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Induction of Lens Differentiation by Activation
of a bZIP Transcription Factor, L-Maf

Hajime Ogino and Kunio Yasuda*

After the vertebrate lens is induced from head ectoderm, lens-specific genes are ex-
pressed. Transcriptional regulation of the lens-specific aA-crystallin gene is controlled
by an enhancer element, aCE2. A gene encoding an «CE2-binding protein, L-maf
(lens-specific maf), was isolated. L-maf expression is initiated in the lens placode and
is restricted to lens cells. The gene product L-Maf regulates the expression of multiple
genes expressed in the lens, and ectopic expression of this transcription factor converts
chick embryonic ectodermal cells and cultured cells into lens fibers. Thus, vertebrate lens
induction and differentiation can be triggered by the activation of L-Maf.

During development, the vertebrate lens is
induced upon contact between the pre-
sumptive retina and head ectoderm (1).
Differentiation of the ectoderm into lens
cells is accompanied by the specific up-
regulation of crystallin gene transcription
(2). We previously identified a lens-specific
enhancer element, termed aCE2, in the
chicken aA-crystallin promoter (3, 4). The
aCEZ sequence, located 100 base pairs up-
stream of the transcription start site, repre-
sents a lens-specific enhancer element that
is conserved in the regulatory regions of
many crystallin genes (5). The integrity of
this @CE2 sequence to direct lens-specific
transcription has been demonstrated in
both cell culture and transgenic mouse
experiments.

To identify a factor or factors that bind
to the aCE2 sequence and are expressed
during the formation of the lens, we
screened an expression library prepared
from chick embryonic lens with oligonucle-
otide probes encoding the aCE2 sequence
(6). Positive cDNA clones were classified
by their patterns of tissue distribution.

- Northern (RNA) blot analysis of 8-day-old
chick embryonic tissues revealed a 3.6-kb
mRNA that was expressed almost exclu-
sively in the lens, with very weak expression
in the brain (Fig. 1A). The spatial and
temporal patterns of expression were exam-
ined by whole-mount in situ hybridization
analyses (7). The transcripts were first de-
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tected in the lens placode at stage 11, when
the head ectoderm makes contact with the
optic vesicle (Fig. 1B). The expression re-
mains restricted to the invaginating lens
placode (stage 13, Fig. 1, C and D), and
subsequently to the developing lens vesicle
(stage 15, Fig. 1, E and F), where localized
transcription of the aA-crystallin gene later
occurs (stage 18, Fig. 1G). Early expression
of this factor in the lens placode preceded
the induction of the 81-crystallin gene, one
of the earliest lens markers.

Full-length ¢<DNA was obtained and the
sequence was determined. A single open
reading frame encoding 286 amino acids
predicted a putative transcription factor
with a bZIP motif and additional sequences
characteristic of the maf proto-oncogene
family (Fig. 2A). Thus, we named this pro-
tein L-Maf (lens-specific Maf). The gene
product, which represents a previously un-
described member of the family, can be
classified with the large Maf subfamily in-
cluding MafB, c-Maf, and NRL (Fig. 2B)
rather than with the small Mafs such as
MafK, MafF, and MafG (8). L-Maf most
closely resembles Maf B/Kreisler, which has
been shown to be involved in segmentation
of the hindbrain (9). Members of the large
Maf family are expressed in the lens of the
rat, mouse, chick, Xenopus, and zebrafish
(10). Interestingly, mafB and c-maf or L-
maf are detected in the lens epithelial and
fiber cells, respectively, of the rat and
Xenopus.

We next tested the ability of L-Maf to
control transcription in transfection assays
that used chicken primary culture cells and a
reporter construct encoding the chick aA-
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crystallin promoter (—244 to +89) linked to
a luciferase gene (Fig. 3A). Cotransfection of
an L-Maf expression plasmid (pEF X—L-Maf )
and the reporter into chick embryonic lens
cell cultures (4, 11) resulted in luciferase
activity 10 times that caused by transfection
with a control plasmid (pEFX) (12). Re-
placement of the aCE2 sequence, located in
the promoter region between base pairs
—119 and —99, with a Bam HI linker abol-
ished this response, indicating that L-Maf
activation occurs through the aCE2 se-
quence. Efficient transactivation of the aA-
crystallin promoter by L-Maf was also ob-
served in chick neural retina cell cultures. In
addition, activation was observed when L-
Maf was overexpressed in lung cultures; oth-
erwise, activity of the aA-crystallin promot-

L-maf '
|

B-actin
\ o s 4

si. 13

Fig. 1. Restricted expression of L-maf mRNA in
the lens. (A) Northern blot analysis of MRNAs from
8-day-old chick embryonic tissues, including lens,
neural retina, brain, lung, and heart tissues. In
each lane, 10 ng of total RNA was blotted and
hybridized with a randomly primed probe for L-
maf (3.6 kb) or B-actin cDNAs. (B to G) Expression
of L-maf during chick lens development. [-maf
expression was analyzed by whole mount in situ
hybridization from stages 11 to 18. Frontal views
of embryos hybridized with antisense L-maf
probes are shown for stages 11 (B), 13(C), and 15
(E); coronal sections through the lens placodes
are shown for stages 13 (D) and 15 (F). A lateral
view of embryos at stage 18 (G) shows expression
of L-maf and a A-crystaliin.
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er is extremely low. Thus, L-Maf acts as a
principal factor controlling transcriptional
switching of the aA-crystallin promoter.

A L-Maf ELAM- [ELPTSPLAIE YVNDFDLMKF EVKKEP---- AEA 45
MafB o LPTSPLAME YVNDFDLMKF KEPLGRN DRSG 49
c-Maf [MASE G PTSP E YVNDFDLMKF EVKKEPVE-T DRIIS 49

________ P! E YVNDFDLMKF EVKRE

NRL EVEREP--- -SEGRPGE-- 34

L-Maf B %SAGFTM PLG! fEH 94
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c-Maf B e HLED 90
NRL MV GATEG----- --—- TREGLEE 71
L-Maf P EDAVEALIGA ----====== ======—=== 127
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1
YPAVTHE DLAGSGHPHH HHHHHHQASP 170

c-Maf GQecHEH: AAGSGGGG GGGGGGAGGL HHPHH----- 232
NRL  ~=e=samesf DGEPRETOAQ Hh=-<—ccoi mcccceance cnccnlooao 125
T oy T DO [\ DQLVSMSVH [ELNROLRGF 193
MafB TPSTSSSSSQ o LVEMSVR| [ELNRELRGHT 220
c-Maf ---GGGGGGG I L\@SV& ELNRQLRQVY 268
NRL = —-===-==-= LVEMSVE [ELNRQLRQCG 153

RRTLKNRGYA ENEK]
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YKEKYE! TT--- -—==-- AR 285
; KLA NPS--- ——=-= S 310
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YKRRCDRL DP---= --—--- SHLE] 236
286
311
369
237

To analyze the binding specificity of L-
Maf, we prepared purified recombinant pro-
teins fused to maltose-binding protein

(MBP) and tested them in gel mobility shift
DNA binding assays (13) against regulatory
elements conserved in avian and mamma-

121 169 224 262 286

L-Maf [ Acidic [H i =] |
m 196 251 289 311

MafB [ 83% | H d L 76%

117 244 299 337 369

c-Maf [ 63% = H G GG 72 |
99 129 184 222 237

NRL L 50% | a7 |

Fig. 2. Amino acid sequence comparison of L-Maf and other large Mafs. (A)
Alignment of L-Maf with chick MafB, chick c-Maf, and human NRL. Identical amino
acids are boxed. Gaps to allow optimal alignment are represented by dashes.
Hydrophobic amino acid residues of the heptad repeat (leucine zipper structure)
are indicated by asterisks. Abbreviations for the amino acid residues are as follows:
A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle; K, Lys; L, Leu; M, Met; -
N, Asn; P, Pro; Q, GiIn; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. (B)
Schematic representation of L-Maf and other large Mafs. Acidic, basic, and leucine
zipper (Lz) domains are indicated; H and G denote histidine and glycine repeat
regions, respectively. Numbers in each domain indicate percent identity to L-Maf.
Amino acid positions are numbered.
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Alignment of enhancer se- ;@M
quences of crystallin genes

and the consensus binding sequence of the proto-oncogene maf (v-mafr)
(T-MARE, TPA-responsive type Maf recognition element). The nucleotides that
have been shown by mutational analyses to be essential for enhancer activity
are underlined, and those that match the T-MARE consensus are shaded.
Arrows indicate a palindrome sequence in T-MARE. (C) Gel retardation exper-
iments using a bacterially expressed fusion protein of maltose-binding protein
and L-Maf (MBP-L-Maf). Radiolabeled oligonucleotides containing the
sequences marked by asterisks in (B) were incubated with MBP (—) or
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MBP-L-Maf (+) and electrophoretically separated. C represents the position of
the DNA-protein complex. For abbreviations for probes and their complete
nucleotide sequences, see (13). (D) Luciferase activity assay. Lens cultures
were transfected with reporter plasmids carrying enhancer elements of crys-
tallin genes and pEF X or pEFX-L-Maf. In the reporter plasmids, six copies of
oligonuclectides that were used as the probe in gel retardation assays (B) were
inserted upstream of a chick B-actin basal promoter (base pairs —55 to +53)
linked to a luciferase reporter gene.
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lian crystallin genes (Fig. 3B). MBP-L-Maf
bound specifically to «CE2 and other crys-
tallin sequences tested (Fig. 3C). Substitu-
tion of three nucleotides in the aCE2 se-
quence (mt-caA) resulted in complete loss
of binding. L-Maf was also expressed in lens
cells along with luciferase reporter plasmids
containing six copies of each crystallin ele-
ment in front of a heterologous B-actin
basal promoter (Fig. 3D). Regardless of the
crystallin element, overexpression of L-Maf
resulted in efficient transcriptional activa-
tion by a factor of up to 200. In contrast, no

transcriptional stimulation was observed.

through the reporters without any crystallin
element or with the mutant «CE2 element,
mt-caA.

Next, we tested whether L-Maf could
initiate the genetic cascade toward lens cell
differentiation. pEFX-L-Maf was intro-
duced into neural retina cell cultures pre-
pared from 8-day-old chick embryos by
transient transfection. Cultures were dou-
ble-stained with L-Maf and aA- or 81-
crystallin antiserum (14). We were able to
visualize L-Maf-positive cells, and these
cells were also found to be positive for aA-

Fig. 4. Ectopic expres- A
sion of L-Maf induces
lens differentiation in
neural retina cultures
and chick embryos. (A)
Immunostaining of neu-
ral retina cultures trans-
fected with pEF X-L-Maf.
Five days after transfec-
tion, cultures were dou-
ble-stained with L-Maf
antiserum and aA- or
d-crystalin mAbs. (B)
Whole mount immuno-
staining of chick embry-
os electroporated with
pCAGGS-L-Maf. After 36
hours of incubation, em-
bryos were immuno-
stained with &-crystallin c

and 81-crystallin antisera (Fig. 4A). Mor-
phologically, these crystallin-positive cells
also exhibited the large, elongated shape
characteristic of terminally differentiated
lens fiber cells. When the retina cells were
transfected with a control expression vector
encoding B-galactosidase (B-gal), no cells
were stained with L-Maf antiserum or
crystallin monoclonal antibodies (mAbs)
even among B-gal-positive cells, indicat-
ing the absence of lens differentiation.
Lens differentiation was also induced in
other primary cultures, including the ret-
inal pigmented epithelium, forebrain, and
midbrain cells (15). We then transfected
eukaryotic expression vectors encoding L-
Maf (pCAGGS-L-Maf) and a green fluo-
rescent protein (pCAGGS-GFP) into chick
embryonic head ectoderms at stage 9 by in
ovo electroporation (16) to examine wheth-
er ectopic expression of L-Maf can induce
lens differentiation in chick embryos.
Whole-mount immunostaining with 81-
crystallin antiserum showed that 81-crystal-
lin—positive cells were clearly detected in
ectodermal cells (Fig. 4B). In a control em-
bryo, no crystallin-positive cells were detect-

L-Maf

ol-cry.

mAb. 3-Crystallin—posi- RCAS
tive cells are overlapped
with GFP-positive ecto-
dermal cells, but no cells
stained in a control em-
bryo. (C) Infection of L-
Maf expression retrovi-
rus. Neural retina cul-

tures were infected with RCAS or RCAS-L-Maf. After 5 days, the
cultures were stained with a A-, B-, or &-crystallin mAbs. (D) RT-PCR
analysis of lens-specific gene expression. Total RNA was extracted
from virus-infected retina cultures and from day 8 chick embryonic
lens. Primers specific for cDNAs of chick L-maf, o A-crystallin, BB1-
crystallin, 1-crystallin, and filensin were used for PCR. Primers for a
ribosomal protein gene s17 were used as a control for amount of
RNA, reverse transcription efficiency, and amplification variability.
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ed (Fig. 4B). Thus, consistent with the abil-
ity of L-Maf to convert retinal cells into lens
cells in vitro, L-Maf expression is capable of
ectopically inducing crystallin genes in ovo.

To confirm quantitatively the ability of
L-Maf to initiate lens cell differentiation,
we used an L-Maf-expressing retrovirus
(RCAS-L-maf) to infect retina cultures
(17). The expression patterns of aA-crys-
tallin and two additional terminally differ-
entiated lens fiber—specific markers, BB1-
crystallin and filensin, were examined.
Many aA-, BB1-, and 81-crystallin—posi-
tive colonies were present in cultures 5
days after infection with RCAS-L-maf,
but not in those infected with a RCAS
control virus (Fig. 4C). The reverse tran-
scription—polymerase chain reaction (RT-
PCR) (18) was used to confirm the pres-
ence of specific transcripts for these crys-
tallins and filensin (Fig. 4D). Thus, L-Maf
is able to induce the transcription of lens
marker genes and promote differentiation
into lens fiber.

L-Maf can induce lens differentiation
through direct binding to lens-specific
genes. Transcription factors such as Pax-6
(19-21), Sox-1/2 (22), RAR/RXR (23), Six3
(24), Rx (25), and Lhx2 (26) regulate the
expression of crystallin genes through direct
binding to their target sites or are involved
in eye formation. In particular, homozygous
mutations in the Pax-6 gene result in a
complete absence of eyes and nose (19, 27),
whereas ectopic expression in Drosophila in- .
duces supernumerary eyes (20). Ectopic ex-
pression of the murine homeobox gene Six3
induces lens formation in the area of the
otic vesicle in fish embryos (24). However,
none of these genes are expressed as strictly
as L-Maf in the developing lens. Most tis-
sue-specific genes are known to be regulated
by a combination of transcription factors
that have overlapping yet distinct expres-
sion patterns. Indeed, in situ analyses show
that the expression patterns of Pax-6, Sox-
1/2, and Six3 overlap in the eye primordi-
um, the optic vesicle, and the lens placode,
suggesting that they might be involved in
the control of L-maf expression. Judging
from the time of onset and lens specificity
of L-maf expression and its ability to induce
lens differentiation, L-Maf appears to be a
prime candidate for a direct target of induc-
tive signals from the optic vesicle.
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