerosuo et al., 2015), as well as injection of dissociated neural crest-
derived corneal keratocytes (Lwigale et al., 2005). In this study, our approach involved
injection of dissociated pNC into different ocular regions at various developmental
timepoints. To our knowledge, this is the first time that the stem cell properties of
dissociated pNC has been tested in the developing ocular environment. Therefore, we first
established whether orthotopically injected pNC maintain their potential to contribute to
various ocular tissues. Our analysis revealed that injected pNC are migratory, and capable of
colonizing and contributing to characteristic ocular tissues including the corneal
endothelium. These results also indicate that the E3 pNC are not intrinsically determined to
give rise to a specific ocular tissue. Given that pNC express majority of the genes linked to
cranial migratory neural crest (Simoes-Costa et al., 2014; Bi and Lwigale, 2019), and that
their descendants isolated from the corneal stroma are capable of differentiating into various
neural crest derivatives when grafted into the migratory path of cranial neural crest (Lwigale
et al., 2005), it is very likely that they are multipotent and capable of differentiating into
other tissues if they were grafted into other cranial regions.

In avians, the first tissue to differentiate from the periocular mesenchyme is the corneal
endothelium, which is characterized by the formation of a monolayer of N-cadherin-positive
cells between the lens vesicle and the presumptive corneal epithelium (Hay and Revel, 1969;
Bard et al., 1975; Noden 1978; Beebe and Coats, 2000; Lwigale and Bronner-Fraser, 2009).
Using N-cadherin as an early marker of pNC specification into corneal endothelial cells, we
show that pNC injected directly into the presumptive cornea differentiate into monolayers of
corneal endothelium. Our results also indicate that environmental cues that drive
differentiation of pNC into corneal endothelium are present in the chick eye between E3 and
E7. This process involves downregulation of neural crest GRN transcription factors LMO4,
MSX2, and SNA/L, which are similarly downregulated when pNC are directly injected into
the presumptive cornea. Sustained expression of these genes in the malformed lens-ablated
corneas indicates that signals from the lens are involved in downregulation. However, we
cannot rule out the possibility that their expression is maintained in the periocular region by
signals from the optic cup, and their presence in the malformed corneal region is partly due
to ectopic migration of pNC caused by the lens ablation. Previous studies showed that
LMO4, MSX2, and SNA/1 function in maintaining multipotency of neural crest cells.
LMOA4 acts as a cofactor for SNAIL during early neural crest development (Ochoa et al.,
2012; Ferronha et al., 2013). Similar downregulation of LMO4 expression was observed
during neural crest differentiation in the mandibular process (Kenny et al., 1998). MSX2 is
required for proper proliferation and differentiation of neural crest-derived cranial
osteoblasts and teeth mesenchyme (Hu et al., 2001; Satokata et al., 2000; Han et al., 2007).
Thus, lens-derived signals play an important role in the initial step of pNC differentiation by
repressing the expression of genes required for maintaining multipotency.

We also observed downregulation of HEYZ, a downstream effector of Notch signaling that is
involved in maintaining neural precursor cells in the central nervous system (Sakamoto et
al., 2003). Notch signaling is required for the survival of undifferentiated neural crest cells /n
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vitro (Nikopoulos et al., 2009; Morrison et al., 2000), and it plays a role during cardiac
neural crest cell differentiation (High et al., 2007). Expression of HEYZ by pNC could be
involved in their contribution to vascular pericytes (Fischer et al., 2004; Sainson and Harris,
2008; Garcia-Quintans et al., 2016) or inhibition of their differentiation towards the ocular
muscle lineage (Buas et al., 2010). Our lens-ablation results suggest that signals from the
lens contribute to the induction or maintenance of HEYZ expression in the periocular region.

We found that the first wave of pNC migration into the presumptive corneal region coincided
with the upregulation of RALDHZ, RHOB, TGA3Z2, WINTIA, and that these genes were
induced when pNC were directly injected into the presumptive cornea. Suggesting that they
are involved in the initial transformation of pNC into corneal endothelial cells. RALDHZ?
indicates potential RA signaling, which may be autocrine since several receptors including
RARB, RAYy, and RXRa are expressed in the periocular mesenchyme during ocular
development (Mori et al., 2001). Raladh2 mutant mice show abnormal distribution of cranial
neural crest cells, but they are embryonic lethal prior to corneal development (Mic et al.,
2004; Ribes, 2006). However, several studies have shown that RA signaling is important for
proper formation of lens, optic cup and neural crest-derived ocular tissues (Matt et al.,
2005). Expression of RKHOB could indicate its involvement in cell adhesion and barrier
formation required for mesenchyme-to-endothelial transformation (Liu et al., 2001; Adini et
al., 2003; Wojciak-Stothard et al., 2012). WNT9A has been implicated in both canonical
(Spater et al., 2006; Matsumoto et al., 2008; Grainger et al., 2016) and PCP pathways
(Rochard et al., 2016). In the chick corneal endothelium, it is likely that this process is via
the PCP pathway, since there is no nuclear localization of f-catenin despite its expression in
the cell membranes at this time (unpublished observation).

We show that 7GFBZ2is strongly expressed in the lens and corneal endothelium, and that its
expression is upregulated in the injected pNC. Indicating that the lens induces 7GFB2
expression in the corneal endothelium. TGFp signaling promotes neural crest cell
specification into non-neural lineages that express smooth muscle actin in vitro (Shah et al
1996). Conditional knockout of TGF@ signaling in neural crest cells caused malformation of
cranial bones, cardiovascular defects, and absence of smooth muscle actin (Wurdak et al.,
2005). Specific disruption of TGFB2 signaling causes similar developmental defects
including severe malformation of the eye and cornea (Sanford et al. 1997). Whereas targeted
knockout of 7g#Br2in the neural crest cells (lttner et al., 2005) or TGF2 in the lens (Saika
et al., 2001) cause severe malformation of the cornea and absence of the corneal
endothelium. Similar to mouse, TGFp signaling is active in chick pNC during corneal
development. Our recent analysis of gene expression during ocular development indicated
that TGFBR1 and TGFBRZ, as well as the downstream SMADZ2and SMAD3 are expressed
during pNC differentiation into corneal cells (Bi and Lwigale, 2019). It is logical that similar
mechanisms are involved TGFB-mediated differentiation of pNC in chick and mouse, but the
downstream targets during cell differentiation are not well understood. Here we show that
TGFpB2 is upstream of MSX2, AQP1, and WNT9A during pNC differentiation.
Developmental defects in mesoderm-derived supraoccipital bones in 7gfBr2 mutants were
linked to downregulation of Msx2 (Hosokawa et al. 2007). However, in this study we
discovered that TGFB2 signaling downregulates MSX2in pNC. Previous studies showed
that Msx2expression in cranial neural crest cells is mediated by BMP signaling (Brugger et
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al., 2004; Liu et al., 2005). This raises the possibility is that downregulation of MSX2
expression in the pNC could be due to direct response to TGFp2, or indirectly via
suppression of BMP signaling. Another study using 7g7B8r2 mutants showed downregulation
of Wht9aexpression during limb development (Spagnoli et al., 2007), suggesting that TGFp
signaling upregulates WNT9A. Our results link TGFp signaling with AQP1 during ocular
development and they are supported by an /n vitro study that reported increased levels of
AQP1 expression by alveolar epithelial cells following treatment with TGFp (Galan-Cobo et
al., 2018). Although AQP1 is important for the proper function of the adult cornea
(Thiagarajah and Verkman, 2002), its role during early development remains unclear. A
recent study indicated that AQP1 plays a role in cranial neural crest cell migration via FAK
activity, increased turnover of integrinpl, and degradation of the extracellular matrix
(McLennan et al., 2019). There is a possibility that upregulation of AQP1 during the initial
wave of pNC migration into the presumptive cornea may involve some of these activities.

Our current model (Fig. 6C) provides a foundation for understanding the molecular
mechanisms involved in pNC differentiation into corneal endothelium. Our data suggest an
important role of TGFP2 in the downregulation of multipotency genes and upregulation of
corneal endothelial genes. The genes that appear not to be directly regulated by TGFp2
(PITX2, NCAD, RHOB) may require other growth factors from the optic cup and
presumptive corneal epithelium. Both RA and TGF signaling are upstream of PITX2
during ocular development (Kumar and Duester, 2010; Ittner et al., 2005). PITX2
upregulates NCAD during gut morphogenesis (Kurpios et al., 2008; Plageman et al., 2011).
This is unlikely the case in the chick cornea, since lens ablation abolishes N-cadherin
expression (Beebe and Coats, 2000; Lwigale and Bronner-Fraser, 2009) although P/TX2is
not affected. It would be of great interest to determine the ocular signals that regulate N-
cadherin since its expression is consistent with the segregation of pNC that form the corneal
endothelium from the periocular mesenchyme. It has been shown that integrin-mediated
expression of Twistl induces N-cadherin expression in human breast epithelial cells
(Alexander et al., 2006). Similar process could be driven by a combination of signals from
the extracellular matrix and 7w/JstI expressed in the periocular mesenchyme during corneal
development (Bi and Lwigale, 2019; Ma and Lwigale, 2019).
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Highlights
. Neural crest cells remain multipotent following their aggregation in the
periocular region.
. Presumptive corneal environment is sufficient to promote de novo formation

of the corneal endothelium from injected periocular neural crest (pNC).

promotes specification of pNC towards corneal endothelial lineage.
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Figure 1. Differentiation of E2.5 quail pNC following orthotopic graft into chick.
(A) Schematic overview of the isolation and dissociation procedures for obtaining quail

pNC. (B) Wholemount immunostaining of an E3 chick eye showing QCPN-positive injected
quail pNC (asterisk) in the periocular region. Dotted line represents the plane of cross-
section in (C) showing localization of quail pNC (asterisk) within the periocular
mesenchyme. (D) Wholemount immunostaining of an E5 chick eye showing the extent of
migration QCPN-positive injected pNC (asterisk) in the periocular region and cornea
(delineated by the dotted circle). (E) High magnification of selected region in (D) showing
expression of NCAD by QCPN-positive cells and endogenous chick corneal endothelium.
(F) Cross-section though the anterior eye of E5 injected embryo showing a monolayer of
QCPN-positive cells co-expressing NCAD. ec, ectoderm; en, corneal endothelium; ep,
corneal epithelium; L, lens; oc, optic cup. Scale bars represent 100 um (B, D, E, F); 50 um

©).

Dev Biol. Author manuscript; available in PMC 2021 September 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Babushkina and Lwigale Page 20

A

Injection of quail pNC
into the presumptive
corneal region %

E3 Chick

Control

Incubate
until E4/ES

Analyze for expression
of N-Cadherin

Injection of quail
pNC into the
anterior chamber

ES5 Chick
Incubate until E7

Analyze for expression
of N-Cadherin

Figure 2. pNC injected directly into the presumptive corneal region at different timepoints of
development differentiate into corneal endothelial cells.

(A) Schematic overview of the injection of pNC into E3 presumptive corneal region
(asterisk) and further experimental procedures. (B) cross-section through E3 eye, showing
QCPN-positive pNC (asterisk) in the presumptive corneal region between the ectoderm and
lens. (C) Wholemount immunostaining of an E4 chick eye showing no NCAD expression in
the presumptive corneal region prior to the pNC migration comparing to (D) Wholemount
immunostaining of an E4 chick eye showing the NCAD expression surrounding some of the
QCPN-positive cells 1 day post-injection at E3. (E) Wholemount immunostaining of an E5
chick eye showing the localization QCPN-positive pNC in the cornea (delineated by the
dotted circle) and surrounding region 2 days post injection at E3. (F) Injected pNC stain
positive for NCAD at E5. (G) Cross-section of an E5 eye showing that the injected pNC
form an NCAD-positive monolayered corneal endothelium. (H) Schematic overview of the
injection of the pNC into E5 presumptive cornea and further experimental procedures. (J)
Wholemount immunostaining of an E7 chick eye showing the localization QCPN-positive
pNC in the cornea (delineated by the cells and dotted circle) following 2 days post injection
at E5. (K) Cross-section through E7 eye, showing that injected cells form multiple layers of
QCPN- and NCAD-positive cells (arrowheads). ec, ectoderm; en, corneal endothelium; ep,
corneal epithelium; L, lens; oc, optic cup; str, corneal stroma. Scale bars represent 100 pm
(B,E); 50 um (C, D, F, G, J, K).
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|l__E7 (injected at E5) |

Figure 3. Expression of pNC-related genes during normal development of the corneal
endothelium and by the injected pNC.

Section in situ hybridization was performed on E3, E5, and E7 injected eyes. (A, D, G, J) E3
chick eyes showing the localization of HEY1, LMO4, MSX2and SNA/I in the periocular
region. (B, E, H, K) E5 chick eyes showing no detection of HEY1, LMO4, MSX2and
SNAI Z expression by the corneal endothelium (arrowheads), despite their expression in
other ocular regions. (C, F, I, L) E7 chick eyes showing no detection of HEYZ, LMO4,
MSX2and SNA/I expression by QCPN-positive cells 2 days post injection. Inserts are
higher magnifications of selected regions. ec, ectoderm; en, corneal endothelium; ep, corneal
epithelium; L, lens; oc, optic cup; str, corneal stroma. Scale bars represent 100 um (A-L) and
the scale bars for the inserts represent 20 um (C, F, I, L).

Dev Biol. Author manuscript; available in PMC 2021 September 15.



1duosnuey Joyiny

1duosnuely Joyiny

Babushkina and Lwigale Page 22

| E3 | E7 (injected at E5) |
%A ec iz G i
Q

I

X

44)

B

L

mu

—

S

&

I~

SR s T LY et
2 ; :
: "/ﬁ’ E e I 0

Figure 4. Expression of corneal endothelium genes during normal ocular development and by the
injected pNC.

Section in situ hybridization was performed on E3, E5, and E7 injected eyes. (A, D, G, J) E3
chick eyes showing little or no expression of RALDHZ, RHOB, TGFB2and WNTIA in the
periocular region. (B, E, H, K) E5 chick eyes robust expression of RALDHZ, RHOB,
TGFB2and WINTYA by the corneal endothelium (arrowheads). (C, F, I, L) E7 chick eyes
showing strong expression of expression of RALDHZ, RHOB, TGFB2and WNT9A by
QCPN-positive cells 2 days post injection. Inserts are higher magnifications of selected
regions. ec, ectoderm; en, corneal endothelium; ep, corneal epithelium; L, lens; oc, optic
cup; str, corneal stroma. Scale bars represent 100 pm (A-L) and the scale bars for the inserts
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Figure 5. Expression patterns of pNC- and corneal endothelium-related genes in the mesenchyme

of malformed corneas following lens-ablation.

Lens ablations were performed at E3 and section in situ hybridization was performed at E5.
(A-D) pNC-related genes show different patterns of expression in mesenchyme: (A) HEY1
is not detected. (B) LMO4 is expressed by a few cells (arrowheads). (C-D) MSX2and
SNAI1 are robustly expressed. (E-H) Corneal endothelium-related genes (RALDHZ, RHOB,
TGFB2and WINTIA) are all expressed in mesenchyme (RALDH2, arrowheads), (WNTIA,
arrowheads), (I-L) P/TX2shows expression in the pNC, the endothelium, the ablated
mesenchyme and in the injected cells in stages E3-E7. ec, surface ectoderm; ep, corneal
epithelium, L, lens; mes, mesenchyme; oc, optic cup; pNC, periocular neural crest cells; str,

stroma. Scale bar represents 100 um (A-H).
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Figure 6. Molecular mechanisms of pNC differentiation into the corneal endothelium.
(A-B) Comparative gPCR analysis of pNC and endothelial mMRNA expression under

different conditions. GAPDH was used as reference gene. Independent sample replicates
n=3. *£<0.05, ** £<0.01, *** P<0.001 (Welch's two-tailed t-test). Data represented as mean
+s.d. (A) Fold change (FC) of corneal endothelial genes compared to E2.5 pNC (baseline).
(B) Fold change in gene expression of TGFB2-treated pNC compared to untreated control
culture (baseline). (C) Schematic representation of the regulation of pNC and corneal
endothelial genes by TGFB2 signaling.
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Reagent or resource Source Identifier
Antibodies

Mouse anti-quail cell antibody DHSB Hybridoma Bank, lowa City, I1A. QCPN

Rat anti-N-cadherin antibody DHSB Hybridoma Bank, lowa City, I1A. MNCD2
Chemicals, Peptides, and Recombinant Proteins

Dispase Worthington LS02104
Dubecco’s modified eagle medium Corning 10-013-CV
Penicillin-Streptomycin Gibco 15140122
Fetal bovine serum Gibco 26140079
Recombinant human TGFB2 Abcam Ab84070

Oligonucleotides

Primers for gRT-PCR, see Table 1

This paper; Shiau and Bronner-Fraser, 2010; Carré et al.,

Primers for generating riboprobes for /n situ hybridization, see Table

This paper; Bi and Lwigale, 2019.
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