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Characterization of terminally differentiated cell state by
categorizing cDNA clones derived from chicken lens fibers

KAICHIRO SAWADA', KIYOKAZU AGATA' and GORO EGUCHI*

Division of Morphogenesis. Department of Developmental Biology, National Institute for Basic Biology, Okazaki, Japan

ABSTRACT To characterize a terminally differentiated state of cells atthegeneexpression lev-
el, a cDNA library of chicken lens fibers was analyzed. The major population of the library con-
sisted of cDNAs encoding ,,-crystallin (about 35% of the recombinants) and other crystallins (aA-,
((B., PA3/A1., pB1., PB2-), as well as cytoskeletal proteins (CP49. CP951, and membrane protein

IMP28). These cDNA clones representing lens structural proteins known. accounted for about
60% of the library. When 96 clones were randomly selected from this library, 55 clones corre-
sponded to the above-mentioned major class proteins. Analyses of the remaining clones indi-
cated that many of them were expressed in a lens-specific manner at very low levels. The partial
nucleotide sequence analysis of these clones revealed that two cDNAs corresponded to the
genes encoding lens-type connexin. three cDNAs to the genes encoding housekeeping proteins,
and some cDNAs to the genes encoding regulatory proteins. The mRNA composition in the
chicken lens fiber cells indicated rather simple organization of mRNA species of this cell type.
and gave scope to the possibility of full description of differentiated lens fiber cells at gene activ-
ity level.
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Introduction

Developmental processes of biological organisms include the
differentiation of various types of cells comprising specific tis-
sues of mature individuals. It is interesting how the terminally dif-
ferentiated states of cells are maintained in terms of gene activ-
ity. Description of the mRNA composition in the terminally
differentiated cells should be a good standpoint to approach this
subject.

Lens fibers are typical examples of terminal differentiated tis-
sues composed of a single type of cell. A limited number of dis-
crete proteins seem to be exclusively expressed in the lens fiber
cells. The most abundant proteins are crystallins, followed by
cytoskeletal and membrane-associated proteins. The cDNAs
corresponding to these major classes of proteins have been iso-
lated (Yasuda et al.. 1984; Okazaki et al., 1985; Hejtmancik et
al., 1986; Peterson and Piatigorsky, 1986; Kodama et al.. 1990;
Sawada et al.. 1992, 1995; Orii et al.. 1993; Remington, 1993).
Other minor proteins were also studied but many of them might
remain as unknown classes of proteins. To assess the mRNA
composition of these known and unknown proteins. we made the
population analysis of cDNA library using chicken lens fiber cells
as a good model system to study gene activity of fully differenti-
ated cells.

Results

Population sizes and expression of nine major genes
cDNAs of nine genes which are known to be expressed

specifically in the chicken lens were used for the analysis. They
were six cDNAs of genes encoding crystallins «((A-, aB-,
pA3/A1-, PB1-. PB2-, and a-crystallin), two cDNAs of genes
encoding cytoskeletal proteins (CP49 and CP95) and one cON A
of a gene encoding major intrinsic protein (MP28).

Dot blot hybridizations against 96 clones randomly selected
from the library were performed. Fifty-five clones showed posi-
tive signals to probes for these nine genes. Thirty-four clones
contained a-crystallin cDNA. The cDNAs of the genes encoding
the other crystallins, MP28. and CP95, were detected in 1-5
clones, and CP49 cON A was not included in the selected clones
(Table 1, first row).

The population sizes of the cDNAs of these genes in the
cDNA library except that encoding a-crystallin were confirmed by
plaque hybridization with a larger number of recombinants (more
than 5000 plaques) (Table 1, second row). Two sets of values of
the population sizes showed good agreement.

The expression of these genes in one day-old chicken lenses
was also examined by mRNA dot blot hybridization (Table 1, third
row). About 1 ~g of poly(A)- RNA of the lens epithelium and lens
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crystallins cyloskelelal proteins
6 uA "B ~A3/A1 ~B1 ~B2 CP49 CP95 MP28

number of clones 34 5 2 5 2 2 0 4
showing positive
reaction among

(0) (4.2) (1.0)96 clones (%) (35.4) (5.2) (2.1) (5.2) (2.1) (2.1)

population size
0.5 3.4 0.7in cDNA library % 4.4 2.4 5.9 2.8 3.4

mRNA dot blot hyb.
lens fibers

I I . ,. . . . . .
lens epithelium 8' IaJ . .
Population sizes in the second row were determined by plaque hybridization with ca. 5,000 recombinants. Signal intensities of mRNA dot blot hybridiza-
tion were not normalized, nor reflecting the relative expression level among each gene.
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POPULATION SIZES AND EXPRESSION OF NINE MAJOR GENES IN THE LENS FIBERS

TABLE 1

fibers was blotted on nylon membranes and hybridized. Allof the
crystallin cDNAs reacted equally with both the lens epithelium
and lens fibers except ~B1-crystallin cDNA which reacted weak-
ly with the mRNA of the lens epithelium. In contrast, all of the
cytoskeletal protein cDNAs and the major intrinsic protein (MIP)
cDNA reacted only with the mRNA of lens fibers.

Characterization of remaining cDNA clones
Of fhe 96 randomly selected clones, 41 did not react with any

probes for the nine genes above. Thirty-eight of them could be
recloned in plasmid vector and were examined as examples of
unknown clones in the lens fiber cDNA library. The mutual cross-
reactivities, levels of expression in four tissue types (lens epithe-
lium, lens fibers, liver, and neural retina) and the population sizes
in the cDNA library were examined. Results are summarized in
Table 2. Except for the cross-reactivity between clones No. 47
and No. 84, they represented unique sequences. Thirteen
clones were detected in both lens and non-lens tissues, and
showed variable abundance in the lens. Other 25 were detected
in lens tissues but not in either liver or neural retina. Of these 25,
five were expressed in both the lens epithelium and lens fibers
and the other 20 were expressed specifically in lens fibers. None
of these lens-specific clones accounted for more than 1% of the
cDNA library. The population size of three clones (No.1 0, No. 47
and No. 84) was 0.2% of the cDNA library. Other 22 clones rep-
resented less abundant mRNA species (0.1% or less of the
cDNA library).

The partial DNA sequences of some of these unknown clones
showed high similarities to reported sequences in the available
databases such as Genbank. Results are summarized in Table
3. Some of these clones were revealed to contain cDNAs of
genes encoding presumptive regulatory proteins. They were
nuclear proteins (BBC1: Adams, S.M. et a/., 1992; dbpBIYB-1:
Didier ef al., 1988; Sakura ef al., 1988), a protein containing
ankyrin repeats (V1 protein: Taoka et al., 1992), a translationally
controlled protein (p23: Chitpatima at al., 1988; Gross et a/.,
1989), and a TGF~-induced protein containing leucine-zipper

motif (TSC-22, Shibanuma et a/., 1992). Relatively low but si9-
nificant similarities were observed between a sequence of clone
No. 65 and that of a gene encodin9 RNase H (Mushegian et a/.,
1994), and between a sequence of clone No. 95 and that of a
gene encoding a protein containing armadillo repeats (p120 pro-
tein: Reynolds et al., 1992). cDNA clones representing these
presumptive regulatory proteins were found at very low levels
(0.1 % or below) except for clones representing dbpBIYB-1
(1.4%) and TSC-22 (0.2%). cDNAs of genes encoding house-
keeping proteins were found in three clones (No.9: mitochondr-
ial ATPase, No. 53: ex-tubulin, and No. 72: elongation factor-1rt).
Two clones (No. 47 and No. 84) contained cDNAs of genes
encodin9 lens-type connexin (Connexin 50: White et a/., 1992;
Connexin 45.6: Genbank L24799), which was another construc-
tive protein of lens fibers. cDNA of two clones (No. 15 and No.
68) contained a sequence encoding part of the 28S rRNA, which
was thought to be a contaminant in the cDNA library.

Discussion

We analyzed a cDNA library of chicken lens fibers as an
example of terminally differentiated cells. In Table 4, clones of
nine known genes and 38 other clones examined were catego-
rized according to the population size in the cDNA library and the
expression specificity in the lens and othe:r tissues. Distinctive
features of the composition of the chicken lens fiber cDNA library
indicated in this study were as follows. (i) Most of the cDNAs in
the library encoded lens-specific proteins, such as crystallins,
CP95, CP49, MP28, and lens-type connexin (0.2%-35% of the
library). The sum of these cDNAs is thought to account for about
60% of the library. (ii) In contrast, the populations of cDNAs of
housekeeping genes (genes encoding o:-tubulin, mitochondrial
ATPase, and EF-1 rt) were relatively small (0.06%-0.3%). (iii)
Genes of many of the unidentified cDNA clones were expressed
in a lens-specific manner. Expression of most of them seemed to
be up-regulated according to the differentiation of lens fiber cells
from lens epithelial cells. (iv) Several clones encoding presump-



TABLE 2

POPULATION SIZES AND EXPRESSION LEVELS OF 38
UNHYBRIDIZED CLONES

clone mRNA dot blot hyb. population length accession
No. Uv NA LF LE in cDNA (kbJ No.

library(~;')

4 ++ + 0.05 1.4 D26311

6 + ++ + 0.03 0.8 D26312
8 ++ 0.04 1.4 D26313
9 ++ + + 0.06 0.2 D26314

10 + 0.2 1.6 D26316
12 + 0.03 0.7 D26317
14 ++ + ++ + 0.1 0.7 D26318

15 + + + + 1.0 1.5 D26319
16 + 0.07 0.4 D26320
18 + 0.01 1.0 D26321
19 + 0.06 0.6 D26322
21 + 0.01 1.3 D26323
22 + ++ + 0.01 1.4 D26324
23 ++ 0.01 1.8 D26325

30 + 0.1 3.7 D26326

31 + 0.01 0.8 D26327
34 + + ++ + 1.4 1.5 D26328
38 + 0.02 1.4 D26329

39 + 0.04 1.0 D26330
42 + 0.06 2.8 D26331
45 + 0.03 0.7 D26332
47 + 0.2 0.8 D26333
48 + 0.02 1.3 D26334
52 + + + 0.2 1.5 D49740

53 + + + 0.3 1.4 D26336
56 + + + 0.03 1.1 D26337
58 ++ + 0.09 2.7 D26315

61 + + 0.04 1.3 D26338
63 + + ++ 0.04 0.9 D26339
65 + + 0.01 1.3 D36340

68 + + + ++ 1.4 1.0 D26341
72 + + + ++ 0.2 0.7 D26342
74 + 0.01 0.9 D26343
77 + 0.01 1.2 D26344
81 + 0.01 0.1 D26345

84 ++ + 0.2 1.8 D26346

90 + 0.01 0.4 D26347
95 + ++ + 0.01 2.0 D49741

Abbreviations: Liv, Liver; NA, neural retina; LE, lens epithelium; LF. lens
fibers. The nucleotide sequences will appear in the GSDB, DDBJ, EMBL,
and NCBI nucleotide sequence databases with the above accession
numbers. Population sizes were determined by plaque hybridization with
ca. 5,000 recombinants (for clones which accounted for more than 0.1 %)
or more than 10,000 recombinants (for clones which accounted for 0.1 ~,;,

or below).
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TABLE 3

RESULTS OF THE SIMILARITY SEARCH OF
UN HYBRIDIZED CLONES

done expression population in protein encoded by
No. jn tissues cDNA library homolog & similarity

14 non-specilic 0.1% SSC1 195aa/211 aa (92%)

34 non-specific 1.4~;' dbpBIYB-1 302aa/326aa (93%)

30 lens fiber O.1~io V1 protein 113aa/118aa (96~o)

6 non-specific 0.03~.. p23 155aa/172aa (90~o)

52 non-specilic 0.2% T8C.22 95aa/143aa (66%)

65 lens 0.01~;' RNase H 84aa/293aa (29~;')

95 non-specific 0_01.... p120 36aa'112aa (32~o)

9 non-specific 0.06~.. mt ATPase 161bp/163bp (99~o)

53 non-specific 0.3~.. u-tubulin 138bpl142bp (96~o)

72 non-speCific 0.2% EF.1u 162bp/190bp (85%)

47 lens fiber 0,2~;' Connexin 45_6 234aa/235aa (99%)

B4 lens 0.2~;' Connexln 50 162bp/296bp (55....)

15 non-specifIc 1.0~;' 288 rRNA 109bpl114bp (96";')
6B non-specllic 1.4'% 285 rRNA 1OObp/108bp (93%)

tive regulatory proteins were found in a class of cDNAs
expressed at very low levels (0.1% or below).

In the case of the human brain as a tissue mainly composed
of terminally differentiated cells, the first and second abundantly
expressed genes are the p-actin gene (0.6% of the nuclear-
encoded mRNAs) and the myelin basic protein gene (0.5%)
(Adams M.D. et al., 1992). Comparing to the brain, the extraor-
dinary abundance of mRNAs of major lens proteins in the lens
fiber cell is obvious. mRNAs representing many species of regu-
latory factors of lens fiber differentiation are also expressed
though the expression level of each mRNA is very low.

The major lens-specific proteins have been studied well as
markers for terminal differentiation. The distinct spatiotemporal
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Sequences of nucleotides (bp) or deduced amino acids (aa) are used to
calculate the similarities.

patterns of their expression in the lens were known (e.g.
Papaconstantinou, 1967). Furthermore, non lenticular expression
of some classes of crystallins was observed in several tissues
(e.g. Agata et al., 1983; Iwaki et al., 1989; Head et al., 1991;
Sawada et al.. 1993). These findings showed that transcription of
each gene encoding a major lens protein could be regulated
independently, and that many different regulatory factors are
probably involved in transcriptional regulation of each gene.

Some of the factors involved in the regulation of crystallin
gene expression have already been identified by analysis of
binding specificities to enhancer elements of each gene
(Nakamura et al.. 1990; Matsuo et al.. 1991; Funahashi et al.,
1993), and binding sites for many regulatory factors including
Pax-6, USF, CRES, and AP-1 proteins were also identified in the
region upstream of the "A-crystallin gene (Cvekl et al., 1994).
These findings also suggest that many different regulatory
mechanisms and factors are involved in lens cell differentiation.

To clarify the terminally differentiated cell state including these
multifariousmechanisms, the survey of all genesexpressedin
lens fiber cells is thought to be effective. The 'Human Gene
Anatomy' project reported 83 million nucleotide sequences of
human cDNA libraries. However, of 88,000 distinct sequences,
only about 10,000 could be identified as known genes (Adams et
al.. 1995). in contrast, the present study demonstrates that 60%
of the clones of the chicken lens fiber cDNA library could be
identified as a cONA of one of the limited numbers of genes. and
that cDNAs ot many reguiatory factors might account for some of
the remaining 40% of the library. Because the averaged popula-
tion size of the minor cONAs in this study was calculated as
about 0.04%, only 1,000 different cDNAs are estimated to com-
prise this 40% of the cDNA library. Since more minor cDNAs,
which could not be detected in this study, may exist, the actual
number of different mRNAs expressed may be up to double.
Even in such a case, it is easy to capture the cONAs of novel
minor genes which are expressed specifically in lens fiber cells
by effective subtraction of the major cDNAs. Although it is not
certain how many of these clones might encode factors Involved
in the regulation of lens fiber differentiation, we will be able to
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>10% o-cryslallin

ctA-,oB-, rRNA(15,68),
>1~o & ::;10% ~A3IA1., ~B1., CP95 dbpBIYB.1(34)

pB2-crystallin

MP28, CP49 TSC.22(52).
>0.1% & .s1'% Cx(84) CX(47) u-tubulin(53),

10 EF-1u(72)

RNaseH(65) V1p(30) p23(6),
::;:0.1% 4,58,61 8,12, 16, 18, 19 mtATPase(9),

21,23,31,38,39 BBCI(14).
42,45,48,74,77 p120(95),
81,90 22,56,63

--1
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narrow down the number of candidates with further analysis. The
approachdescribed here is considered to be very useful for the
investigation of various biological phenomena of terminal differ-
entiation. and the lens is one of the best materials to analyze for
that purpose.

TABLE 4

SUMMARY OF THE ANALYSIS OF THE CHICKEN
LENS FIBER cDNA LIBRARY

rank of
population size in
cONA library LE+LF

expression patterns

LF non-specific

Abbreviations: LE. lens epithelium: LF, lens fibers. cDNAs of nine genes
known were categorized according to results shown in Table 1, and rep-
resented by names of encoded proteins. cONAs of other genes were cat-
egorized according to the results shown in Table 2. Clones listed in Table
4 are represented by the names of homologs with clone numbers. Others
are represented by their clone numbers.

Materials and Methods

RNA dot analysis
Lens fibers, lens epithelia, neural retinae and livers were isolated

from one day-old chickens. Tissues were homogenized in a solution of
0.1 M Tris-HCI pH 9.0 and 1% SOS. Nucleic acids were extracted by phe-
nol and phenol-chloroform saturated with 0.1 M Tris-HCI pH 9.0, and
RNA was purified by centrifugation on 5.7 M CsGI. Poly(A). RNA was
punfied using oligo-dT-conjugated latex, Oligotex (JSR-Roche). Purified
poly(At RNA was blotted on the nylon membrane using a dot blot appa-
ratus (Bio-Rad) (1 pg per dot).

Conventional procedures of dot blot hybridization (White and
Bancroft, 1982) were pertormed.

Analysis of cDNAs

The cONA library of chicken lens fibers was constructed as described
previously (Sawada et al., 1992). Plaque hybridization was pertormed
according to the method of Benton and Davis (1977).

For sequencing, EcoRl fragments derived from the selected recombi-
nants in the cDNA library were subcloned into the pTZ19R vector. The
dideoxy-termination method (Sanger et al., 1977) was used with a
Sequenase DNA sequencing kit (USB).
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