J. Anat. (2006) 209, pp433-437

REVIEW

doi: 10.1111/j.1469-7580.2006.00634.x

How to build and rebuild a lens
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Abstract

Evolution has used many different strategies to build eyes and lenses. However, the genetic regulation involved

seems to be quite conserved. Likewise, the regeneration of eye structures is remarkable, especially in salamanders.

This review outlines the basic mechanisms of lens regeneration and its induction and the possibility of creating

lenses by transdifferentiation of the pigment epithelial cells, by stem cells or by bioengineering.
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Nature builds eyes (and lenses)

It is believed that during evolution the eye has been
invented independently as many as 40 times (Dawkins,
1996; Land & Nilsson, 2002). Interestingly, however,
several types of eyes have been invented during evolu-
tion depending on how they work and on the species.
These types include the compound eye, found mainly
in insects and arthropoda, and the camera type found
in different organisms from jellyfish to fish and to
mammals. Even these two types can be subdivided
depending on the photoreceptor type or optic proper-
ties (Land & Nilsson, 2002). More primitive eyes found
in invertebrates consist of sensory cells or pigment cells.
Perhaps the origin of vision can even be traced back to
organisms such as cyonabacteria, which have specialized
proteins (opsins) capable of responding to light. The
variety of eye structures (especially with regard to the
lens) does not end here. Several aquatic eyes have been
evolved with four lenses (Bathylychnops exilis), three
lenses (in the male copepod Pontella; the female has
two) or two lenses (the copepod Sapphirina) (Schwab
et al. 2001; Land & Nilsson, 2002). What is fascinating
about eye evolution, however, is the conservation of
factors that seem to control its formation. One particular
gene, pax-6, has been heralded as the eye master gene.
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Indeed, mutations in pax-6 result in an eyeless pheno-
type in Drosophila, small eye phenotype in mice and
aniridia in humans (Gehring, 2002). Moreover, pax-6
seems single-handedly to initiate the formation of
ectopic eyes. For example, when exogenous pax-6 is
expressed ectopically in Drosophila, e.g. at the limb
imaginal discs, compound eyes with well-differentiated
cells types are formed in the limb (Halder et al. 1995).
In addition to such effects, expression of pax-6 has been
clearly correlated with light-sensing structures through-
out the animal kingdom. An interesting case is the
cubozoan jellyfish eye. In these animals, a cluster of six
different eyes are present in a sensory club, called the
rhopalium. Some of the eyes are complex (with lens)
whereas others are simple. In addition to these eyes, each
rhopalium contains a statocyst, most likely involved in
mechanosensing. All of the eyes, including the stato-
cyst, express paxB (an ancestor of pax-6) (Piatigorsky &
Kozmic, 2004; Nilsson et al. 2005).

The role of pax-6 in eye development, including the
lens, has been studied in detail and a particular network
has been delineated. In frogs, upstream of this network
is an inhibitor of the bone morphogenetic protein (BMP)
pathway and downstream regulators involve pax-6 and
six-3 (Zuber et al. 2003). Six-3 is now thought to play a
significant role in eye and lens development by regul-
ating pax-6 in a feedback loop. Pax-6 is clearly involved
in the differentiation of eye cells during Drosophila eye
development as well (Wawersik & Maas, 2000). During
vertebrate lens development, which is initiated by inter-
actions of the surface ectoderm and the optic cup, pax-6
and six-3 are expressed in the lens, inducing competent
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Fig. 1 The process of lens regeneration as shown by pseudocolouring of SEM micrographs. (A) Ten days post-lentectomy, an early
lens vesicle (grey) has been produced at the tip of the dorsal iris. (B) At day 15 post-lentectomy the vesicle has grown and cells
at the posterior part elongate (arrow) to form the lens fibres. (C) At day 20 the posterior part forms the lens fibres, which fill the
lens, and the anterior becomes the lens epithelium (yellow).

surface ectoderm. Variations of lens development, such
as by thickening of the cornea or by differentiation of
transparent cells, has been observed in fly larvae as well
(Dawkins, 1996; Land & Nilsson, 2002). A direct association
of pax-6 and six-3 in lens differentiation has been found
because they ectopically induce lens formation when
injected exogenously in frog and fish embryos, respec-
tively (Oliver et al. 1996; Altmann et al. 1997).

Re-building a lens (regeneration)

Regeneration of eye tissues is of paramount importance
for the repair of damaged cells that lead to several
types of blindness in humans. Remarkably, the verte-
brate eye, as best reflected in some salamanders, has an
amazing potential to regenerate entire organs, such as
the whole retina or the lens (Del Rio-Tsonis & Tsonis,
2003). Regeneration is accomplished by transdifferenti-
ation of the pigment epithelial cells (PECs; Fig. 1). Stud-
ies have also confirmed that such an ability of the
pigment epithelium can be evoked even with human
cells when cultured for a long time. In other words, the
capacity of PECs for transdifferentiation is widespread;
however, only in some salamanders does it occur in vivo
(Del Rio-Tsonis & Eguchi, 2004; Tsonis et al. 2004a). Such
repair is far superior to the one mediated by progenitor
cells (mainly for retina growth).

Because lens regeneration normally occurs only from
the dorsal iris (and never the ventral) by transdifferen-
tiation of the iris PECs, research in our laboratory has
focused on finding key differences between the posi-
tive cells (dorsal) and the negative ones (ventral). We
hoped that these differences could help induce the
ventral iris (as a first step) to regenerate a lens. We

decided to concentrate on genes that were important
for eye development and axis formation. First we showed
that pax-6, a known eye master gene, is expressed during
dedifferentiation of the PECs and lens regeneration
(Del Rio-Tsonis et al. 1995). These initial expression studies
indicated that lens regeneration could recapitulate lens
development or that in the adult newt developmental
genes are not turned off. We then delineated the role
of fibroblast growth factors (FGFs) and FGF receptors in
lens regeneration. FGFs and FGF receptors are expressed
during lens regeneration, with a preference in the
dorsal iris, but they are also imperative for normal
regeneration (Del Rio-Tsonis et al. 1997). When exogen-
ous FGF was given to the eye another lens could be
elicited from the dorsal iris, but not from the ventral iris
(Del Rio-Tsonis et al. 1997; Hayashi et al. 2004). When
FGF receptor signalling was specifically inhibited, lens
regeneration was abolished (Del Rio-Tsonis et al. 1998).
These data clearly showed that FGF signalling is imper-
ative for normal regeneration. Other important factors
were studied for specific expression and function during
lens regeneration. These included key regulators such
as Hox genes (Jung et al. 1998), Prox-1 (Del Rio-Tsonis et al.
1999), retinoic acid receptors (Tsonis et al. 2000), cyclin-
dependent kinases (Tsonis et al. 2004b), complement
components (Kimura et al. 2003) and the identification
of a novel role for the hedgehog pathway in lens
regeneration (Tsonis et al. 2004c). The goal of all these
studies was to identify factor(s) that might be good
candidates for the induction of lens regeneration and
to apply them to the ventral iris to induce regeneration
from that site. This was initially accomplished by trans-
genesis of the ventral iris by six-3 and treatment with
retinoic acid. As mentioned above, six-3 is a major eye
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Fig. 2 Aventral iris explant treated with bone morphogenetic
protein inhibitor transdifferentiated to lens (arrowhead). The
host lens from the dorsal iris is indicated by an arrow.

development regulator and collaborates with pax-6.
We also found that inhibition of the BMP pathway
(which lies upstream of the pax-6/six-3 loop) could do
exactly the same (Fig. 2). BMPs are known ventralizers
and it seems that their function controls the identity of
dorsal and ventral iris (DeRobertis & Kuroda, 2004).
Interestingly, six-3 was found to be expressed in both
the dorsal and the ventral iris and that their association
with induction is related to the level of expression. We
believe that in order for the iris to become competent
for regeneration, levels of expression must be elevated
above established thresholds (Grogg et al. 2005).

Is such a mechanism conserved in other animals? The
answer is unclear, but we can speculate. The mode of
lens regeneration, as in eye evolution, differs in other
animals. For example, lens regeneration in the premet-
amorphic frog is achieved by transdifferentiation of
the inner layer of the cornea, rather than the iris. Given
the conservation of the mechanisms involved in eye
induction, however, we would expect that the same
players might be involved in induction of lens regenera-
tion in other animals. However, the exact mechanistic
tuning must be unique to the eye environment of the
different species. This represents a major challenge in
the field of lens regeneration and in the field of regen-
eration in general.

Mammals possess an ability to regenerate the lens,
but only when the capsule is left behind. This has been
studied extensively in rabbits (Gwon, 2006), and recently
such studies have been extended to mice (Lois et al.
2005; Call et al. 2004). The source of the regenerated
lens is the adherent lens epithelial cells that cannot be
completely removed.

© 2006 The Author
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Lens differentiation from stem cells

The process of lens regeneration in adult newts is not
mediated by stem cells. It is a clear case of transdiffer-
entiation of the existing PECs from the dorsal iris. Such
transdifferentiation can be seen even when isolated
PECs are grown in single-cell cultures. In fact the capacity
of PECs for in vitro transdifferentiation is not only
restricted to newt dorsal iris but is widespread among
the animal kingdom. Even PECs from old-aged humans
are capable of lens transdifferentiation under certain
conditions in vitro (Tsonis et al. 2001). This transdiffer-
entiation leads to lentoids, rather amorphous structures
containing lens fibres without a firm lens structure
surrounded by lens epithelium. However, embryonic
stem cells can also differentiate to lentoids (Fig. 3) (Hirano
et al. 2003; Ooto et al. 2003). This has interesting impli-
cations for the biology of dedifferentiation. Is, for
example, the newt producing progenitor cells by the
process of transdifferentiation? Carefully designed
experiments involving transplantations and examination
of molecular signatures could answer this important
question.

Lens engineering

Is it then possible that a lens can be engineered in vitro?
We believe that the answer to this question is yes.
Again studies with the newt lend support to this idea.
When PECs are aggregated and implanted in the eye
(or even the regenerating limb) they not only trans-
differentiate to lens tissue, but also build a lens of the
right structure with a lens epithelium and an anterior-
posterior polarity (Ito et al. 1999). This means that in
vitro aggregated PECs can build a perfect lens when
implanted in vivo. This can be seen in Fig. 2 as well,
where the ventral iris explant was induced to trans-
differentiate to a perfectly structured lens. It is possible
that if the PECs are grown in suitable shaped scaffolds
in vitro they will be coaxed to form a normal lens. New
advances in tissue engineering and lessons learned from
basic systems such as the newt may allow us to build an
organ in vitro. Recently, an artificial compound eye has
been fabricated with optical characteristics similar to
those found in nature (Jeong et al. 2006).
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