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Abstract

In this review, we compare and contrast the three different forms of vertebrate lens regeneration: Wolffian lens regen-
eration, cornea-lens regeneration, and lens regeneration from lens epithelial cells. An examination of the diverse cellular
origins of these lenses, their unique phylogenetic distribution, and the underlying molecular mechanisms, suggests that
these different forms of lens regeneration evolved independently and utilize neither conserved nor convergent mecha-
nisms to regulate these processes.
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Examples of Lens Regeneration: Historical
Perspective and Basic Descriptions
Some animals exhibit a remarkable capacity to regenerate
the lens (Henry 2003; Tsonis et al. 2004; Gwon 2006; Henry
et al. 2008; Henry and Tsonis 2010; Barbosa-Sabanero et al.
2012), and this phenomenon has fascinated investigators
for over 200 years. Three principal types of lens regenera-
tion have been reported. The first to be described was that
of Wolffian lens regeneration, which occurs mainly in uro-
deles (newts and salamanders, table 1 and figs. 1–3). This
type of lens regeneration was recorded by Bonnet (1781)
and Bloomenbach (1787), and subsequently by Philippaux
(1880), Collucci (1891), and Wolff (1894, 1895, 1901, 1904),
with the later individuals having recognized that the new
lens originated from pigmented epithelial cells located
along the dorsal rim of the iris (fig. 1A–F). In contrast,
lenses do not normally regenerate from the ventral rim
of the iris. Based on the loss of pigment in the responding
cells, as well as other histological and molecular changes,
Wolffian regeneration provides a clear example of trans-
differentiation, whereby one differentiated cell type
undergoes dedifferentiation followed by redifferentiation
along a different developmental trajectory. In general,
Wolffian lens regeneration can occur during both larval
and adult phases and experiments reveal that factors pro-
vided by the neural retina trigger the process of Wolffian
lens regeneration (Zalokar 1944; Stone and Steinitz 1953;
Stone 1958a, 1958b; Reyer 1966, 1971; Powell and Powers
1973; Inoue et al. 2012).

The second form of lens regeneration is that of cornea-lens
regeneration, first described by Freeman (1963). Cornea-lens
regeneration has only been observed in frogs within the genus
Xenopus and one urodele, the Tohoku salamander, Hynobius
lichenatus (formerly H. unnangso, see table 1 and figs. 1–3,

Ikeda 1936b, 1937, 1939). In these cases, the new lens arises
from the basal layer of the cornea epithelium, during larval
stages, before the development of the substantia propria
(fig. 1G–L). Like Wolffian lens regeneration, factors provided
by the neural retina trigger cornea-lens regeneration
(Freeman 1963; Henry and Mittleman 1995; Bosco, Testa,
et al. 1997). On the other hand, this form of lens regeneration
lacks a clear dedifferentiation step and is not likely an example
of transdifferentiation, as originally suggested (Freeman 1963;
see Henry 2003; Henry et al. 2008). Rather, evidence suggests
that these lenses arise from undifferentiated stem cells and/or
transit amplifying cells, which are located within the basal
layer of the cornea epithelium (Perry et al. 2013; Hamilton
and Henry 2016). Interestingly, experiments reveal that cells
within the basal layer of the postmetamorphic frog cornea
epithelium remain capable of expressing lens proteins, if the
mature cornea is implanted directly into the vitreous cham-
ber (Filoni et al. 1997; Hamilton and Henry 2016). Unlike the
case in larval frogs, however, these cells do not become orga-
nized into normal lenses.

Wolffian lens regeneration and cornea-lens regeneration
are both examples of de novo regeneration, where the lens
arises from nonlens tissues in the absence of other lens cells.
However, there is a third form of lens regeneration whereby
missing parts of the lens are replaced by preexisting lens ep-
ithelial cells (fig. 1M–R). Though some have referred to this as
mammalian lens regeneration, here we refer to this as lens
epithelial cell (LEC) regeneration. This form of lens regenera-
tion has been reported for several different mammals, includ-
ing one example in rabbits dating back nearly 200 years
(Cocteau 1827, see table 1 and fig. 2). Since that time, the
rabbit has served as the primary model for studying LEC re-
generation (Mayer 1832; Middlemore 1832; Valentin 1844;
Miliot 1872; Randolph 1900; Sikhardldze 1956; Stewart and
Espinasse 1959; Stewert 1960; Gwon et al. 1989, 1990, 1992;
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Table 1. Examples for Each of Three Different Types of Lens Regeneration.

Class/Order/Suborder/Family Genus Species þ/�
Regeneration

References

Wolffian Lens Regeneration
Class: Actinopterygii (ray-finned fishes)
Order: Cypriniformes

Suborder Cobitinae
Family: Cobitidae Misgurnus anguillicaudatus þ Sato 1961; Mitashov 1966
Suborder: Danioninae
Family: Cyprinidae Danio rerio � Suetsugu-Maki et al. 2012
Suborder: Cyprinodontoidei
Family: Fundulidae Fundulus heteroclitus � Stone and Sapir 1940

Class: Amphibia
Order: Caudata (tailed

amphibians)
Suborder: Salamandroidae
Family: Ambystomatidae Ambystoma mexicanum (þ) Stone 1967;

Suetsugu-Maki et al. 2012
Ambystoma punctatum � Stone 1967
Ambystoma tigrinum � Stone 1967
Ambystoma opacum � Stone 1967

Family: Salamandridae Notopthalmus viridescens þ Wachs 1914;
Stone and Sapir 1940;
Stone and Chace 1941;
Reyer 1948; Stone 1952;
Stone and Steintz 1953

Notopthalmus peristriatus þ Stone 1967
Taricha granulosa þ Stone 1967
Taricha sierra þ Stone 1967
Taricha rivularis þ Stone 1967
Taricha terosa þ Dinnean 1942; Stone 1967
Triturus taeniatus þ Wachs 1914;

Woerdeman 1922;
Sato 1930, 1940;
Monroy 1937; Stone 1967

Triturus cristatus þ Wachs 1914;
Zolakar 1944;
Stone 1967

Triturus helveticus þ Stone 1967
Triturus alpestris þ Monroy 1937; Stone 1967
Triturus marmoratus þ Stone 1967
Cynops pyrrhogaster þ Ogawa 1921;

Nakamura 1935;
Ikeda 1936a; Sato 1940;
Mikami 1941; Stone 1967

Cynops ensicuada þ Kojima 1939
Salamandra salamandra þ Fischel 1900, 1903, 1921;

Reyer and Stone 1951, 1955
Salamandra perspicullata þ Wachs 1914
Pleurodeles waltii þ Vigh 1960

Family: Plethodontidae Typhlotriton spelaeus þ Stone 1964
Eurycea lucifuga þ Stone 1967
Eurycea bislineata þ Berardi and McDevitt 1982
Eurycea longicauda � Stone 1967
Batrachoseps attenuatus � Stone 1967
Demognathus fuscus � Stone 1967

Order: Galliformes (birds)
Family: Phaianidae Gallus gallus (þ?) van Deth 1940;

McKeehan 1961;
Genis-Galvez 1962;
Niazi 1967;
Wedlock and McCallion 1968

Cornea-Lens Regeneration
Class: Amphibia
Order: Caudata (tailed

amphibians)

(continued)
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Table 1. Continued

Class/Order/Suborder/Family Genus Species þ/�
Regeneration

References

Suborder: Cryptobranchoidea
Family: Hynobiidae Hynobius unnangso þ Ikeda 1936a, 1936b, 1939

Order: Anura (frogs)
Suborder: Archaeobatrachia
Family: Discoglossidae

(Alytidae)
Discoglossus pictus � Filoni et al. 1977a;

Bosco et al. 1991; Bosco,
Sciacovelli, et al. 1993

Suborder: Mesobatrachia
Fam,ily: Pipidae Xenopus laevis þ Freeman 1963; Bosco et al. 1981;

Bosco 1988b
Xenous borealis (þ) Filoni et al. 2006
Xenopus tropicalis (þ) Henry and Elkins 2001

Suborder: Neobatrachia
Family: Bufonidae Bufo viridis � Bosco, Filoni, Cioni, et al. 1983
Family: Hylidae Hyla arborea � Bosco, Filoni, and Cioni 1983;

Bosco, Gentili, et al. 1993
Family: Ranoidae Rana temporaria � Bosco 1988a

Rana esculenta � Filoni et al. 1976, 1979;
Filoni 1980;
Cioni et al. 1983

Rana dalmatina � Cioni et al. 1979
Rana latastei � Bosco 1988a
Rana greaca � Bosco et al. 1987
Rana italica � Bosco et al. 1993
Rana sylvatica � Stone and Sapir 1940
Rana pipiens � Stone and Sapir 1940
Rana clamitans � Stone and Sapir 1940

Lens Epithelial Cell Regeneration
Class: Actinopterygii (ray-finned fishes)
Order: Cyprinodontiformes

Suborder: Cyprinodontoidei
Famly: Fundulidae Fundulus heteroclitus � Stone and Sapir 1940

Class: Amphibia
Order: Caudata (tailed

amphibians)
Suborder: Salamandroidae
Family: Ambystomatidae Ambystoma puntatum � Stone and Sapir 1940

Ambystoma tigrinum þ Stone and Sapir 1940
Ambystoma maculatum þ Reyer 1974, 1977a, 1977b

Family: Salamandridae Notopthalmus viridescens � Stone and Sapir 1940
Cynops pyrrhogaster � Ikeda and Amatatu 1941

Order: Anura (frogs)
Suborder: Archaeobatrachia
Family: Discoglossidae

(Alytidae)
Discoglossus pictus þ Reyer 1954

Suborder: Mesobatrachia
Family: Pelobatidae

Pelobates fuscus þ Reyer 1954
Fam,ily: Pipidae Xenopus laevis þ Brahma and van Doorenmaalen

1968; Bosco and Willems 1994;
Bosco, Testa, et al. 1997

Suborder: Neobatrachia
Family: Bufonidae Bufo viridis þ Reyer 1954

Bufo bufo þ Reyer 1954
Family: Ranoidae Rana clamitans þ Stone and Sapir 1940

Rana pipiens þ Stone and Sapir 1940
Rana Sylvatica þ Stone and Sapir 1940; Reyer 1954
Rana esculenta þ Reyer 1954; Filoni et al. 1977b
Rana arvalis þ Reyer 1954
Rana catesbiana þ Reyer 1954

(continued)

Diverse Evolutionary Origins and Mechanisms of Lens Regeneration . doi:10.1093/molbev/msy045 MBE

1565



Gwon, Gruber, and Mantras 1993; Gwon, Gruber, Mantras,
et al. 1993; Gwon 2006, 2008, 2009; Lin et al. 2016).

Several investigators have also noted that lenses can reform
from lens fragments that are either inadvertently or intention-
ally left inside the eye following attempts to remove the lens in
fish and various amphibians (Okada 1939, 1943a, 1943b; Stone
and Sapir 1940; Stone 1967; Brahma and van Doorenmaalen
1968; Reyer 1974, 1977a, 1977b; Filoni et al. 1977b; Filoni 1980,
see table 1 and fig. 2). These fragments possess lens epithelial
stem cells that continue to proliferate and ultimately give rise
to differentiated lens fiber cells. More typically, however, this
form of regeneration does not give rise to a normal lens with-
out the presence of the lens capsule (reviewed by Gwon 2006;
Tsonis 2006). These observations mirror the abnormal prolif-
eration of lens epithelial cells that can lead to the formation of
so-called secondary cataracts (or posterior capsule

opacification) in human patients, when the lens cells are not
completely removed from the lens capsule during cataract
surgery (Gwon 2008). Recently, the clinical power of LEC re-
generation has been demonstrated by one group that had
better regenerative success using a minimally invasive capsu-
lorhexis technique to remove the lens fibers in pediatric
patients with congenital cataracts (Lin et al. 2016, fig. 1M–R).
Through the preservation of LECs, patients were able to reform
lenses with fairly normal refractive properties. Similar results
were also obtained in rabbits and macaques (Lin et al. 2016).

Examples of Lens Regeneration: Phylogenetic
Distribution
A survey of the literature uncovers that many animals are able
to regenerate the lens (table 1). These cases were mapped

Table 1. Continued

Class/Order/Suborder/Family Genus Species þ/�
Regeneration

References

Rana temporaria þ Reyer 1954
Pelophylax ridibundus þ Reyer 1954

Class: Mammalia
Order: Lagomorpha

Family: Leporidae Oryctolagus cuniculus þ Cocteau and D’Etoille 1827; Stewart
and Espinasse 1959; Stewert
1960; Pettit 1963; Agarwal et al.
1964; Gwon et al. 1989, 1990,
1992; Gwon, Gruber, and
Mantras 1993; Gwon, Gruber,
Mantras, et al. 1993; Gwon 2006;
Lin et al. 2016

Order: Carnivora
Suborder: Feliformia
Family: Felidae Felis catus þ Miliot 1872; Gwon, Gruber, and

Mantras 1993
Suborder: Caniformia
Family: Canidae Canis familiaris (þ?) de Landau 1838 (see Randolph

1900); Miliot 1872
Order: Rodentia

Suborder: Myomorpha
Family: Muridae Mus musculus þ Shekhawat et al. 2001; Call et al.

2004; Lois et al. 2005;
Medvedovicx et al. 2006

Rattus norvegicus þ Lois et al. 2003
Suborder: Hystricomorpha
Family: Caviidae Cavia porcellus (þ?) Miliot 1872

Order: Primates
Suborder: Haplorhini
Family: Hominidae Homo sapiens þ Gunn 1888; Becker 1900 (see

Randolph 1900); Lin et al. 2016
Family: Cercopithecidae Macaca fascicularis þ Lin et al. 2016

Macaca mulatta þ Agarwal et al. 1964
Order: Artiodactyla

Suborder: Ruminantia
Family: Bovidae

Bos taurus (þ?) de Landau 1838 (see Randolph
1900)

Ovis aries (þ?) Miliot 1872
Sus scrofa domesticus (þ) Jangir et al. 2005

NOTE.—Some references are provided for each example, but this table is not intended to be inclusive of all studies pertaining to these different species.
þ, indicates species is able to regenerate the lens; (þ), indicates species is able to regenerate the lens under special circumstances;�, indicates species is unable to regenerate the
lens; (þ?), indicates reported ability to regenerate the lens may be questionable.
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onto phylogenetic trees that plot the relationships between
various vertebrate clades (figs. 2 and 3). Cases that regenerate
lenses via Wolffian lens regeneration are mainly restricted to
members of the Subclass Lissamphibia (in the Class
Amphibia), and the only other concrete examples are found
in the more basal ray-finned fishes (Class Actinopterygii,
Family Cobitidae, such as the Chinese Weather Loach
Missgurnous anguilicaudatus). In contrast, the Mummichog
(Fundulus heteroclitus) and Zebrafish (Danio rerio) are unable
to regenerate the lens (Stone and Sapir 1940; Suetsugu-Maki
et al. 2012). Although there are some reports of lens regen-
eration occurring from the iris in the chicken (Gallus gallus),
those reports have been refuted (see review by Henry 2003).
The widespread occurrence of Wolffian lens regeneration in
newts and salamanders may suggest that the last common
ancestor of the Salamandroidea possessed the capacity for
Wolffian lens regeneration (fig. 3). Although deeper taxon
sampling is required, it is possible that the last common an-
cestor of the Osteichthyes may have also possessed this
ability.

Examples of cornea-lens regeneration are more tightly re-
stricted to frogs in the genus Xenopus, with one other exam-
ple being the Japanese newt, Hynobious unnanangso, a basal
representative within the Cryptobranchoidea (Hynobiidae,
Ikeda 1936b, 1939, fig. 3). Anurans represent one of the
most diverse groups of tetrapods, comprising over 6700 spe-
cies distributed among at least 55 different families (Feng et al.
2017). The capacity to regenerate the lens has been specifi-
cally examined in some other frog species (including

representatives of the Alytidae and Natatonura), yet there
is no evidence that those frogs can regenerate a lens (either
via cornea-lens regeneration or Wolffian lens regeneration,
see table 1 and fig. 3). Of course, the number and range of
species examined is relatively small, but it is possible that the
capacity for cornea-lens regeneration is highly restricted and
may have arisen independently in some members of the
Pipidae and the Hynobiidae.

Examples of the third form of lens regeneration that occurs
from LECs are found in the Tetrapoda, and include some
mammals (e.g., rabbits, pigs, and humans, Gwon 2006, 2008,
and see others listed in table 1) and amphibians (both uro-
deles and anurans, see table 1 and fig. 2). The ability to re-
generate a lens from lens epithelial cells, whether that be of a
normal or an abnormal form, may be widespread among
vertebrates.

Though further investigation is clearly needed, examples of
lens regeneration appear to be diverse, sporadically distrib-
uted and appear to have arisen independently throughout
the vertebrates. On the other hand, given that the result is the
same in all these cases, one can ask whether these different
processes share a common or convergent set of underlying
molecular, regulatory mechanisms?

Examples of Lens Regeneration: Diverse
Signaling Mechanisms
Relatively little is known about the molecular pathways that
regulate lens regeneration from lens epithelial cells in the

FIG. 1. Diagrams illustrating the process of Wolffian lens regeneration (A–F), cornea-lens regeneration (G–L), and lens epithelial cell regeneration
(M–R). In (B) and (H), simple lentectomy is performed to remove the intact lens along with its lens capsule. (N) Shows the process of
phacoemulsification to remove the lens fiber cells while mainly leaving the lens epithelium and lens capsule intact (as seen in O). (A–F) and
(M–R) show adult eyes. Unlike the case in the adult eye, notice that the Xenopus larval cornea epithelium is initially attached to the deeper cornea
endothelium by only a small central stalk (as shown in G). This connection enlarges, and the collagenous stroma is deposited during later stages
when the larva approaches the time of metamorphosis. Eye structures are labeled as: ce, cornea epithelium; di, dorsal iris; en, cornea endothelium;
lc, lens capsule; le, lens epithelium; ln, lens; lp, lens placode; lv, lens vesicle; on, optic nerve; rlf, regenerated lens fiber cells; rln, regenerated lens; rt,
retina, st, central stalk; vc, vitreous chamber; vi, ventral iris.
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animals mentioned earlier and listed in table 1. However, we
do understand the roles that certain signaling pathways play
during both Wolffian lens regeneration and cornea-lens re-
generation (see Henry et al. 2013). Below, updated informa-
tion is presented from studies undertaken on Wolffian and
cornea-lens regeneration, and the deployment of these sig-
naling pathways is compared (no corresponding data yet
exists for these signaling pathways in cases of LEC
regeneration).

FGF Signaling
FGF signaling plays a number of important roles in lens de-
velopment (Chamberlain and McAvoy 1987; Donner et al.
2006; Robinson 2006; Garcia et al. 2011; Gunhaga 2011), and
also appears to be important during lens regeneration. For
instance, treatments with the FGFR inhibitor SU5402 were
found to inhibit Wolffian lens regeneration (Del Rio-Tsonis
et al. 1998; see also Hayashi et al. 2002). A similar result was
obtained by McDevitt et al. (1997) when they injected a
synthetic FGF mitotoxin into the eye following lentectomy
(FGF-2 coupled with saporin). McDevitt et al. (1997) also
showed that there is an asymmetric distribution of FGFR3
receptor protein expression in dorsal versus ventral irides,
which appears to be reversed at later stages of lens regener-
ation. Likewise, Del-Rio Tsonis et al. (1998) showed that
FGFR1 protein is expressed in dorsal but not ventral irides
during Wolffian lens regeneration. Furthermore, injections of
a soluble recombinant, competitive FGFR2 IIIc isoform
(FGFR2/Fc), but not a different isoform FGFR2 (IIIb), inhibited
lens regeneration (Hayashi et al. 2004).

Similarly, treatments with SU5402 also inhibited cornea-
lens regeneration in vitro in cultured eyes from which the
original lens had been removed (Fukui and Henry 2011).
Furthermore, Arresta et al. (2005) showed that expression
of FGFR2 IIIc (the bek isoform) is elevated in the lentogenic
cornea epithelium in Xenopus. FGF2R IIIc expression also
becomes elevated in head ectoderm, but not flank ectoderm,
when those tissues are subjected to the inductive influences
of ectopically implanted eyes, which had been inserted at
earlier stages of larval development. Flank ectoderm is nor-
mally unable to respond to the inductive influences of the
neural retina to reform a lens (Freeman 1963; Bosco and Filoni
1992; Cannata et al. 2003; Arresta et al. 2005).
Correspondingly, head ectoderm exposed to an ectopic eye,
but not the flank ectoderm, gains an increased ability to re-
generate a lens when it is subsequently transplanted into the
vitreous chamber. Based on these studies, Arresta et al. (2005)
argued that elevated FGFR2 IIIc expression is an indicator of
activated FGF signaling and confers lens-forming competence
in anterior tissues to respond to the retinal signals that trigger
lens regeneration.

Although those studies suggest that FGFR activation is
necessary during both Wolffian lens regeneration and cor-
nea-lens regeneration, the ligands responsible for activating
those receptors appear to be different. FGF signaling appears
to be sufficient to trigger transdifferentiation of pigmented
epithelial cells from the dorsal iris during Wolffian lens regen-
eration (Cuny et al. 1986; Hyuga et al. 1993; Kodama and
Eguchi 1994, 1995; Del Rio-Tsonis et al. 1997, 1998;
McDevitt et al. 1997; Hayashi et al. 2002, 2004). Hyuga et al.

FIG. 2. Phylogram showing major vertebrate clades and occurrence of examples that can regenerate the lens. The type of lens regeneration as
indicated by different colors, as shown in the key. “?” indicates that reported examples of Wolffian lens regeneration in members of the Sauropsida
(i.e., the chicken Gallus gallus) are questionable. Examples from several subphyla or classes, including the more basal groups, have either not yet
been examined or reported in the literature. Colored dots represent possible presence of that matching character in the common ancestor for
those particular nodes or branches. See text and table 1 for further details. Phylogenetic relationships are based on Meyer and Zardoya (2009).
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(1993) showed that Basic FGF (FGF2) is essential for lens
regeneration. Hayashi et al. (2002) also showed that FGF2
or 4 triggered lens development in cultures of dissoci-
ated dorsal pigmented iris epithelial cells, but FGF8 and
10 had no effect. Subsequently, Hayashi et al. (2004) ver-
ified that FGF2 was required to trigger Wolffian lens re-
generation. In the newt, the levels of fgf2 mRNA increases
in iris tissues following removal of the lens (Hayashi et al.
2004).

In contrast, FGF1, but no other FGFs tested (including FGF2,
8, and 9), was shown to trigger lens cell differentiation in pri-
mary cultures of Xenopus cornea epithelia (Bosco et al. 1994;

Bosco, Venturini, et al. 1997; Moore 2015; Moore L and Henry JJ,
unpublished data). Therefore, for both Wolffian lens regenera-
tion and cornea-lens regeneration, FGF receptor activation and
possibly the key receptor FGFR2 (IIIc) may be similar, but the
ligand appears to be different (FGF2 vs. FGF1, see fig. 4).

Wnt Signaling
Wnt signaling is another important signaling pathway in-
volved in the development of the lens (reviewed in
Fuhrmann 2008; Fujimura 2016). Several Wnt ligands, recep-
tors, coreceptors, as well as some antagonists, are expressed
during lens development, and Wnt signaling is thought to
play important roles in the formation of the lens epithelium,
as well as in regulating lens fiber cell differentiation in mam-
mals (Stump et al. 2003; Ang et al. 2004; Chen et al. 2004,
2006; Fuhrmann 2008). Although the noncanonical Wnt/
Planar Cell Polarity (PCP) pathway is important in regulating
the downstream organization of lens fiber development
(Chen et al. 2006, 2008; Sugiyama et al. 2011), the canonical
Wnt/b-catenin signaling plays a much different role. Active
Wnt/b-catenin signaling prevents the surface ectoderm from
differentiating toward the lens fate, and it must be suppressed
for lens development to occur (Smith et al. 2005; Kreslova
et al. 2007; Machon et al. 2010). However, later during lens
development this pathway becomes necessary for proper dif-
ferentiation of the lens epithelium and lens fiber cells (Stump
et al. 2003; Chen et al. 2004, 2008).

Several ligands and receptors of the Wnt signaling pathway
are expressed in the iris during Wolffian lens regeneration
(wnt2b, wnt5a, fz2, and fz4; Hayashi et al. 2006). Hayashi
et al. (2006) also treated cultured dorsal irides with the
Wnt antagonists DKK1 or SFRP1, which resulted in a signif-
icant reduction of successfully regenerated lenses. On the
other hand, stimulation of canonical Wnt signaling by the

FIG. 4. Summary comparing features of Wolffian lens regeneration
with cornea-lens regeneration. See text for further explanation. TACs,
transit amplifying cells; BMP, bone morphogenetic protein; FGF, fi-
broblast growth factor; Wnt, Wingless-related integration site.

FIG. 3. Phylogram showing major amphibian clades and occurrence of
verified examples that can and cannot regenerate the lens. The type
of lens regeneration is indicated by different colors, as shown in the
key. Examples of lens epithelial cell (LEC) regeneration are not
mapped onto this particular tree (however, see table 1).
Representatives from several families, including the more basal
groups, have not yet been examined. Colored dots represent possible
presence of that matching character in the common ancestor for
those particular nodes or branches. See text and table 1 for further
details. Phylogenetic relationships based on Germain and Laurin 2009;
Pyron and Wiens 2011; and Feng et al. 2017.
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addition of WNT3A not only resulted in larger lenses from
dorsal irides but initiated several cases of regeneration from
ventral irides, which are typically not capable of regenerating
(Hayashi et al. 2006). Together, these results demonstrated
that active Wnt signaling in the iris is necessary in order for
Wolffian lens regeneration to occur.

The potential involvement of Wnt signaling during the
process of cornea-lens regeneration was implicated by the
identification of several Wnt signaling components from
two independent screens for genes that are expressed during
the early events of cornea-lens regeneration (Malloch et al.
2009; Day and Beck 2011). These studies identified several
ligands (wnt2, wnt3, wnt5b, wnt6, and wnt7b), receptors (fz7
and fz8), downstream components (axin1, ck2a, dvl2, lrp6,
tcf3, tcf7, and tcf7l2), as well as some antagonists (sfrp2,
sfrp3, and sfrp5) of the Wnt signaling pathway (Malloch
et al. 2009; Day and Beck 2011). Recent functional studies
have revealed that, like the initial development of the lens,
Wnt/b-catenin signaling must be suppressed in order for
cornea-lens regeneration to occur (Hamilton et al. 2016).
Using small molecule inhibitors (BIO and 1-azakenpaullone)
of glycogen synthase kinase 3, Wnt/b-catenin signaling was
held in a state of active signaling that resulted in a significant
reduction in the cases of successful lens regeneration.
Conversely, suppressing Wnt/b-catenin signaling using the
small molecule inhibitor IWR-1, recombinant human DKK1,
or heat-shock inducible transgenic expression of Xenopus
DKK1, had no effect on the ability of the cornea to regenerate
a lens (Hamilton et al. 2016). Consistent with this result, a
decrease in active Wnt/b-catenin signaling occurs within cor-
nea epithelial tissue 24 h postlentectomy, which recovers by
48 h (Hamilton et al. 2016). Of particular interest are the Wnt
antagonists in the secreted frizzled-related protein family
(sfrp2, sfrp3, and sfrp5) that were identified to be up-regulated
during the early events of cornea-lens regeneration (Malloch
et al. 2009; Day and Beck 2011). It is clear from these obser-
vations, that while Wnt/b-catenin signaling is important for
both Wolffian and cornea-lens regeneration, the Wnt signal-
ing strategies employed during these two processes are very
different (see fig. 4).

Retinoic Acid Signaling
Retinoic acid (RA) signaling is known to play key roles in
regulating the development of eye tissues, including the ret-
ina, lens, and cornea (Kastner et al. 1994; Enwright and
Grainger 2000; Wagner et al. 2000; see review by Cvekl and
Wang 2009). Normal morphogenesis of the eye also depends
on RA signaling (Hyatt et al. 1996; Molotkov et al. 2006).
Furthermore, RA signaling has been shown to induce lens
crystallin expression (Gopal-Srivastava et al. 1998).

Retinoic acid signaling has been shown to be required for
Wolffian lens regeneration (Tsonis et al. 2000, 2002). Retinoic
acid receptors, such as RAR-alpha, are significantly up-regu-
lated in the regenerating lens, particularly at later stages, dur-
ing fiber cell differentiation. Although the application
of exogenous retinoids (including all-trans retinoic acid, 9-
cis-retinoic acid, or retinol palmitate) via implanted beads
had no significant effect on lens regeneration, inhibition of

retinoic acid receptors via application of AGN 193109
(Allergan, which blocks RAR-alpha, beta, and gamma) or
AGN 194301 (which inhibits RAR-alpha) was found to inhibit
Wolffian lens regeneration. Likewise, drugs that inhibit the
enzymes involved in RA synthesis (e.g., disulfiram that inhibits
retinal dehydrogenase) also inhibit Wolffian lens regeneration.

Components for retinoic acid metabolism are expressed in
the frog cornea, including enzymes involved in retinoic acid
synthesis (e.g., aldh1a1, aldh1a2, aldh1a3), as well as P450
cytochrome oxidases that metabolize retinoic acid (i.e.,
cyp26a1 and cyp26b, Thomas and Henry 2014). Therefore,
it was interesting that the application of inhibitors of retinoic
acid signaling did not inhibit lens regeneration, when applied
to Xenopus eye cultures (including citral, an inhibitor of both
retinol and retinal dehydrogenases, and LE-135, an inhibitor of
RAR-alpha and beta, Thomas and Henry 2014). Rather, the
activation of RA signaling inhibited cornea-lens regeneration.
This was verified using several different reagents, including the
application of exogenous retinoids (all-trans-retinoic acid or
TTNPB, a synthetic retinoid that cannot be degraded by
Cyp26), or liarizole, a potent inhibitor of retinoic acid metab-
olism by Cyp26. Therefore, unlike the case in Wolffian lens
regeneration, retinoic acid signaling needs to be inhibited to
permit cornea-lens regeneration (fig. 4). Significantly, the ap-
plication of the pan-RAR antagonist, AGN193109 resulted in
some remarkable cases of ectopic lens formation within the
cornea in the newt Notopthalmus viridescens (Tsonis et al.
2000).

BMP Signaling
BMP signaling plays many roles during lens development,
which includes the establishment of lens-forming compe-
tence in the head ectoderm, the process of lens induction
via the eyecup, and regulates lens placode formation and lens
fiber cell differentiation (Luo et al. 1995; Furuta and Hogan
1998; Wawersik et al. 1999; Belecky-Adams et al. 2002; Faber
et al. 2002). A number of BMP and TGF-beta pathway mem-
bers were found to be expressed in the dorsal iris during the
process of Wolffian lens regeneration (Maki et al. 2010).
However, Grogg et al. (2005) showed that treatments of
explanted newt dorsal irides with either BMP4 or BMP7 re-
duced the capacity of this tissue to undergo transdifferentia-
tion to form a lens when they were subsequently implanted
inside the vitreous chamber. On the other hand, treatments
with either chordin or a soluble BMP inhibitor, BMPR-IA, had
no effect on lens regeneration in dorsal irides. In another set of
experiments, they were able to trigger lens regeneration
within some implanted fragments of ventral iris tissue by
inhibiting BMP signaling using either chordin or a soluble
competitor, BMPR-IA. This is a remarkable finding given
that the ventral iris is not normally capable of supporting
lens regeneration. Considering the known role of BMP signal-
ing in establishing ventral identity (DeRobertis and Kuroda
2004), Grogg et al. (2005) argued that BMP signaling may act
to ventralize iris tissue, which is somehow incompatible with
lens regenerative capacity. Therefore, BMP signaling must be
inhibited to enable Wolffian lens regeneration (Grogg et al.
2005, fig. 4).
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In contrast, Day and Beck (2011) found that BMP signaling
is required for cornea-lens regeneration in Xenopus (fig. 4).
These investigators used a heat-shock activatable line of
transgenic frogs to express noggin, a potent inhibitor of
BMP signaling. They found that prolonged expression of nog-
gin inhibits cornea-lens regeneration. Day and Beck (2011)
also found that the gene Nipsnap1 is up-regulated during
cornea-lens regeneration. Nipsnap1 is a known target of
BMP signaling that is expressed in the embryonic eye
(Peiffer et al. 2005). BMP5, as well as the gene encoding a
protein known to inhibit BMP signaling, Sclerostin domain-
containing protein 1 (SOSTDC1), are also up-regulated during
Xenopus cornea-lens regeneration (Henry et al. 2002; Malloch
et al. 2009). Therefore, the deployment of BMP signaling path-
ways is also different between Wolffian lens regeneration and
cornea-lens regeneration.

Perspectives
It is not difficult to find examples of even closely related
organisms that differ in their ability to regenerate a specific
organ or tissue, and this raises interesting questions as to
whether regenerative processes have evolved independently,
or whether they have been lost from a common ancestor
over time (Brockes and Kumar 2008; Bely 2010; Bely and
Nyberg 2010). To better understand the evolutionary history
of lens regeneration, much more work is needed to under-
stand the prevalence of lens regeneration across various tax-
onomic groups. Particularly, examples of LEC regeneration
seem to be widespread, as they can be found in both
Mammalia and Amphibia, but LEC regeneration in other ma-
jor Classes remains largely unstudied (Reptilia, Aves,
Osteichthyes). It would be interesting and informative to
search for various types of lens regeneration throughout
the vertebrates. In addition, one should also examine whether
lens regeneration occurs in invertebrates with camera eyes,
such as the Cephalopoda (octopus, squids, and cuttlefish) or
the Cubozoa (Box jellyfish).

From the information summarized in figure 4, it is appar-
ent that there are substantial differences between Wolffian
lens regeneration and cornea-lens regeneration. Based on
these observations, we argue that these different types of
lens regeneration likely arose independently in different ani-
mal lineages, as they appear to use neither conserved nor
convergent mechanisms to regulate the process of lens for-
mation. Other examples for independent evolutionary inno-
vations within visual systems include camera eyes in
invertebrates and vertebrates, and the recruitment of various
proteins for lens crystallins (Wistow and Piatigorsky 1988;
Piatigorsky and Wistow 1989; Tomarev et al. 1991;
Piatigorsky 1993, 1998; Vopalensky and Kozmik 2009).

Another interesting question is how closely the molecular
mechanisms used to regenerate the lens recapitulate those
employed during its initial, embryonic development. It is clear
that Wolffian lens regeneration uses a unique mechanism,
which may make sense in light of the fact that the lens
regenerates via transdifferentiation of the iris, which has a
different developmental lineage than that of the cornea or

lens. On the other hand, cornea-lens regeneration seems to
more closely follow the broad cell signaling strategies
employed in the surface ectoderm during the initial develop-
ment of the lens. Both the cornea and lens have a common
embryonic origin from head ectoderm that overlies the
eyecup.

The findings discussed in this review have significant impli-
cations in terms of future attempts to activate lens regener-
ation in other animals, such as humans. No single system may
inform us as to how to trigger this process, as a means to
repair or replace damaged lenses, and further studies are
needed in a variety of animal models to understand the full
range of mechanisms that regulate lens regeneration. In par-
ticular, one should look for examples of lens regeneration in
more basal vertebrates, such as the chondricthes and mem-
bers of the Agnatha (Hagfishes and Lamprays), or basal
amphibians, like Gymnophiona (Caecilians). Given the impor-
tance of good vision and the tremendous significance of this
work for the field of regenerative biology and medicine, it
seems surprising that relatively few labs are presently studying
lens regeneration. In fact, the field has recently lost one of its
leading pioneers, Dr Panagiotis (“Takis”) A. Tsonis. We hope
this review will encourage more researchers to examine these
fascinating and informative phenomena.
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