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Summary 

The maf gene encodes a transcription factor protein containing a typical 

basic/leucine zipper domain structure, a motif for protein dimerization and 

DNA binding.  It has been demonstrated that maf family genes have 

important roles in embryonic development and cellular differentiation.  In 

this study, expression of cyclin D1, one of cell cycle-related molecules, was 

examined immunohistochemically in developing lens cells of c-maf 

knockout (-/-) mice.  At embryonic day 14 in wild-type mice, lens cells 

consisted of round epithelial cells of a single layer and regularly arranged 

elongated lens cells, indicating primary lens fiber cells.  Cyclin 

D1-positive nuclei were observed in the lens epithelial cells, whereas cyclin 

D1 was not expressed in the primary lens fiber cells.  In c-maf -/- mice, a 

variety of round epithelial cells were located in the anterior and posterior 

lens.  Many cyclin D1-positive nuclei were observed in lens epithelial 

cells as well as posterior lens cells.  These results suggest that c-maf plays 

a role in the regulation of expression of cyclin D1 in developing lens cells. 
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Introduction 

Morphologic lens development begins with the head ectoderm 

responding to inductive signals from the underlying optic vesicle to form 

the lens placode.  The lens placode subsequently invaginates to form the 

lens pit, which detaches from the surface ectoderm to form the lens vesicle.  

The lens vesicle develops into the lens when the anterior cells remain 

proliferative and form the lens epithelium, and then, the posterior cells exit 

from the cell cycle, elongate into lens fiber cells, and fill up the lumen of 

the lens vesicle.  After the basic structure is established, the lens continues 

to grow throughout life through differentiation of the lens epithelial cells 

into fiber cells.  Fiber cell differentiation is characterized by withdrawal 

from the cell cycle, cell elongation, and degradation of intracellular 

organelles, including the nucleus (Wride, 1996). 

The musculoaponeurotic fibrosarcoma (maf) gene encodes a 

transcription factor protein containing a typical basic/leucine zipper (bZIP) 

domain structure, a motif for protein dimerization and DNA binding, and 

forms a heterodimer with c-Jun (Kataoka et al., 1994; Kerppola et al., 

1994; Matsushima HY, 1998).  Recently, in vivo study clearly disclosed 

that c-maf and maf-B genes had important roles in embryonic development 

and cellular differentiation (Kase et al., 2004; Ogata et al., 2004).  We 

previously isolated c-maf cDNA clones from rat and have detected their 

expression in developing lens fiber cells (Sakai et al., 1997; Yoshida et al., 
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1997; Sakai et al., 2001; Yoshida et al., 2001).  In addition, proliferative 

cells were detected at the posterior region of the c-maf-/- lens, suggesting 

that c-maf plays a role in inhibition of the proliferation of lens fiber cells 

(Sakai et al., 1997; Yoshida et al., 1997).  The mechanism in the 

regulation of lens cell growth involved by c-maf, however, has not been 

determined. 

The inappropriate proliferation in lens fiber cells was also reported 

in retinoblastoma (Rb)-deficient embryos (de Bruin et al., 2003).  

Progression into the DNA synthesis phase of the mammalian cell cycle 

requires inactivation of the Rb protein via its phosphorylation by cyclin 

D-dependent kinases.  Down-regulation of cyclin D in the postmitotic lens 

fiber cell is required for the maintenance of the postmitotic state (Gomez 

Lahoz et al., 1999).  Screening of the cyclin D1 promoter revealed that it 

contains an AP-1-binding site sequence (Shiozawa et al., 2004).  c-maf 

induces changes in nuclear DNA-binding activities at multiple sites 

containing AP-1 elements(Cao et al., 2002).   

In this study, the expression of cyclin D1 in developing lens was 

examined using c-maf knockout (-/-) mice. 

 

Materials and methods 

Animals and tissues 
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All animal experiments conformed to the ARVO Resolution on the 

Use of Animals in Research.  Six C57Bl6 mice were obtained from 

Hokudo Corp., Sapporo, Japan.  The morning that the vaginal plug was 

detected was defined as embryonic day (E) 0.  On E 14, the mice were 

anesthetized with an intraperitoneal injection of 6% sodium pentobarbital 

(0.1 ml/100g), and the embryos were surgically removed and then fixed 

transcardially with 4% paraformaldehyde in 0.1 M borate buffer (pH 9.5) 

for 2 hr and processed for paraffin sections.   

Six c-maf -/- mice were produced as described previously (Yoshida et 

al., 2001).  Briefly, c-maf genomic clones were isolated from a 

129-genomic phage library and mapped by using several restriction 

enzymes.  The targeting vector was linearized at the NotI site and 

electroporated into embryonic stem cells. After selection, Southern blotting 

identified correct replacement events, and homologous recombination 

events were shown to have occurred in embryonic stem cell lines.  Finally, 

one line was obtained by germ-line transmission. 

 

Immunohistochemistry  

The slides were deparaffinized and rehydrated, and then rinsed with 

phosphate-buffered saline (PBS) twice for 10 min and incubated with the 

normal goat serum for 20 min and then with a mouse monoclonal antibody 

against cyclin D1 (1:50; Santa Cruz Biotech, Santa Cruz, CA) at room 
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temperature for 2 hr.  Binding of the primary antibody was localized using 

FITC-conjugated goat anti-mouse IgG (1:100; Jackson Immuno Research 

Laboratories Inc. West Grove, PA) for 30 min.  Nuclei were then stained 

with PBS containing 4’6-diamidino-2-phenylindole (DAPI)(4-10�g/ml) for 

5 min.  The specificity of the immunostaining was confirmed by using 

Tris-buffered saline instead of the primary antibody for cyclin D1 (negative 

control).   

 

Results 

At E 14 in wild-type mice, lens cells consisted of round epithelial 

cells in a single layer (Fig. 1 a, arrowhead) and regularly arranged 

elongated lens cells, which were considered to be primary lens fiber cells 

(Fig.1 a, arrow).  Cyclin D1-positive nuclei were observed in the lens 

epithelial cells, whereas cyclin D1 was not expressed in the primary lens 

fiber cells (Fig.1 b).  In c-maf -/- mice, a variety of round epithelial cells 

were located in the anterior and posterior lens.  Lens epithelial cells 

proliferated and formed a few layers.  The elongation seen in lens cells of 

wild-type mice failed to occur, resulting in a small hollow lens cavity (Fig. 

1 c).   Many cyclin D1-positive nuclei were observed in lens epithelial 

cells as well as posterior lens cells (Fig.1 d).  In both wild-type and 

c-maf-/- mice, many neuroblastic cells of the developing retina also 

expressed cyclin D1 in the nuclei. 
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Discussion 

Proliferative cells were located in the anterior epithelium but were 

absent from the posterior region of the developing lens (Yoshida et al., 

2001).  Maf encodes a transcription factor protein containing a bZIP 

domain structure, a motif for protein dimerization and DNA binding 

(Kataoka et al., 1994; Kerppola et al., 1994).  In our previous studies, we 

showed that c-maf was not expressed in the lens epithelial cells, but was 

expressed in the equatorial region and posterior portion of the lens (Sakai et 

al., 1997; Yoshida et al., 1997).  This study clearly demonstrated that 

cyclin D1-positive nuclei were observed in the lens epithelial cells, whereas 

cyclin D1 was not expressed in the primary lens fiber cells (Fig.1 b).  The 

lack of cyclin D1 where the c-maf expression occurred prompted us to 

hypothesize that c-maf plays a role in the regulation of expression of cyclin 

D1.  Hence, we examined the role of c-maf in the expression of cyclin D1 

using c-maf-/- mice in this study.   

c-maf induces changes in nuclear DNA-binding activities at 

multiple sites containing AP-1 elements (Cao et al., 2002).  Screening of 

the cyclin D1 promoter revealed that it contains an AP-1-binding site 

sequence (Shiozawa et al., 2004).  In this study, many cyclin D1-positive 

nuclei were observed in posterior lens cells in c-maf-/- mice (Fig.1 d), 

suggesting that c-maf inhibits the transcriptional activation of cyclin D1.  
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In fact, c-maf was able to suppress the IL-12 p40 promoter, and resulted in 

a strong inhibition of mRNA expression in some cell types (Cao et al., 

2002).  Inhibition of the gene expression by c-Maf requires the N-terminal 

transactivation domain (Cao et al., 2002), suggesting an indirect 

mechanism of transcriptional inhibition of cyclin D1 involving the 

induction of an unidentified repressor.  

We previously demonstrated that proliferative cells were detected 

at the posterior region of the developing lens in c-maf -/- mice (Yoshida et 

al., 2001).  In an in vitro study, it was shown that down-regulation of 

cyclin D in postmitotic lens fiber cells was required for the maintenance of 

the postmitotic state (Gomez Lahoz et al., 1999).  The continued 

expression of cyclin D1 in conjunction with proliferation in the posterior 

region of the c-maf-/- lens (Yoshida et al., 2001) suggested that 

down-regulation of cyclins D was also required for the maintenance of the 

postmitotic state in the lens fiber cell in vivo.  Proliferation of the lens 

epithelium and migration of lens epithelial cells to beneath the posterior 

lens capsule result in a pulverulent cataract (Smith et al., 1997).  

Elucidation of the mechanism by which c-maf regulates the protein level of 

cyclin D1 should prove valuable in delineating the molecular pathways 

underlying the pulverulent cataract found in the maf-mutant lens (Jamieson 

et al., 2003). 

 

 8



References 

 

Cao, S, Liu, J, Chesi, M, Bergsagel, PL, Ho, IC, Donnelly, RP, and Ma, X 

(2002). Differential regulation of IL-12 and IL-10 gene expression in 

macrophages by the basic leucine zipper transcription factor c-Maf 

fibrosarcoma. J Immunol 169: 5715-25. 

 

de Bruin, A, Wu, L, Saavedra, HI, Wilson, P, Yang, Y, Rosol, TJ, Weinstein, 

M, Robinson, ML, and Leone, G (2003). Rb function in extraembryonic 

lineages suppresses apoptosis in the CNS of Rb-deficient mice. Proc Natl 

Acad Sci U S A 100: 6546-51. 

 

Gomez Lahoz, E, Liegeois, NJ, Zhang, P, Engelman, JA, Horner, J, 

Silverman, A, Burde, R, Roussel, MF, Sherr, CJ, Elledge, SJ, and DePinho, 

RA (1999). Cyclin D- and E-dependent kinases and the p57(KIP2) 

inhibitor: cooperative interactions in vivo. Mol Cell Biol 19: 353-63. 

 

Jamieson, RV, Munier, F, Balmer, A, Farrar, N, Perveen, R, and Black, GC 

(2003). Pulverulent cataract with variably associated microcornea and iris 

coloboma in a MAF mutation family. Br J Ophthalmol 87: 411-2. 

 

Kase, S, Imaki, J, Harada, T, Harada, C, Ohgami, K, Shiratori, K, Sakai, M, 

 9



Nishi, S, Ohno, S, and Yoshida, K (2004). Expression of maf-B mRNA in 

the epithelium around the eyelid closure of the mouse eye at embryonic day 

18. Anat Embryol (Berl) 209: 153-6. 

 

Kataoka, K, Noda, M, and Nishizawa, M (1994). Maf nuclear oncoprotein 

recognizes sequences related to an AP-1 site and forms heterodimers with 

both Fos and Jun. Mol Cell Biol 14: 700-12. 

 

Kerppola, TK, and Curran, T (1994). Maf and Nrl can bind to AP-1 sites 

and form heterodimers with Fos and Jun. Oncogene 9: 675-84. 

 

Matsushima HY, NS, Sakai M. (1998). Rat maf-related factors: the 

specificities of DNA binding and heterodimer formation. Biochem Biophys 

Res Commun 245: 412-418. 

 

Ogata, A, Shimizu, T, Abe, R, Shimizu, H, and Sakai, M (2004). 

Expression of c-maf and mafB genes in the skin during rat embryonic 

development. Acta Histochem 106: 65-7. 

 

Sakai, M, Imaki, J, Yoshida, K, Ogata, A, Matsushima-Hibaya, Y, Kuboki, 

Y, Nishizawa, M, and Nishi, S (1997). Rat maf related genes: specific 

expression in chondrocytes, lens and spinal cord. Oncogene 14: 745-50. 

 10



 

Sakai, M, Serria, MS, Ikeda, H, Yoshida, K, Imaki, J, and Nishi, S (2001). 

Regulation of c-maf gene expression by Pax6 in cultured cells. Nucleic 

Acids Res 29: 1228-37. 

 

Shiozawa, T, Miyamoto, T, Kashima, H, Nakayama, K, Nikaido, T, and 

Konishi, I (2004). Estrogen-induced proliferation of normal endometrial 

glandular cells is initiated by transcriptional activation of cyclin D1 via 

binding of c-Jun to an AP-1 sequence. Oncogene 23: 8603-10. 

 

Smith, RS, Sundberg, JP, and Linder, CC (1997). Mouse mutations as 

models for studying cataracts. Pathobiology 65: 146-54. 

 

Wride, MA (1996). Cellular and molecular features of lens differentiation: 

a review of recent advances. Differentiation 61: 77-93. 

 

Yoshida, K, Imaki, J, Koyama, Y, Harada, T, Shinmei, Y, Oishi, C, 

Matsushima-Hibiya, Y, Matsuda, A, Nishi, S, Matsuda, H, and Sakai, M 

(1997). Differential expression of maf-1 and maf-2 genes in the developing 

rat lens. Invest Ophthalmol Vis Sci 38: 2679-83. 

 

Yoshida, K, J.I. Kim, Imaki, J, Hiromi, I, Nishi, S, Matsuda, H, Harada, T, 

 11



Harada, C, Oho, S, and Sakai, M (2001). Proliferation in the posterior 

region of the lens of c-maf-/- mice. Current Eye Research 23: 116-119. 

 

 12



Figure Legends 

 

Fig.1.  DAPI nuclear staining (a, c) and immunoreactivity for cyclin D1 (b, 

d) in developing lens cells on embryonic day (E) 14 in wild-type mice (a, 

b) and maf -/- mice (c, d).  At E 14, lens cells consist of epithelial cells (a, 

arrowheads) and primary lens fiber cells (a, arrows).  Nuclear 

immunoreactivity for cyclin D1 is noted in the lens epithelial cells (b, 

arrowheads).  In contrast, cyclin D1 is not expressed in the primary lens 

fiber cells (b, arrows).  In c-maf -/- mice, a variety of round epithelial cells 

are located in the anterior and posterior lens.  Lens epithelial cells 

proliferate and form a few layers.  Lens epithelial cells do not show 

differentiation into fiber cells (c).   Many cyclin D1-positive nuclei are 

observed in lens epithelial cells as well as posterior lens cells (d).  Bar 

equals 50 um. 
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