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Abstract

The newt is one of the few organisms that is able to undergo lens regeneration as an adult. This review
will examine the signaling pathways that are involved in this amazing phenomenon. In addition to
outlining the current research involved in elucidating the key signaling molecules in lens
regeneration, we will also highlight some of the similarities and differences between lens regeneration
and development.
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Introduction

Regeneration of lost body parts is a remarkable phenomenon that few organisms can undergo.
Some salamanders, among them the adult newt, Notophthalmus viridescens, have remarkable
regenerative abilities. The newt is capable of regenerating most tissues, one of which is the
lens. Lens regeneration occurs through a process of transdifferentiation. In this process,
pigmented epithelial cells (PECs) of the dorsal iris dedifferentiate and ultimately differentiate
into a completely different cell type to form a lens. While much attention has been paid to the
process of lens regeneration in the newt, the exact mechanism by which this feat is
accomplished is not yet fully understood. One thing that is apparent, however, is the importance
of signal transduction mechanisms in inducing lens regeneration. Most speculation on the
signal transduction pathways involved in lens regeneration comes from developmental studies.
It is a widely held belief that the signaling and induction events that occur during eye and lens
development play similar roles in lens regeneration as both processes accomplish the same
feat. In recent years, research has started to delineate some of the signaling involved in lens
regeneration. Many of the common signal transduction pathways have not been thoroughly
examined during lens regeneration and much more remains to be discovered (Figure 1). The
fact that the newt genome is not sequenced has hindered this to some extent, but despite this
progress is being made. In this review, we will highlight what is known regarding cell signaling
in lens regeneration.

Process of Lens Regeneration

Following removal of the lens, the regenerative process begins with dedifferentiation of the
PECs of the dorsal iris. Dedifferentiation marks the beginning of cell cycle reentry and
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proliferation. At approximately 10 days post-lentectomy depigmented PECs form a vesicle at
the tip of the dorsal iris [1,2]. Cells in the inner layer of the vesicle begin to elongate and
differentiate into primary lens fiber cells at 12-16 days post-lentectomy. This time period is
also marked by proliferation and crystallin synthesis. At day 15-20 post-lentectomy, primary
lens fiber cells continue to grow from the inner layer while cells from the outer layer of the
vesicle begin to form secondary fibers. A complete lens is formed 25 days following removal
[3,4] .

Thrombin Signaling Pathway

One area of signaling often overlooked in regeneration is the injury response cascade,
particularly the coagulation pathway involving thrombin. Injury leads to the activation of
thrombin by the release of prothrombin (inactive form) from the vasculature. While injury
results in the release of prothrombin, it is the presence of a membrane protein, Tissue Factor
(clotting factor I11), which is actually responsible for the activation of thrombin [5]. Thrombin
is known to play arole in cell cycle re-entry on newt cells. Treatment of newt skeletal myotubes
with thrombin induces proliferation, whereas mouse myotubes do not exhibit the same response
[6]. This species-specific response led to speculation that thrombin might have an important
role in the cell cycle re-entry of postmitotic cells known to occur in regenerating tissues. This
speculation was further supported by Simon and Brockes when they showed that pigmented
epithelial cells (PECs), both dorsal and ventral, of adult newt iris could be stimulated to reenter
S-phase of mitosis with thrombin treatment in vitro [7]. Perhaps the strongest support for a
role of thrombin in lens regeneration came from Imokawa and Brockes when they were able
to show thrombin activation at the pupillary margin of the dorsal iris during lens regeneration
in the newt from 20 minutes post-lentectomy until about 7 days post-lentectomy [8]. No
thrombin activation was seen in the regeneration incompetent ventral iris at any stage [8].
Importantly, inhibition of thrombin led to a loss of cell cycle re-entry at the dorsal margin and
inhibition of or incomplete lens regeneration [8,9]. The final support for a role of thrombin
signaling in lens regeneration comes from the axolotl, another urodele capable of limb, but not
lens, regeneration. Activated thrombin was detected in the mesenchymal tissue of the blastema
during limb regeneration, but not seen at any stage in the iris following lentectomy. Future
studies on the expression pattern of Tissue Factor, the activator of prothrombin, will be
important to clarify this issue. Based on their findings, Imokawa and Brockes suggest that
Tissue Factor should be expressed in the dorsal margin of the newt during regeneration and
absent in the axolotl iris [8,9]. These studies provide strong evidence for a role of thrombin in
postmitotic cell cycle reentry of newt iris PECs both in vitro and in vivo.

FGF Signaling Pathway

Fibroblast growth factors and their receptors are critical for various stages of lens development,
including induction, proliferation, and differentiation. FGFs play a dominant role in initiating
fiber differentiation and regulating the spatial and temporal pattern of crystallin gene
expression [10,11]. In chicks, ectopic FGF-8 expression in the distal optic vesicle leads to the
expansion of the lens field [12]. Targeted overexpression of FGFs in lenses of transgenic mice
leads to inappropriate proliferation and differentiation of the lens epithelium [13-15].

Several of the FGF ligands have also been found to be involved in lens regeneration. Del Rio-
Tsonis and colleagues were the first to show the production of a second lens after FGF4
treatment in lentectomized eyes. Treatment of lentectomized newts with both FGF1 and FGF4
induced lenses with abnormal polarity due to differentiation of lens epithelial cells to lens
fibers, and double lens formation from the dorsal iris [16]. These abnormalities in the
regenerating lenses appeared to be similar to the lens polarity abnormalities induced during
lens development in transgenic FGF mice [17]. FGF2 and FGF4 have been shown to be
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essential for in vitro lens regeneration from the pigmented cells of the dorsal iris [18]. Dorsal
iris cellular reaggregates cultured on collagen coated dishes developed lenses in vitro only
when treated with FGF2/4 [18]. Hayashi and colleagues have shown that intraocular injection
of recombinant FGF2 can trigger lens regeneration from the dorsal iris without previously
removing the host lens. Injection of FGF2 also induced expression of several transcription
factors such as Pax6, Sox2, and MafB [19]. Intraocular injections of recombinant newt FGF1
also had effects on newt lens regeneration [20]. In these experiments, the injection of FGF1
caused depigmentation and dedifferentiation of both the dorsal and ventral irises with lens like
structures forming from the dorsal irises, albeit with a very thin or missing lens epithelium and
abnormal lens fiber cells [20].

Studies on lens regeneration in another organism, Xenopus laevis, have also implicated a role
of FGFs in lens regeneration. Xenopus larvae are capable of regenerating a lens from the outer
cornea after lentectomy [21]. When isolated Xenopus larvae outer corneas were cultured in the
presence of FGF-1, differentiation of the cornea to lens fibers was observed [22].

Past studies suggest that different FGF receptors play significant roles during lens regeneration.
Several FGF receptors are expressed including FGFR1, FGFR2, and FGFR3 [16,23,24].
Detailed examination of the receptors, showed that FGFR-1 is confined to the dedifferentiating
dorsal iris and plays a role in regulating lens regeneration. McDevitt and others showed that
lens regeneration could be interrupted by injecting an FGF receptor-directed mitotoxin into
regenerating newt eyes [24]. In another inhibition study, newts were maintained in a solution
of SU5402, a chemical that prevents autophosphorylation of FGFR-1[23]. This treatment
inhibited lens regeneration and fiber differentiation, suggesting that FGFR-1 signaling plays
a key role in lens regeneration [23]. SU5402 also inhibited lens regeneration of cellular
aggregates consisting of dorsal PECs that were treated with it [18]. However, transfection of
FGFR-1 into cultured newt iris PECs (dorsal and ventral) with subsequent re-implantation into
host newts did not induce lens regeneration from the ventral iris (0/11 — 0%) and had no
observable effect on lens regeneration from the dorsal iris (2/7 — 29%) (Tsonis lab; unpublished)
suggesting that FGFR-1 signaling is not sufficient for lens regeneration. To confirm that FGF
activity is essential to lens regeneration, Hayashi and others also injected soluble FGF receptors
to compete with endogenous receptors for FGF binding [19]. It was observed during FGFR2
(Ic)/Fe (binding FGF 1,2,4, and 9) daily injections that lens regeneration was completely
inhibited. However, when FGFR2(I11b)/Fc (binding FGF 1,7, and 10) was injected, no effect
on lens regeneration was observed [19].

BMP Signaling Pathway

The BMP signaling pathway, particularly via BMP4 and BMP7, plays important roles in
development of the vertebrate eye and lens [25-31]. Much less is known about BMP signaling
during lens regeneration. This is partly due to the fact that lens regeneration occurs in very few
vertebrates and partly due to the fact that the newt genome is not yet sequenced and thus the
expression of many players in the newt BMP pathway have not been documented. However,
we have recently shown that BMPs play important functional roles in lens regeneration. We
reported that lens regeneration can be induced from the regeneration incompetent ventral iris
with two separate BMP inhibition treatments [32]. In this study newt iris explants (dorsal and
ventral) were treated with recombinant mouse chordin protein or a truncated, signaling
incompetent form of human BMPR-IA to inhibit BMP signaling and then re-implanted into a
host newt to observe any effect on lens regeneration. In both treatments lens regeneration was
induced from the normally incompetent ventral iris. Treatment with BMP ligands yielded
further support for BMP signaling playing arole in lens regeneration. Consistent with inhibition
of BMPs inducing lens regeneration from the normally incompetent ventral iris, dorsal iris
explants treated with either BMP4 or BMP7 showed a decrease in lens regeneration. In vivo
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expression of BMPR-IA was examined and it was found that BMPR-IA is expressed in both
the dorsal and ventral intact iris and during all stages of lens regeneration. While BMP signaling
appears to play an important role in the process of lens regeneration, much research is needed
to determine the key players in this pathway and how BMP signaling is regulated during lens
regeneration.

Wwnt Signaling Pathway

The canonical Wnt signaling pathway plays an important role during several stages of eye
development including eye field specification and lens differentiation [33]. An important
aspect to both lens development and lens regeneration is the differentiation of lens fiber cells.
In the case of lens development, the Wnt/B-catenin signaling pathway appears essential for the
differentiation of the lens epithelium into lens fiber cells [34-36]. Mice with a homozygous
null mutation in the Irp6 co-receptor gene are unable to fully undergo differentiation of the
lens epithelium [35]. In addition, Wnt signaling causes an increase in B-crystallin, a marker of
fiber cell differentiation, in lens epithelial cells. These same lens epithelial cells when primed
with FGF-2 results in elongation of the lens epithelial cells in addition to B-crystallin
accumulation [34]. In recent years, another set of regulatory molecules of the canonical Wnt
signaling pathway, Dickkopfs (DKkks), has been intensely studied for its role in lens
development. During lens development Dkk1, Dkk2, and Dkk3 are expressed in a pattern
similar to that seen for Wnts and is expressed mainly in the epithelium [37,38]. Dickkopfs
antagonize the pathway by binding to the LRP co-receptor and preventing the stabilization of
the B-catenin complex. A study examining B-catenin function in lens development found that
loss of B-catenin function in the periocular ectoderm of embryonic mice results in ectopic
lentoid body formation [36].

Based on the role of the Wnt/B-catenin pathway in lens development it seems logical that this
pathway may also play an important role in lens regeneration. While recent work has shown
the importance of Wnt signaling in lens development, little work has been done examining this
pathway's role in the process of lens regeneration. In order to examine the potential role of
Whnt/B-catenin signaling during lens regeneration, we utilized a GSK-3p inhibitor as well as
small-molecule antagonists of the Tcf/p-catenin protein complex [39,40]. While these
molecules will not conclusively show the role of Wnt signaling in lens regeneration due to the
multiple roles of B-catenin and the ability of Wnt to signal through multiple pathways, it will
provide some initial insight into the role of B-catenin in lens regeneration. In both cases, dorsal
and ventral iris explants were treated in culture and subsequently implanted into lentectomized
newt eyes. Neither activation nor inhibition of Wnt signaling by these treatments affected lens
regeneration (Tsonis lab unpublished data) suggesting that B-catenin signaling does not play
a role during lens regeneration. Further work must be done to determine the role of -catenin
and the different Wnt signaling pathways in lens regeneration.

Transcription Factors

Pax-6

Transcription factors are important molecules for mediating the downstream events of
signaling cascades involved in many processes including lens development and regeneration.
Two transcription factors, which are involved in both lens development and regeneration, are
Pax-6 and Six-3.

Pax-6 has long been considered the “master eye gene” due to its necessity and sufficiency for
lens formation. It is thought to sit at the top of a hierarchy of genes regulating lens development.
Heterozygous mutations in Pax-6 lead to aniridia in humans and the “small eye” phenotype in
mice [41,42]. It has also been shown that overexpression of Pax-6 induces the formation of
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ectopic eyes in Drosophila and Xenopus [43,44]. During lens regeneration, Pax-6 is expressed
in both the dorsal and ventral iris PECs. As regeneration continues, expression of Pax-6
localizes to the dorsal iris and eventually becomes restricted to the regenerating lens epithelium
[45]. Recent evidence suggests that Pax-6 is not essential for the induction of lens regeneration.
Contrary to its early role in embryonic lens specification and induction, Pax-6 appears to play
a role during the later stages of regeneration. One line of evidence that supports this notion is
that overexpression of Pax-6 in newt ventral iris PECs did not induce transdifferentiation of
the ventral iris into lens [32]. Further evidence pointing to a role of Pax-6 in later events of
lens regeneration such as proliferation of both the dorsal and ventral iris PECs and regulation
of crystallin synthesis has been shown through the use of morpholino technology. In these
experiments, newt iris cells treated with a Pax-6 morpholino had a decreased rate of
proliferation in the iris PECs both in vitro and in vivo and as a result lens regeneration was
significantly retarded. However, dedifferentiation of the dorsal iris was not inhibited.
Treatment with the morpholino at early stages of lens regeneration resulted in a decrease in
crystallin expression and slowing of lens fiber induction. Crystallin synthesis and lens fiber
maintenance were not affected upon treatment with the Pax-6 morpholino after these processes
had already ensued [46].

Six-3 is another important transcription factor necessary for lens formation. Six-3 is a member
of the six-homeodomain family and is expressed in the lens placode and eventually in the lens
epithelium at later stages of lens development [47]. Misexpression of Six-3 in the 2-4 cell stage
medaka embryos results in the formation of ectopic lenses within the otic placode [48]. Other
evidence lending support to the role of Six-3 in lens induction comes from studies by Carl et
al., (2002) in which morpholino knock-down of Six-3 expression in the two-cell stage of
medaka embryos resulted in absence of forebrain and eyes [49]. These data suggest that
Six-3, along with Pax-6, is also at the top of the hierarchy of genes that is responsible for lens
induction. Indeed, it has been shown that Six-3 and Pax-6 can mutually activate one another
through binding sites in their respective enhancer elements [50].

In intact newt iris tissue, Six-3 is expressed in both the dorsal and ventral iris with a higher
concentration in the ventral tissue. However, during regeneration only the dorsal iris shows a
significant increase in Six-3 expression. In addition, treatment of ventral iris PECs with Six-3/
retinoic acid induced transdifferentiation of the lens regeneration incompetent ventral iris
[32]. Importantly, Six-3 alone did not cause transdifferentiation of ventral iris PECs but
required the presence of retinoic acid (RA). The role of RA will be discussed below. Induction
of lens regeneration from the ventral iris by six-3/RA shows the importance of Six-3 in inducing
lens regeneration. Perhaps it is the increase in Six-3 expression above the normal threshold
levels for both the dorsal and ventral iris that is the key to inducing lens regeneration as opposed
to the relative amount of Six-3. Treatment of ventral iris PECs with Six-3/RA causes the ventral
iris tissue to adopt an expression profile similar to that seen in the dorsal iris during lens
regeneration [32]. In relation to the BMP pathway, we have shown that treatment of newt
ventral iris tissue with chordin increases the expression of Six-3 and Pax-6 [32]. These results
are consistent with a developmental study on eye field specification in Xenopus in which
another BMP inhibitor, noggin, sits atop the pathway and leads to increased expression of
Six-3, Pax-6 and other eye transcription factors [51]. These data also support the notion of
Six-3 being near the top of the hierarchy of genes responsible for lens regeneration in that it
was Six-3 in conjunction with RA and not Pax-6 together with RA that induced lens
regeneration.

Semin Cell Dev Biol. Author manuscript; available in PMC 2007 December 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Grogg et al.

Page 6

Steroid Hormone Signaling - Retinoids

Retinoids and their receptors play major roles in both lens development and regeneration.
Retinoids have been shown to affect morphogenesis and differentiation of several tissue types
including the eye and limb. In the limb, retinoic acid has a proximalizing effect on limb
regeneration due to its graded distribution and ability to affect the expression of Hox genes
[52-54]. In the eye, exogenous retinoic acid has led to the formation of ectopic lens
differentiation [55]. Following removal of the lens, treatment of newts with an antagonist to
retinoic acid receptors or with disulfiram, which inhibits RA synthesis, severely retards the
regenerative capability of the dorsal iris. While inhibition of lens regeneration was the most
prevalent outcome, there were also a few cases of ectopic lenses [56,57]. As mentioned above,
RA is essential along with Six-3 for inducing lens regeneration from the ventral iris [32]. The
need for RA suggests that a synergism exists between RA and Six-3, which allows for the
appropriate events to take place in order to induce lens regeneration. To date it is not known
which factors RA regulates and how they function with Six-3 to promote lens regeneration.

Links between Regeneration and Development

Summary

In most vertebrates, lens development is initiated by proliferation of ectodermal cells overlying
the optic vesicle forming the lens placode. The lens placode and the optic vesicle invaginate
to form the lens pit and optic cup, respectively. The lens pit deepens and closes off forming
the lens vesicle, which will ultimately form the lens. In the process of lens regeneration, events
of differentiation are initiated after the formation of the lens vesicle. From this point on events
of lens regeneration and development are very similar in terms of differentiation.

All of the factors and pathways known to be involved in lens regeneration were first shown to
play a role in development. Throughout the years a plethora of genetic and molecular
techniques have been used to elucidate the function of many of the key signaling factors in
lens development. The research on lens development has significantly aided studies examining
similar factors during regeneration. As hinted to in this review there are many differences and
similarities between these two processes (Figure 2).

Overall, this synthesis provides insight into the importance of signaling events during both lens
development and lens regeneration. The study of signal transduction during lens development
has provided hints into possible mechanisms underlying lens regeneration. However, care
should be taken when utilizing this information, as it is clear that while there are many
similarities between regeneration and development there also exist many significant
differences. It is also apparent from this review that many signaling pathways may participate
during lens regeneration, but the overall mechanism responsible for inducing regeneration
remains elusive. It will take a concentrated effort to elucidate the complexity and cross talk
responsible for such a remarkable phenomenon.
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Figure 1.

Outline of events and pathways likely to be involved in lens regeneration. Upon lens removal
or injury, PECs must reenter the cell cycle and thrombin is suspected to play a role in this.
Following proliferation, the PECs dedifferentiate and then redifferentiate. The BMP, Wnt, and
FGF pathways play pivotal roles in lens development. BMP antagonists have been shown to
upregulate TFs such as six3 in the newt during regeneration as well as induce lens regeneration.
RA has been shown to inhibit BMP and Wnt signaling in other systems, but the mechanism
through which it works in inducing (along with six3) newt lens regeneration is unclear.
Question marks depict possible roles of RA for induction of lens regeneration.
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Figure 2.

A diagram showing several factors involved in lens development. Some of these factors have
also been examined in lens regeneration and are depicted with red color in the pathway. This
might suggest conservation of function even though the inductive signals might be different.
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