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TABLE 2. PROTEINS OF REGENERATED LENS IDENTIFIED BY MASS SPECTROMETRY.

Protein name
G protein subunit beta

Spot number
1

2 Retinaldehyde binding protein

3 Centromere protein E

4 BB1-crystallin

5 BA2-crystallin

6 BA2-crystallin

7 B/y crystallin (LOC494645 protein)
8 BAl-crystallin

9 Crygn protein

10 B/y crystallin (MGC84008 protein)
11 Crygn protein

12 B/y crystallin (MGC84008 protein)
13 aA-crystallin

Access ID Computed PI
gi | 3023838 5.53
gi | 147903597 5.20
gi | 147900710 6.10
gi | 147905564 6.82
gi | 148234150 6.32
gi | 148234150 6.32
gi | 52078358 6.23
gi | 32450481 6.39
gi | 138519900 6.24
gi | 49522149 6.52
gi | 138519900 6.24
gi | 49522149 6.52
gi | 213623808 5.87

Identified protein spots can be divided into two types of protein: lens proteins and non-lens proteins. Proteins were produced in

succession with the development of regenerated lens.

throughout the area of the lens. Detectable
immunofluorescence showed the ontogeny and localization of
the two lens crystallins in Xenopus laevis lens regeneration.

Proteomic analysis for the regenerating lens: Proteomic
analysis was performed to identify proteins that were
expressed in the regenerating lens. The spots per gel were
detected in the pH range 3—10 (Figure 6A-F), which was
chosen for the analyses because of the apparent variation of
the major protein population in the regenerating lens samples.
The proteins were identified by MS (Table 2) including aA-
crystallin, pBl-crystallin, PA2-crystallin, PAl-crystallin,
retinaldehyde binding protein, centromere protein, guanine
nucleotide-binding protein G subunit beta, and y-crystallin.
There were fold changes in the expression of identified
proteins (Table 3). The most significant results were that the
crystallins were increasingly expressed and corresponding
changes were produced in non-lens proteins. The lens
regeneration appeared to produce different classes of lens
proteins, which revealed that the pattern of the crystallins
expression may be related with sequential synthesis. At the
same time, the expression of some non-lens proteins varied
from less to more, or more to less, with the start of lens
regeneration. aA-crystallin expression was first detected at
day 5 after lentectomy in the study, as observed in the case of
BB1-crystallin on the same day. Not only the two crystallins,
but also other crystallins presented from day 5 to day 15, and
their expression gradually increased with the development of
the regenerating lens.

DISCUSSION

There have been few attempts to elucidate the localization and
time of appearance of the two important crystallins (aA-
crystallin, BB1-crystallin) in Xenopus laevis embryonic lens
development and regeneration. The comparison of molecular
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Figure 6. Two-dimensional electrophoresis photography of
regenerated lens. A-F: The patterns of protein spots in regenerated
lens (5 days, 7 days, 9 days, 11 days, 15 days, 0 day, respectively).
The protein patterns are significantly different among all stages of
regeneration. Although differences existed, some protein spots just
showed the variation of expression quantity.
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TABLE 3. QUANTITATIVE ANALYSIS OF IDENTIFIED PROTEINS.

Spot number 0 Day 5 Days 7 Days
1 + —4.825 —10.461
2 0 0 +
3 0 0 +
4 0 + 2.790
5 0 + —1.096
6 0 + 1.103
7 0 0 +
8 0 0 +
9 0 0 +
10 0 0 +
11 0 0 +
12 0 0 +
13 0 + 1.271

9 Days 11 Days 15 Days Trends
-35.919 —47.768 —115.991 -
1.017 37.396 54.159 +
5.897 7.729 9.906 +
38.229 60.061 111.573 +
6.203 11.261 13.663 +
6.039 6.459 7.284 +
9.760 22.605 43.273 +
1.466 1.766 2.319 +
—2.868 4.284 11.995 +
2.549 -3.297 3.875 +
2.077 3.246 5.210 +
1.314 6.374 10.487 +
0.923 9.405 13.789 +

During lens regeneration, most proteins (lens proteins and some auxiliary regulatory factors) were gradually increasing with the

further development of lens regeneration. When some proteins have not been shown in gels or expressed, especially in the early

development of regeneration, their quantity could be denoted as “0” in our experiments. “+” represents that proteins have begun

to be expressed.

events, which take place in lens development in ontogeny and
in regeneration in terms of the expression of crystallin genes
and crystallin proteins, is the core subject of this study.

In this study, positive signals for the expression of aA-
and BB1-crystallin mRNA were simultaneously detected, first
at same stage (26), before the formation of lens rudiment.
Significant increases occurred at later stages, with lens fiber
differentiation and development. The rapid increase of the two
crystalline genes demonstrated that lens cells were being
formed and induced by the prospective lens cells. More
transcripts of the two crystallins were expressed at stage 38
than during the early stage. After stage 38, the expression
levels gradually decreased. The appearance of variation may
be due to the disappearance of nuclei in the fiber cells, with
the differentiating of fibers. Although decreased, expression
of'the two crystallin genes maintained a relatively stable level,
which was needed for the ability of keeping synthesized
structural proteins. Throughout the process, the expression
levels of aA- and BB1-crystallin mRNA indicated the same
variation trends, and the relative expression of BB1-crystallin
was consistently higher than aA-crystallin. In the course of
lens regeneration, the two crystallin genes showed the same
variation trends, too. However, the relative expression of aA-
crystallin was consistently higher than PBB1-crystallin.
Therefore, there were some differences during the two
processes, as have been observed with respect to crystallin
transcripts in previous studies [22,38,44]. aA- and BBI1-
crystallin transcripts were first detected in presumptive lens
fiber cells of the regenerated lens vesicle, and subsequently,
only in differentiated lens fiber cells at later stages. -
Crystallin transcripts were not detected until early Freeman
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stage 4 of the regeneration and only in lens fiber cells.
However, during normal development, aA-, BB1- and y-
crystallin transcripts were detected simultaneously in the lens
placode and only in differentiated lens fiber cells at later stages
of development. In contrast, recent reports demonstrated that
the expression of PBl-crystallin during lens regeneration
required the same promoter elements as those required during
embryonic lens development, suggesting that elements of a
shared regulatory network appeared to be operating in both of
these lens-forming processes [41]. Interestingly, the lower
expression levels of the two crystalline genes were detected
in the current experimental groups of 0 day. This indicated
trace expression in the non-lens tissue, which might be
necessary for the transdifferentiation and the initiation of
regeneration.

This study showed the ontogeny and localization of the
two crystallin proteins during embryonic lens development
and regeneration. The aA-crystallin and fB1-crystallin were
first detected, simultaneously, at stage 29/30, which was
different from the previous studies. With lens development
and lens fibers differentiation, oA-crystallin and BBI-
crystallin were both expressed in the secondary fibers, almost
uniformly. In the primary fibers, PBBIl-crystallin was
dominant, and preferred to aA-crystallin. However, the two
crystallin proteins were simultaneously detected during the
regeneration, which was consistent with normal lens
development. In early regeneration, the external layers of
regenerating rudiment indicated more expression of aA-
crystallin. With further differentiation, the two crystallin
proteins were co-located in fibers region, and almost
homogeneously distributed in the primary fibers and the
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secondary fibers. From these results, differences existed
during the two processes. Among the vertebrates, either a
normally developing lens or a regenerating lens passes
through a typical vesicle stage where the external cell layer
that will give rise to the lens epithelium can be distinguished
from internal cell layer that will develop into primary fibers.
In Xenopus laevis, this vesicle is short lived, both in normal
lens development and in regeneration. There were also other
differences between the embryonic lens development and
regeneration. In the latter, lens vesicles appeared much earlier
and epithelium showed immunofluorescence of the crystallin
earlier than in embryonic lens development. Although the two
crystallins were co-located in many regions of the lens, there
were differences in the distribution patterns in some regions,
especially in the beginning of the lens development and
regeneration. In newts, despite different origins of the lens in
normal lens development and regeneration, the expression
pattern of the two crystallin genes was similar in the two
processes. It is noteworthy that the order of activation of the
crystallin genes resembles embryonic lens development in
newts more than in Xenopus laevis [45] because the y-
crystallin gene is delayed, relative to aA- and fB1-crystallin,
but these crystallin transcripts were already expressed in the
lens placode [22]. These findings indicate that there were
some differences in the regulation of crystallins expression
during regeneration versus development of the lens, as the
transcription of crystallin genes has been examined in the
process of lens regeneration [22,38]. Although the embryonic
lens and the regenerated lens arise from the ectoderm, they
exhibited different arrangements of genes and different
procedures of protein distribution.

A perfect regenerated lens should have a healthy
appearance and the histological arrangement of a new
regenerated lens as well as an accurate protein composition.
During the lens regeneration, aA-, BB1-, and BA2-crystallin
were synthesized first, before other structural proteins, as
shown in Figure 6 and Table 2. Other structural proteins were
produced in turn, and accompanied by an increase of
expression quantity with regenerated lens formation. aA-
crystallin, for instance, which is an evolutionary relative of
small heat-shock proteins [46], has been shown to act as a
molecular chaperon and is able to convey thermotolerance
[18,47,48]. Similarly, BB1-crystallin is a specific structural
protein, as a sign of lens fiber differentiation [49]. The reason
is probably that they are important for lens composition and
development. Therefore, they are produced at the beginning
of lens formation, and they accompany the whole
development process. The sequential appearance may be
necessary for the program.

It is known that, in lens regeneration, the inner layer of
the outer cornea is dependent on inductive signals secreted
from the neural retina, for initiation of lens formation [8,9]. It
is also well known that pax6, prox1, Mafs, sox2, and others
are important regulatory factors in the process of lens
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formation and development. However, the current study
found that other factors might also be involved in lens
regeneration. Retinaldehyde binding protein is the derivative
of vitamin A, which can accelerate mitosis after lentectomy,
and thus, enhance the dedifferentiation [50]. Centromere
protein E is involved in cell division and proliferation. In lens
regeneration, cells for stopping phase Gy are activated for the
proliferation into phase Gi. G-protein may perform a certain
function when induced signals are transmitted after lens
removal because it is a transmitter and can regulate the signals
induced by hormone, neurotransmitter, and visual
stimulation. Noelin-1 is a secreted glycoprotein and can
promote the differentiation of the nerves, as reported in a
previous study; perhaps it is associated with lens regeneration.
The above-mentioned, important regulatory factors may
function through these auxiliary factors.

The present study analyzed the spatio-temporal
expression of the crystallins during the two processes. The
findings indicated that there were significant differences, as
well as some similarities between the processes of lens
development and lens regeneration, as Henry [23] proposed
that the process of the transdifferentiation shares many
similarities to that of embryonic lens formation but there are
also some interesting differences. Some of differences may be
associated with the process of wound healing and cellular
dedifferentiation that may be association with lens
regeneration [38,39,51]. The data presented here point to
crystallins expression, and thus, do not single out a particular
mechanism that causes the differences in the two processes.
Therefore, further studies are needed to reveal it.
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