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Abstract
In species of the frog genus Xenopus, lens regeneration occurs through a process of
transdifferentiation, in which cornea epithelial cells presumably undergo dedifferentiation and
subsequently redifferentiate to form a new lens. Experimental studies have shown that the retina
provides the key signal(s) required to trigger this process once the original lens is removed. A
previous study showed that addition of an exogenous Fibroblast Growth Factor (i.e., FGF1
protein) could initiate transdifferentiation of cornea epithelial cells in culture. To determine the
role of FGF signaling in X. laevis lens regeneration, we have examined the presence of specific
FGFs and their receptors (FGFRs) during this process and evaluated the necessity of FGFR
signaling. RT-PCR analyses reveal that a number of FGF family members are expressed in cornea
epithelium and retinal tissues both before and during the process of lens regeneration. Of these,
FGF1, FGF8, and FGF9 are expressed principally in retinal tissue and not in the cornea
epithelium. Hence, these ligands could represent key signaling factors originating from the retina
that trigger regeneration. The results of experiments using an in vitro eye culture system and an
FGFR inhibitor (SU5402) suggest that FGFR signaling is required for lens regeneration in
Xenopus.
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Introduction
The fibroblast growth factors (FGFs), formerly known as “heparin-binding growth factors,”
are a family of growth factors with high affinity for heparin sulfate proteoglycans (reviewed
in Ornitz and Itoh, 2001). In mammalian systems, there are a total of 22 FGFs, numbered
FGF1–23, as FGF15/19 represents a single FGF initially discovered in different species
(mouse FGF15 and human FGF19; Ornitz and Itoh, 2001; Robinson 2006). These FGFs
have been divided into seven subfamilies, each classified by sequence homology (Itoh and
Ornitz, 2004; Itoh, 2007; see Table 1). Among the members of the FGF family, significant
differences among FGFs concerning localization and function have been found between
various tissues (Xu et al., 1999; Ford-Perriss et al., 2001; Bottcher and Niehrs, 2005; Dailey
et al., 2005; Thisse and Thisse, 2005; Robinson, 2006; Itoh, 2007; Lea et al., 2009).
However, the members of specific FGF subfamilies generally have common FGFR receptor
specificities, suggesting similar downstream effects may be elicited by members of each
subfamily (Ornitz et al., 1996; Zhang et al., 2006).
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There are a total of four FGF receptors (FGFRs), and each has multiple isoforms. The most
commonly made distinction in FGFR isoforms are the IIIb and IIIc isoforms, differing by
alternative splicing of a pair of exons, and possessing different FGF affinities (Groth and
Lardelli, 2002). Known FGF/FGFR interactions are summarized in Table 1. Each receptor is
activated by binding FGF and heparin, resulting in the formation of FGFR homodimers and
their subsequent activation via autophosphorylation (Mohammadi et al., 2005). This
interaction initiates various downstream signaling cascades, consisting of the phospholipase
C-gamma (PLCγ) pathway, the phosphoinositide 3-kinase (PI3K) pathway, and the
mitogen-activated protein kinase (MAPK) pathway (reviewed in Schlessinger, 2000; Dailey
et al., 2005; Mason, 2007; Dorey and Amaya, 2010). There is some evidence of downstream
signaling differences between different FGFRs, such as the difference in activation levels of
the MAPK pathway between FGFR1 and FGFR4 as determined using Xenopus animal cap
assays (Umbhauer et al., 2000). It is thought that cellular competence and timing of
expression may ultimately be responsible for the different downstream effects of FGFRs
(Dailey et al., 2005; Thisse and Thisse, 2005; Branney et al., 2009).

It is well established that some vertebrates are able to regenerate parts of the eye including
the lens (Henry, 2003; Tsonis and Del Rio-Tsonis, 2004; Filoni, 2008; Henry et al., 2008;
Henry and Tsonis, 2010). Lens regeneration is restricted among vertebrates, generally
limited to some urodeles and anurans of the genus Xenopus (Henry, 2003; Tsonis et al.,
2004; Henry et al. 2008; Henry and Tsonis, 2010). The latter include X. laevis (Freeman,
1963), X. tropicalis (Henry and Elkins, 2001), and X. borealis (Filoni et al., 2006). Lens
regeneration in the pre-metamorphic frog tadpole occurs by cornea-lens transdifferentiation.
In this process, the outer cornea epithelium forms a thickening and subsequently a lens
vesicle that develops into a mature lens (Freeman 1963). Thus, in Xenopus, both the
embryonic lens and the regenerated lens originate from head ectodermal tissues. In contrast,
urodeles regenerate the lens by Wolffian regeneration, a process whereby the dorsal
pigmented iris epithelium transdifferentiates to form new lens cells (Tsonis et al. 2004; Call
et al. 2005). Unlike the lens, the dorsal pigmented iris originates from neuroectoderm
(Davis-Silberman and Ashery-Padan, 2008). There has been some evidence correlating FGF
pathway function with urodele lens regeneration (McDevitt et al. 1997; Del Rio-Tsonis et
al., 1998; Hayashi et al. 2004). Specifically, FGF2 appears to be necessary for lens
regeneration in the newt (McDevitt et al. 1997; Hayashi et al. 2004), and FGFR3 expression
and FGFR activation in general are correlated with Wolffian lens regeneration (McDevitt et
al. 1997; Del Rio-Tsonis et al., 1998).

In X. laevis lens regeneration, the involvement of FGF signaling has been implicated to a
lesser extent. In one study, it was shown that the addition of FGF1 protein (formerly referred
to as “aFGF” or “acidic FGF”) to isolated cultured corneas would trigger lens cell
differentiation. (Bosco et al., 1997b). Specifically, Bosco et al. (1997b) showed that the
addition of FGF1 enabled cultured outer corneas to undergo transdifferentiation into lentoids
containing lens fibers, whereas these cultures in media alone do not transdifferentiate. In
addition, a later study demonstrated a correlation between FGFR2 protein expression and
lens regeneration competent ectoderm (Arresta et al., 2005). In this study, Arresta et al.
(2005) established that only those ectodermal tissues known to be competent to
transdifferentiate into lenses were labeled by an antibody specific to FGFR2 IIIc protein,
also known as the bek isoform of FGFR2, suggesting that FGFR2 may play a role in
Xenopus lens regeneration.

Currently, we do not know exactly which FGFs and FGFRs are expressed in Xenopus larval
eye tissues, and the requirement of FGFR signaling has not been shown in the context of
cornea-lens transdifferentiation in the larval eye. To examine these questions, we have
characterized the expression of FGFs and FGFRs during lens regeneration, and further,
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using a pharmacological inhibitor of FGFRs (SU5402), our experiments suggest the
necessity of FGFR function in lens regeneration in X. laevis.

Materials and Methods
Xenopus laevis larvae

Adult pigmented X. laevis were obtained from Nasco (Fort Atkinson, WI). Fertilized eggs
were prepared and larvae were reared to stages 48–51, as previously described (Henry and
Grainger 1987; Schaefer et al. 1999). Larvae were staged according to Nieuwkoop and
Faber (1956). All animal care was carried out as approved by the University of Illinois
IACUC (protocol #08192).

RT-PCR analysis
Control corneas and retinas were collected from X. laevis larvae at stages 48–51 using fine
iridectomy scissors. To generate transdifferentiating tissues, lenses were removed from the
right eyes of X. laevis larvae at stages 48–51, as described previously (Schaefer et al. 1999).
Transdifferentiating corneas and retinas were collected 1-, 3-, 5-, and 7- days after
lentectomy.

Total RNA was extracted using TRIzol reagent (following the manufacturer's directions,
Invitrogen, Carlsbad, CA) and RNA concentrations were measured using a NanoDrop,
ND-1000 Spectrophotometer (ThermoScientific, Wilmington, DE). First strand cDNA was
synthesized from 10ng total RNA using Superscript II (Invitrogen). As a positive control,
stage 37–38 embryonic total RNA was used to generate first strand cDNA. Oligonucleotides
were designed from established X. laevis sequences in the NCBI database
(http://www.ncbi.nlm.nih.gov/nucleotide/). For those X. laevis FGF sequences that were
unavailable, oligonucleotides were designed from putative X. tropicalis FGF sequences
identified in the JGI genome project (http://genome.jgi-psf.org/Xentr4/Xentr4.home.html;
Appendix Table 1). The amplified region of FGFRs was limited to the transmembrane
domain to include both isoforms of each FGFR and to exclude the secreted forms of FGFRs
(Hanneken et al. 1994; Groth and Lardelli, 2002). PCR reactions were performed using Taq
polymerase (New England BioLabs, Ipswich, MA), amplified for 35 cycles. Each reaction
was repeated two to five times to verify results. PCR products were confirmed by
sequencing (Biotechnology Center, Urbana, IL).

in vitro eye culture
In preparation for in vitro eye cultures, stage 47–49 larvae were treated with 100U/mL
Penicillin and 100μg/mL Streptomycin (Mediatech, Manassas, VA) in 1/20× Normal
Amphibian Media (NAM, see Slack 1984) for three days before surgery. Larvae were
anesthetized and ultimately euthanized by the addition of MS 222 (1:3000; Sigma-Aldrich,
St. Louis, MO) and all surgeries were performed in this solution. This treatment helped
reduce the level of bacterial contamination in the cultures of the isolated eye tissues. Using
good sterile technique we found that 90% of the cultures remained free of any bacterial
contamination for the duration of these cultures. Any cultures that became contaminated
with bacteria were discarded.

Modified L-15 tissue culture media was formulated, as described by Kay and Peng (1991),
using 61% L-15 powder (Invitrogen), 100U/mL Penicillin and 100μg/mL Streptomycin
(Mediatech), and 10% fetal bovine serum (Invitrogen) diluted with sterilized deionized
water. Various amounts of SU5402 (diluted from a 10mg/mL stock in DMSO; Calbiochem,
San Diego, CA) were added to the modified L-15 media to assay lens regeneration. Control
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cultures included an equivalent final concentration of DMSO (0.25%) in modified L-15
media, corresponding to the concentration of DMSO used for the maximal dose of SU5402.

In vitro eye culture was used to assess lens regeneration in a similar manner as previously
described (Bosco et al. 1993). Steps for preparing the eye culture are illustrated in Figure 1.
First, the lens was removed from a given eye using ultrafine iridectomy scissors and number
5 Dumont forceps (Fig. 1A–B). Using iridectomy scissors an incision was made around the
eye into the outer cornea epithelium, while maintaining the central attachment between the
inner cornea endothelium and outer cornea epithelium. An incision was then made in the
inner cornea endothelium and the lens was removed with forceps. The outer cornea was
tucked into the opening of the vitreous chamber of the enucleated eye (Fig. 1C–D). The
entire eye was excised from the tadpole by cutting the optic nerve and muscle attachments,
and washed three times in modified L-15 culture media before being transferred to a 96-well
plate (100μL culture medium per well; Fig. 1E). Each eye was cultured separately, and fresh
culture medium was changed daily. Eyes were fixed in 3.7% formaldehyde (Sigma-Aldrich)
in modified L-15 media six days after surgery, which is ample time for the formation of lens
cells (Henry and Mittleman, 1995).

Immunohistological analysis
Fixed eyes were embedded in Paraplast Plus (McCormick Scientific, Richmond, IL) and
sectioned to 8μm thickness (Walter et al. 2008). To detect lenses in sections, antibody
staining was performed with a polyclonal rabbit anti-lens antibody specific for Xenopus lens
proteins as described previously (Henry and Grainger 1990). Goat anti-rabbit-rhodamine
secondary antibody (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA) was
used, allowing for the positive detection of red fluorescent lens cells. The identity of each
lens was confirmed by morphological inspection and fluorescence detection of antibody
localization. Results were pooled from 2–4 repetitions for each concentration of SU5402
tested. Statistical analysis was performed using Fisher's exact test under the one-tailed
condition. Comparisons with p values less than 0.05 were considered to be significant.

Results
FGFs are expressed in cornea and retinal tissues

RT-PCR experiments were performed to assess the expression of FGFs in the cornea
epithelium and neural retina during various time points prior to and during lens regeneration.
mRNA expression within cornea and retinal tissues was evaluated in both control non-
regenerating and regenerating eye tissues during four timepoints (1, 3, 5, and 7 days)
following lens removal. The presence of mRNA was assessed for the presence of all
Xenopus laevis FGF sequences included in the NCBI database (i.e. FGF1, 2, 3, 4, 7, 8, 10,
12, 13, and 20). In addition, RT-PCR primers were designed from available genomic
Xenopus tropicalis FGF sequences in the JGI genome database for those not available in the
NCBI database. Primers were successfully designed for six additional FGFs in X. laevis
(FGF5, 9, 11, 14, 15/19, and 16; Appendix Table 1; amplicon GenBank accession numbers
are JF433082, JF433083, JF433084, JF433085, JF433086, and JF433087 respectively). PCR
products were verified by sequence analysis. Eleven FGFs (FGF1, 2, 5, 7, 8, 9, 10, 11, 12,
13, 14, and 16; see Fig. 2) were detected in both control cornea tissues and corneas
undergoing the process of lens regeneration. Twelve FGFs (FGF1, 2, 5, 7, 8, 9, 10, 11, 12,
13, 14, and16; see Fig. 2) were detected in retinal tissues throughout these timepoints.
Though these assays are not quantitative, some potential differences were observed in the
level of the amplified PCR products for certain FGFs and at various time points (Fig. 2). Of
interest, the expression levels of FGF1, FGF8, and FGF9 mRNA in the cornea were
consistently lower than the corresponding levels in the retina.
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FGFRs are expressed in cornea and retinal tissues
Similarly, RT-PCR experiments were performed to characterize the expression of FGFRs in
the cornea and retina during lens regeneration. As shown in Figure 3, only FGFR1, 2, and 3
were expressed in the cornea throughout the period of regeneration examined in this study.
In contrast, all four FGFRs were detectable in the retina, though more prominent levels of
PCR product were consistently observed for FGFR1 and 4.

SU5402 application inhibits lens regeneration
Increasing dosages of SU5402 (2μM, 5μM, 10μM, and 25μM), a FGFR inhibitor, were
tested for their ability to inhibit lens regeneration. Lenses were identified in sectioned eye
cultures via anti-lens antibody staining (Fig. 4). Under control conditions (0.25% DMSO in
modified L-15 medium), 82% of cultured eyes regenerated a lens (23 out of 28 cases; Fig.
4A–B, 5). On the other hand, application of SU5402 resulted in a dose-dependent inhibition
of lens regeneration (Fig. 4C–L, 5). Though there was no inhibition of lens regeneration
with 2μM SU5402 (81% regeneration; 13 out of 16 cases examined; p = 0.62), there was
almost no regeneration at the higher concentrations tested (10μM and 25μM SU5402).
Furthermore, individual cases of lens regeneration at the higher concentrations of SU5402
were small and represented only a preliminary stage of lens regeneration (stage 2, as
described in Freeman 1963), in which the developing lens appears only as a thickening of
the cornea epithelium (data not shown). The lens regeneration rate was halved at 5μM
SU5402 (38% regeneration; 6 out of 16 cases), representing a significant decrease in the lens
regeneration rate relative to the control cases (p = 0.0038). There was almost no
regeneration upon application of 10μM SU5402 (5.9% regeneration; 1 out of 17 cases; p =
4.5e–7) and 25μM SU5402 (2.5% regeneration; 1 out of 40 cases; p = 2.6e–12). From this
data, the IC50 for lens regeneration can be determined to be approximately 5μM SU5402.
The cultured eye tissues otherwise all appeared to be healthy and of normal morphology at
all doses tested (see Fig. 4).

Discussion
Experimental evidence shows that critical retinal factors trigger Xenopus cornea-lens
transdifferentiation or “lens regeneration”. Through the removal of various eye tissues after
lentectomy, Filoni et al., (1982) found that the presence of the neural retina was key to
inducing lens regeneration during larval stages. In X. laevis, although lens regeneration
ability declines as the tadpole ages (Freeman, 1963), cornea epithelia from later stages
including adult frogs inserted into the vitreous chamber are still capable of
transdifferentiating into lenses in culture (Filoni et al., 1997). Bosco et al. (1993) showed
that the presence of neural retina was sufficient to induce lens regeneration in cultured
corneas. Further, Bosco et al. (1997a) showed that corneas transdifferentiated into lens after
exposure to centrifuged, filtered, retina-conditioned culture medium, thus indicating that
some diffusible factor was responsible for inducing lens regeneration. From this evidence,
one can hypothesize that a retinal signaling ligand is responsible for inducing lens
regeneration, though this has yet to be identified.

As the retina represents the source of key signaling factors required to support lens
regeneration, it is possible that one or more of the FGFs detected in the present study could
play a role in this process. Normally, the cornea is isolated from the signaling factors
provided by the retina via the presence of the lens and the inner cornea endothelium
(Freeman, 1963). This ensures that supernumerary lenses are not normally formed in the
larval eye (Reeve and Wild, 1978; Bosco et al. 1979; Filoni et al. 1980). Although we are
describing expression at the level of transcription, one could argue that key signals involved
in lens regeneration should be expressed only by the retinal tissue and not be expressed in
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the cornea. Likewise, as the receptor for presumptive FGF signaling, the associated FGFRs
should be expressed in the cornea during lens regeneration.

Though the RT-PCR analyses reported here are not quantitative, some potential differences
in expression between retina and cornea may exist for FGF1, 8, 9, 11, and 14 based on the
rather dramatic differences in the intensity of the PCR products detected (Fig. 2). Of these,
FGF11 and FGF14 are members of the intracellular FGF subfamily, formerly known as the
FGF11 subfamily or the FGF homologous factors, which are expressed in neuronal tissues
and do not interact with known FGFRs (Table 1; Olsen et al. 2003; Goldfarb, 2005; Itoh and
Ornitz, 2008). Hence, FGF1, FGF8, and FGF9 are plausible candidate FGFs that could
represent the key retinal signal(s) that trigger lens regeneration. Other FGFs (FGF2, 5, 7, 10,
12, 13, and 16) were also expressed by retinal tissues and could represent key signals
involved in lens regeneration. Of course, this study describes expression at the level of
transcription, and it will be important to examine expression at the level of translation in
future studies.

From compiling studies in various vertebrates, Robinson (2006) noted that certain members
of all seven subfamilies of the FGFs and all four FGFRs (1–4) have been observed in the eye
during development or in the adults of various vertebrates. In a recent X. tropicalis study,
Lea et al. (2009) showed that FGF1, FGF3, FGF13, FGF14, and FGF20 are expressed
during embryonic eye development. Here we have found additional FGFs (FGF2, 5, 7, 8, 9,
10, 11, 12, and 16) that are expressed in the eye during the later larval stage of X. laevis
(i.e., stage 48–51) and have not been able to detect FGF3 and FGF20. Furthermore, during
embryonic lens development in X. tropicalis, FGFR3 is expressed in the developing lens,
FGFR2 is prominently expressed in corneal epithelium, and FGFR1 and FGFR4 are
expressed in “cells surrounding the lens” in early tadpoles (Lea et al. 2009). This is similar
to our finding that FGFR1 and FGFR4 are prominently expressed in the larval retina,
whereas FGFR1, FGFR2, and FGFR3 are expressed in the cornea.

As for lens regeneration, previous research using X. laevis corneal explant cultures has
shown that addition of FGF1 protein, previously known as acidic or aFGF, to cornea
explants induced the transdifferentiation of these cells into lens cells (Bosco et al. 1997b). In
these experiments, the authors established this using in vitro cultured outer cornea
epithelium. The corneas transdifferentiated only when FGF1 was added to the serum
supplemented L-15 media. Our results agree with the notion that FGF1 may be a signaling
ligand for inducing cornea-lens transdifferentiation. In the newt, as opposed to other FGFs
(e.g., 1, 4, and 7–10) and various growth factors (i.e., EGF, IGF, and VEGF), FGF2 has the
unique ability to trigger the generation of a new lens after injection into the eye chamber
(Hayashi et al. 2004). Significantly, we have found that FGF2 is expressed both in the
cornea and the retina in X. laevis (Fig. 2). In another study, FGF2 and FGFR3 (also named
PFR3, or Pleurodeles homolog of FGF receptor 3) expression specifically seemed to be
correlated with Wolffian lens regeneration (McDevitt et al. 1997).

As described above, the 22 known members of the FGF family belong to seven subfamilies
based on sequence homology (Itoh and Ornitz, 2004). It is interesting to note that FGF1,
FGF8, and FGF9 identified in our study as possible signaling candidates involved in lens
regeneration are members of three different FGF subfamilies (Itoh and Ornitz 2004). Two of
the three candidates, FGF8 and FGF9, are functionally thought to be ancestral members of
their respective subfamilies in the mouse system (Itoh and Ornitz 2008). FGF9 has been
shown to interact with only FGFR2 and FGFR3, whereas FGF1 and FGF8 can activate all
four FGFRs (Table 1; Ornitz et al. 1996). This may indicate that a combination of FGFRs
could be activated during lens regeneration. Here, we have observed the expression of
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FGFR1, 2, and 3 in the cornea, so activation of these FGFRs could be involved in triggering
X. laevis lens regeneration.

As for the role of FGFR in lens regeneration, the bek isoform of FGFR2 was shown to be
present in Xenopus epidermis only in regions where the epidermis was capable of
transdifferentiating into lenses (Arresta et al. 2005). Specifically, these regions include the
cornea epidermis overlying the eye and the pericorneal epidermis immediately surrounding
the eye. In that study, the authors utilized an experimental approach to impart lens-forming
competence on epidermis not normally competent to undergo transdifferentiation. This
consists of implanting eye tissues beneath the target epidermis, based on the protocol of
Cannata et al. (2003). If an eye was implanted beneath head epidermis distant from the eye
(at stage 46), the head epidermis became competent to transdifferentiate into lenses if
challenged later (at stage 53) by implanting this tissue into the vitreous chamber. Arresta et
al. (2005) found that this head epidermis also expressed FGFR2 IIIc after exposure to the
implanted eye. However, the authors only established a correlation between lens-forming
competence and expression of FGFR2, and did not perform any direct tests to see if FGFR2
expression is responsible for establishing this regeneration capability.

There is evidence linking FGF pathway activation with lens development in other
vertebrates (reviewed by Robinson, 2006). In particular, regarding FGFR function,
expression of the dominant negative FGFR1 in the developing mouse lens placode (using a
Pax6 promoter expressing a dominant negative truncated form of FGFR1) inhibited lens cell
proliferation and differentiation, thus demonstrating that FGFR activation is necessary for
lens development (Faber et al. 2001). Similarly, a conditional knockout of FGFR2 in the
mouse lens placode produced very small or absent lenses (Garcia et al. 2005).

The small molecule SU5402 has been shown to inhibit FGFR autophosphorylation by
competitively binding the tyrosine kinase domain of FGFR1 (Mohammadi et al. 1997). Due
to sequence conservation between the tyrosine kinase domains of FGFRs, SU5402 can
inhibit the function of all four FGFRs (Delaune et al. 2004; Grand et al. 2004; Mansukhani
et al. 2005). However, SU5402 inhibitory activity is not completely specific to FGFRs, as it
has also been shown to inhibit Vascular Endothelial Growth Factor Receptor (VEGFR)
tyrosine kinase activity in NIH 3T3 cells, and to a lesser extent, Platelet-Derived Growth
Factor Receptor (PDGFR) tyrosine kinase activity (Sun et al. 1999). Past lens regeneration
studies in the newt model have investigated the FGFR pathway using SU5402. In the case of
Wolffian lens regeneration, Del Rio-Tsonis et al. (1998) found that inhibiting FGFR
function by using SU5402 led to inhibition of lens regeneration in that system. More
recently, Hayashi et al. (2002) used an in vitro method of culturing newt dorsal iris cell
reaggregates and established that FGF2 and FGF4 were able to induce lens formation in
these cultures. They then showed that FGFR function was necessary for this phenomenon by
inhibiting lens formation by adding SU5402. In our investigation of Xenopus cornea-lens
transdifferentiation, SU5402 almost completely inhibited lens regeneration. The observed
IC50 for lens regeneration was at 5μM, less than the published IC50 of 10–20μM for FGFR
autophosphorylation in NIH 3T3 cells (Mohammadi et al. 1997). This concentration is less
than the 20μM concentration found to be effective in the newt by Del Rio-Tsonis et al.
(1998) and the 10μM concentration used by Hayashi et al. (2002), mentioned above. Taken
together, the evidence suggests that FGFR activation is both necessary (as established in the
present study) and sufficient (as established by Bosco et al., 1997b, see also Arresta et al.,
2005) for lens regeneration in Xenopus.
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Appendix
Table 1

Oligonucleotides used for RT-PCR verification of FGF and FGFR expression

Gene Primer sequences (5'-3') Tm (°C)

FGF1 F
   R

TCAAGACCACAGAGACAGGG
CAAACCAGTTCATGTCTGCG

58.8
60.3

FGF2 F
   R

AGGCTCTACTGCAAGAACGG
TCTCCCATCTTCCTTCATGG

59.6
60.0

FGF3 F
   R

TTTAGAAATAACCGCCGTGG
TGGAACTGTCCGATAAAGGC

58.9
59.9

FGF4 F
   R

CATCGGGTTTCATATCCAGG
TTGATCCATACAGCTTCCCC

60.2
59.9

FGF5* F
   R

TTTCATCTCCAGATCCACCC
GGTGTTGCATGAAGTTTCCC

59.9
60.4

FGF7 F
   R

AAACGAGGCAATGTGAAAGG
CATTGCATGATTTCTTTCCG

60.1
59.1

FGF8 F
   R

TACACAGCATGTGAGGGAGC
TTTCCACGATTAACTTGGCG

59.9
61.0

FGF9* F
   R

ATGGGACTATCCAAGGGACC
CTCTTGCGTTAGCTTTTCCG

60.0
60.1

FGF10 F
   R

GCACCAAGAAGGAGAATTGC
GACGCATAGGTGTTGTAGCC

59.8
58.3

FGF11* F
   R

TGTCACCTACTCCTCCACCC
GCAACTTCACTGAGCTTGGG

60.0
61.0

FGF12 F
   R

TACACTGTATCGGCAGCAGG
CCAATTTCATGCAGTGATGG

59.9
59.9

FGF13 F
   R

CGAGTGGTGGCTATTCAAGG
GTTGAGACCCAAAAACCAGC

60.7
59.6

FGF14* F
    R

TTGTAATGGGAACCTGGTGG
CTGCTGTCGTCCTTTGTTCC

60.6
60.8

FGF15/19* F
     R

TTGCCATTAAAGGGTATCGC
TCCTTGCTTAGGGAGACAGC

59.9
59.6

FGF16* F
    R

GACTGTACATGGCACAAGGC
CTGTTCAGCTTCTTCGACCC

59.2
60.0

FGF20 F
   R

TTGCTATTGGCCTGGTTAGC
GCTACAAAGTATCGCCGTCC

60.2
59.7

FGFR1 F
   R

TTAAAATGAAGCACCCGTCG
CGAGACTCCAGACAACATGG

61.0
59.2

FGFR2 F
   R

TCTGCATGGTAGTGGTCTGC
GATCCTCACGAGTGGAGTGG

59.9
60.7

FGFR3 F
   R

GTGACCGAGACCAATGAAGG
GGTGACCACAATAAGGACGG

60.5
60.2

FGFR4 F
   R

GAAGATTTCCTTGAGCAAGCC
CAGTTTATGGACAGTTGGCG

60.3
59.2

Oligonucleotides used for assaying FGF and FGFR expression. Primer sequences were designed from X laevis FGF and
FGFR sequences in the NCBI database where available.
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*
For X. laevis FGFs not in this database, primers were designed from putative genes in the JGIX. tropicalis genome project

database (FGFs marked by GenBank accession numbers are provided for each of the respective amplicons in the Results
section). Salt adjusted melting temperature (Tm) values are noted for each primer.
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Figure 1. in vitro eye culture
in vitro eye culture system used to assay lens regeneration in stage 47–49 larvae of X. laevis.
(A) The larval eye is shown with both the inner cornea and outer cornea intact. (B) The lens
is removed following incision of the outer and inner corneas. (C–D) The outer cornea is
tucked into the vitreous chamber of the enucleated eye. (E) The eye is excised from the
tadpole and cultured in modified L-15 media with or without FGFR inhibitor (SU5402).
Structures are as labeled.
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Figure 2. RT-PCR expression of FGFs in eye tissues
Expression of FGFs as determined by RT-PCR assays. Total RNA was collected from
corneas and retinas of both non-regenerating control and lens-regenerating larvae.
Regenerating corneas and retinas were collected at four timepoints (1, 3, 5, and 7 days after
lens removal). Note that the bands for FGF1, FGF8, and FGF9 are uniformly less intense in
the cornea when compared to the retina, as determined from replicate RT-PCR reactions. 0d
denotes non-regenerating control eye tissues; + denotes positive control cDNA derived from
mRNA of whole embryos (st. 37–38); - denotes the negative control without addition of
template cDNA.
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Figure 3. RT-PCR expression of FGFRs in eye tissues
Expression of FGFRs as determined by RT-PCR assays. Total RNA was collected from
corneas and retinas of both non-regenerating control and lens-regenerating larvae.
Regenerating corneas and retinas were collected at four timepoints (1, 3, 5, and 7 days after
lens removal). 0d denotes non-regenerating control eye tissues; + denotes positive control
cDNA derived from mRNA of whole embryos (st. 37–38); − denotes the negative control
without addition of template cDNA.
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Figure 4. Sectioned eyes after SU5402 treatment in culture
Development of control and SU5402 treated in vitro eye cultures. SU5402 inhibits FGFR
function by competitively binding to the FGFR kinase domain. The left column shows
sections of representative eyes imaged using differential interference contrast. The right
column shows each corresponding fluorescent image illustrating α-lens antibody staining.
SU5402 concentrations: (A–B) 0μM control; (C–D) 2μM; (E–F) 5μM; (G–J) 10μM; (K–L)
25μM. The single case of lens regeneration with 10μM SU5402 is shown in G–H. The
typical results of non-regenerating cases are shown for 10μM SU5402 (H–I) and 25μM
SU5402 (K–L). Arrows point to regenerated lenses; scale bar equals 200μm.
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Figure 5. Lens regeneration rates upon application of SU5402
Results of in in vitro eye culture experiments treated with SU5402 to inhibit FGFR function.
As shown here, the IC50 for inhibiting lens regeneration is close to 5μM SU5402. Numbers
of regenerated lenses and eyes examined are located above each bar; y-axis indicates lens
regeneration rate; error bars denote Wilson score intervals in which Z=1.

Fukui and Henry Page 16

Biol Bull. Author manuscript; available in PMC 2012 September 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Fukui and Henry Page 17

Table 1

List of known vertebrate FGF family members and corresponding FGFR interactions

Subfamily FGF FGFR specificity

FGF1 FGF1 1b, 1c, 2b, 2c, 3b, 3c, 4

FGF2 1b, 1c, 2c, 3c, 4

FGF4 FGF4 1c, 2c, 3c, 4

FGF5 1c, 2c

FGF6 1c, 2c, 4

FGF7 FGF3 1b, 2b

FGF7 2b, 4

FGF10 1b, 2b

FGF22 1b, 2b

FGF8 FGF8 1c, 2c, 3b, 3c, 4

FGF17 1c, 2c, 3c, 4

FGF18 2c, 3c, 4

FGF9 FGF9 2c, 3b, 3c

FGF16 2c, 3c

FGF20 1c, 2c, 3b, 3c, 4

FGF11 FGF11 No FGFRs

FGF12 No FGFRs

FGF13 No FGFRs

FGF14 No FGFRs

FGF 19 FGF15/19 1c, 2b, 2c, 3b, 3c, 4

FGF21 1b, 1c, 2b, 2c, 3b, 3c, 4

FGF23 1c, 2b, 2c, 3b, 3c, 4

Vertebrate FGF family members are listed by subfamily, and interacting FGFR isoforms (i.e. b, c) for each FGF are listed as determined by Ornitz
et al. (1996) and Zhang et al. (2006). Members of the intracellular FGF subfamily do not activate any known FGFR. FGFs highlighted in bold
indicate those that have been identified in X. laevis and that have been investigated in this study.
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