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Fibroblast growth factor (FGF) signaling regulates a multi-
tude of cellular processes, including cell proliferation, survival,
migration, and differentiation. In the vertebrate lens, FGF sig-
naling regulates fiber cell differentiation characterized by high
expression of crystallin proteins. However, a direct link between
FGF signaling and crystallin gene transcriptional machinery
remains to be established. Previously, we have shown that the
bZIP proto-oncogene c-Maf regulates expression of �A-crystal-
lin (Cryaa) through binding to its promoter and distal enhancer,
DCR1, both activated by FGF2 in cell culture. Herein, we iden-
tified and characterized a novel FGF2-responsive region in the
c-Maf promoter (�272/�70, FRE). Both c-Maf and Cryaa regu-
latory regions contain arrays of AP-1 and Ets-binding sites.
Chromatin immunoprecipitation (ChIP) assays established
binding of c-Jun (an AP-1 factor) and Etv5/ERM (an Ets factor)
to these regions in lens chromatin. Analysis of temporal and
spatial expression of c-Jun, phospho-c-Jun, and Etv5/ERM in
wild type and ERK1/2 deficient lenses supports their roles as
nuclear effectors of FGF signaling in mouse embryonic lens.
Collectively, these studies show that FGF signaling up-regulates
expression of �A-crystallin both directly and indirectly via up-
regulation of c-Maf. These molecular mechanisms are applica-
ble for other crystallins and genes highly expressed in terminally
differentiated lens fibers.

During embryonic development, the fibroblast growth factor
(FGF)3 signal transduction pathway regulates a range of cellular
processes including cell proliferation, survival, migration, and
differentiation (1). The mammalian FGF signaling is mediated
by the interaction of specific secreted FGFs (i.e. FGF1 to FGF10)

that work in conjunction with a specialized class of transmem-
brane receptor tyrosine kinases, the FGF receptors (FGFR1 to
FGFR4). Formation of a complex between the dimeric FGFR
and its FGF ligand dimer triggers a cascade of intracellular pro-
cesses relayed by mitogen-activated kinases (MAPKs) such as
Erk1 (official gene name: Mapk3) and Erk2 (Mapk1), PI-3/Akt
kinase system, and other kinases. Upon entering the nucleus,
Erk1/2 kinases elicit transcription of specific DNA-binding
transcription factors and/or their post-translational modifica-
tions. While the majority of FGF signaling output includes acti-
vation of cell proliferation, survival, and motility, FGF signaling
also regulates lens, myoblast, and osteogenic terminal differen-
tiation (1, 2).

The ocular lens has served as an advantageous model for
studies of FGF signaling over many years (2). Primary rodent
lens cell culture experiments showed that addition of a “high”
concentration of bFGF/FGF2 (40 ng/ml) alone induced lens
fiber cell terminal differentiation while “low” (0.15 ng/ml) and
moderate (3 ng/ml) concentrations control cell survival and
migration, respectively (3–5). FGF signaling is also modulated
by the lens capsule, an extracellular matrix serving as an inter-
face between the lens, aqueous and vitreous humor (6, 7). Sub-
sequent genetic studies of FGF receptors (8, 9), components of
the Frs2�/Ras/MAPK signaling arm (10 –13), and the cooper-
ating heparan sulfate biosynthesis pathway (14, 15) demon-
strated in vivo roles of FGF signaling in mouse lens fiber cell
survival and differentiation, and identified a set of lens regula-
tory genes, including c-Maf, Prox1, Etv1 (ER81), and Etv5
(ERM), whose expression was attenuated following genetic dis-
ruption of the FGF signaling pathway (9, 14, 15).

Among these factors, Etv1 and Etv5 are well-established
nuclear components of FGF signaling during neural develop-
ment (16). The bZIP nuclear oncogene c-Maf encodes an
important DNA-binding transcription factor that controls lens
fiber cell differentiation through crystallin target genes (17). In
addition to the lens, c-Maf regulates T-cell (18) and chondro-
cyte differentiation (19). Up-regulation of MAF was found in
multiple myeloma cells and is a potential therapeutic target to
treat this cancer (20). Therefore, a thorough understanding of
c-Maf transcriptional control relates not only to the basic ques-
tion of embryonic development but also for dysregulated gene
expression during oncogenesis.

Transcriptional control of c-Maf in lens and T cells is just
beginning to be understood (21, 22). Expression of c-Maf in the
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lens is regulated by a 1.3 kb promoter in combination with a
5�-located distal enhancer through autoregulation by c-Maf
and direct regulation by Pax6 (17). As this expression system
recapitulates endogenous expression of c-Maf in differentiating
lens fibers, we hypothesized that the c-Maf promoter/enhancer
is regulated through FGF-regulated transcription factors. Up-
regulation of c-Maf in the elongating cells of the lens vesicle is
followed by expression of �A-crystallin (23). To understand the
link between FGF signaling, crystallin gene expression, and lens
fiber cell differentiation, we identified a 220-bp long FGF-respon-
sive distal enhancer (DCR1) in the mouse Cryaa locus and demon-
strated that DCR1 is sufficient for expression of �A-crystallin in
the invaginating lens pit and is essential for �A-crystallin up-reg-
ulation in differentiating primary lens fiber cells (23, 24). Thus, it is
possible that FGF signaling likely regulates �A-crystallin gene
expression by multiple mechanisms that include c-Maf (indi-
rectly) and DCR1 enhancer (directly). Earlier studies in different
developmental and cellular systems have identified members of
AP-1 (e.g. c-Jun) and Ets (e.g. Etv1 and Etv5, see above) families of
transcription factors as primary nuclear effectors of FGF signaling
(1, 25). However, it is not known which target genes are directly
regulated by these AP-1 and Ets factors during lens differentiation.

Herein, we first examined whether FGF2 could augment
c-Maf promoter activity in cultured lens cells. We next identi-
fied a critical region (�272/�70) of the c-Maf promoter con-
taining arrays of multiple AP-1 and Ets-binding sites. Similarly,
the enhancer of �A-crystallin (DCR1) also harbors these sites.
Temporal and spatial analysis of c-Jun, Etv5/ERM, c-Maf, and
�A-crystallin expression in mouse embryonic lenses coupled
with ChIPs and co-transfection studies support the model of
joint regulation of c-Maf by c-Jun and Etv5. Down-regulation of
c-Maf and c-Jun proteins, as well as Etv5 mRNAs, was also
found in Erk1/2 double conditional lens mutants. The results
are summarized in a model comprised of the FGF/FGFR com-
plex, MAPK signaling cascade, nuclear factors c-Jun and Etv5,
and c-Maf and Cryaa target genes.

Materials and Methods

Reporter Gene Constructions—A parental 1.3-kb c-Maf pro-
moter-EGFP reporter construct (�494/�866) is described
elsewhere (17). A series of three c-Maf promoter deletions gen-
erating promoter fragments (Fig. 1) were synthesized by Gen-
Script (Piscataway, NJ) in a pUC57 vector followed by their
subcloning into a pEGFP-1 vector (Clontech). The �494/�210
c-Maf promoter fragment and its internal deletion (�272/�70)
were also subcloned into a pGL3-luc vector (Promega, Madi-
son, WI). Three copies of FRE (�272/�70) (3xFRE) fused to a
minimal E4TATA promoter (26) were also synthesized by Gen-
Script to generate a plasmid 3xFRE/luc. The mouse �A-crystal-
lin promoter and promoter/DCR1-luciferase constructs are
described elsewhere (24, 27).

Primary Lens Cell Culture, Transfections, and Western Blot—
Primary cultures of embryonic chick lens epithelial cells (DCD-
MLs) were prepared from E10 chick lenses and plated at 1.2 �
105 cells/well onto laminin-coated 96-well tissue culture plates
as previously described (28). Cells were cultured in the absence
of serum in M199 medium plus BOTS (2.5 mg/ml bovine serum
albumin, 25 mg/ml ovotransferrin, 30 nM selenium), penicillin

G, and streptomycin (M199/BOTS). One day after plating,
DCDML cultures were transfected in M199 medium using
Lipofectamine 2000 (GibcoBRL) following the manufacturer’s
suggested protocol. Five hours after transfection, cells were cul-
tured in the presence or absence of 10 ng/ml FGF-2 (R&D Sys-
tems; Minneapolis, MN). Six days later, the cells were solubi-
lized directly in SDS-PAGE sample buffer and boiled. Equal
amounts (10 �g) of total protein were transferred to polyvi-
nylidene fluoride membranes, and the blots were probed with
the JL-8 anti-GFP antibody from Clontech (MountainView,
CA). Immunoreactive proteins were detected using secondary
antibodies conjugated to Alexa Fluor 680 (Molecular Probes,
Eugene, OR) and the LI-COR Biosciences Odyssey infrared
imaging system (Lincoln, NE). The mutants of Ets binding sites
in Cryaa DCR1 enhancer were generated by PCR mutagenesis.
For these mutant constructs, primary lens explants were
obtained from 3-day-old rat lenses, 2 �g of reporter, and 50 ng
of CMV Renilla reference plasmids were transfected with
Effecten system (Qiagen) as described elsewhere (29).

Cell Transfections and Reporter Assays—Transient co-trans-
fections were conducted in a breast adenocarcinoma MCF-7
line previously used to study FGF signaling (30) and �TN4-1
mouse lens epithelial cells (27). c-Jun and Etv5 cDNAs in a
pCMV6 vector were obtained from OriGene Technologies
(Rockville, MD). Briefly, 0.5 �g of the reporter gene, 800 ng of
cDNA plasmids (800 ng pCMV6, 400 ng of c-Jun, and 400 ng of
pCMV6, 400 ng of ERM and 400 ng pCMV6, 400 ng of c-Jun
and 400 ng of ERM), and 20 ng (MCF-7) or 0.25 ng (�TN4) of
Renilla-TK were cotransfected into the cells using Lipo-
fectamine 2000 (Invitrogen) in 24-well microplates. Transfec-
tion studies of the wild type and mutated DCR1 Cryaa enhancer
in 3-day-old rat explants were conducted as described else-
where (24). The dual luciferase reporter assay system (Pro-
mega) was used to measure promoter activity. The cells were
harvested 36 h after the transfection, and the relative firefly
luciferase reporter activities were measured by the dual lucifer-
ase reporter assay system (Promega). The firefly luciferase
activities were normalized by Renilla luciferase as an internal
control.

Transgenic Mouse Production and Analysis of EGFP
Expression—The wild type (WT) 1.3-kb c-Maf promoter/EGFP
reporter transgenic mouse was generated earlier (17). The
EGFP/transgenic reporter construct with deletion of the �272/
�70 FGF responsive element (�FRE) was generated by sub-
cloning the synthesized fragment described above into a
peGFP-1 vector (Clontech). The transgenic mice were gener-
ated by pronuclear injection of fertilized eggs at the Albert Ein-
stein College of Medicine (AECOM) Transgenic Core Facility.
EGFP expression was detected by immunofluorescence using a
Leica SP5 confocal microscope as described elsewhere (17).

Analysis of Lens-specific Erk1/2 Conditional Mutants—Double
conditional knock out (DCKO) mice with deletion of Erk1/2 were
generated by crossing Le-CRE mice with Erk1�/�; Erk2F/F mice.
The detailed procedures to obtain the embryos were described for
the Erk2/Mapk1 model earlier (13). Lens fiber cell differentiation
was analyzed in both E12.5 and E13.5 embryos. The Erk1�/�;
Erk2F/F littermates with no detectable lens defects served as con-
trols for the double conditional KO (DCKO) mice.

FGF Signaling in Lens Differentiation

3948 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 291 • NUMBER 8 • FEBRUARY 19, 2016



Immunofluorescence and in Situ Hybridizations—For stain-
ing of tissues on frozen sections, paraformaldehyde (4%) fixed
embryos were cryoprotected with a PBS-buffered 30% sucrose
and embedded in Optimal Cutting Temperature tissue freezing
medium (Triangle Biomedical Sciences, Durham, NC) for cryo-
sectioning. 8-�m transverse sections were collected, washed
with PBS, and incubated for 30 min with Image iT™ FX signal
enhancer (Invitrogen). For staining of DCKO Erk1/2 mice tis-
sue, dissected embryos were fixed in 10% formalin overnight.
Formalin-fixed embryos were dehydrated through an ethanol
gradient. Tissues were processed, embedded in paraffin, and
sectioned at 5 �m. Paraffin sections were incubated for 1 h at
60 °C, deparaffinized in xylene three times for 5 min, washed in
100% ethanol twice for 3 min, followed by incubation in 95, 80,
and 70% ethanol for 3 min in each step. To retrieve the antigens,
the slides were boiled in a 10 mM sodium citrate buffer (pH 6.9)
for 20 min in a vegetable steamer. Slides were cooled for 20 min
and washed twice with PBS for 10 min. From this stage, both
paraffin and frozen sections were processed using the same
procedure. Slides were then incubated overnight at 4 °C with
the primary antibodies: rabbit anti-GFP (1:1000, Invitrogen,
A-11122), rabbit anti-c-Maf (1:2000, Bethyl, A300 – 613A, or
1:1000, Santa Cruz, sc-7866), c-Jun (1:1000, Abcam, ab31419),
phospho-c-Jun (1:50, Cell Signaling, cat. 9621), �B-crystallin

(1:500, Enzo Life Science, ADI-SPA-223), �- and �-crystallin
antibodies (1:100, 1:50, Santa Cruz 22745 and 22746, respec-
tively), ERM (1:1000, Santa Cruz, sc-22807) diluted in PBS con-
taining 1% BSA and 0.05% Triton-X100. Antibodies against
�A-crystallin (1:500) were described elsewhere (13). After
washing with PBS, the slides were incubated for 45 min with
goat anti-rabbit IgG secondary antibodies conjugated with
Alexa Fluor 488 or 568 (1:500, Invitrogen), and with DAPI
(1:50000, Invitrogen). Slides were then washed with PBS and
mounted with Vectashield (Vector Laboratories, Burlingame,
CA). Immunofluorescence was visualized by using a Zeiss fluo-
rescence microscope and a Leica SP5 confocal microscope in
the AECOM core facility. The intensities of the immunofluo-
rescence signals of c-Maf, c-Jun, and phospho-c-Jun in the
E12.5 and E13.5 lens were calculated by percentage of the stain-
ing positive cells in whole lens tissue (the number of staining
positive cells/total number of lens cells stained by DAPI).
The cells were counted three times. Student t-tests were per-
formed by the R-project tool to establish the significance of
changes of the protein expression in wild type and DCKO
mouse lens. Cryosections (12 �m) of embryos were fixed by
4% PFA at 4 °C for overnight were used for in situ hybridiza-
tion using standard protocols as described elsewhere (31).
Briefly, Digoxin-labeled antisense RNA probes were gener-

FIGURE 1. Identification of an FGF-responsive element in the 1.3 kb mouse c-Maf promoter. A, schematic diagram of the mouse c-Maf locus, including the
distal enhancer CR1 active in the lens, 1.3-kb promoter, and evolutionarily conserved blocks, and the EGFP reporter construct containing the 1.3 kb c-Maf
promoter. B, expression of the 1.3-kb c-Maf promoter-EGFP reporter construct in transiently transfected primary cultures of chicken lens cells in the absence or
presence of FGF2. C, diagram of WT and three deletion mutants (M1-M3) of the c-Maf promoter-EGFP reporter constructs. D, semi-quantitative EGFP reporter
expression analysis (Western blot, �-actin used as loading control) after transient expression of constructs in primary cultures of chicken lens cells treated with
(�FGF) or without (�FGF) FGF2 for 6 days. Note that the M2-reporter was tested at 2-fold DNA concentration. E, diagram of 3xFRE (�272/�70)/luc plasmid. F,
analysis of 3XFRE-luc in the presence (�FGF) and absence (�FGF) FGF2 in DCDMLs.

FGF Signaling in Lens Differentiation

FEBRUARY 19, 2016 • VOLUME 291 • NUMBER 8 JOURNAL OF BIOLOGICAL CHEMISTRY 3949



ated via in vitro transcription using the linearized template
plasmids Etv5 (Open Biosystems). Antigen retrieval was per-
formed in 10 mM sodium citrate buffer for 40 min prior the
use of crystallin-specific antibodies.

Quantification of Immunofluorescence—The c-Maf, c-Jun,
ERM, and phospho-c-Jun immunofluorescence signals of con-
trol and Erk1/2 DCKO lenses from three sequential slides were
measured by Image J software from NIH with a fixed threshold.
The tissue areas were selected for measurements were based on
the expression pattern in the control lens, and corresponding
areas in WT and DCKO lens were analyzed. The software
program quantifies the average fluorescence intensity of the
selected area in each tissue. Student’s t-tests were performed by
R-project tool to establish the significance of differences in the
intensity of staining between control and DCKO mouse lens as
described elsewhere (32).

Bioinformatics Tools—The AP-1 and Ets consensus binding
sites and their logos were obtained from primary sources (33–
35) and JASPAR database (36), respectively. The sequence
alignment was conducted using the Institute Pasteur server.

Quantitative Chromatin Immunoprecipitation (qChIP)—
Formaldehyde cross-linked chromatin was obtained from a
pool of 400 mouse newborn lenses (CD1 mouse, Charles River
Laboratories, Cambridge, MA). The sheared chromatin (aver-

age size 600 bp of DNA) was generated by sonication (24). Ali-
quots of chromatin representing 40 lenses were incubated with
5 �g anti-c-Jun or anti-Etv5/ERM antibodies bound to 20 �l of
protein G-coated magnetic beads (Invitrogen). The immuno-
precipitates were washed three times and resuspended in a
buffer containing 10 mM Tris-HCl, pH 8.0, 100 mM NaCl, 25
mM EDTA supplemented with 0.1 mg/ml RNaseA and 0.2
mg/ml proteinase K. After a 2-h incubation at 55 °C, the cross-
links were reversed by overnight incubation at 65 °C. Genomic
DNA was eluted into 250 �l of water using QIAquick Spin Gel
Purification kit (Qiagen, Santa Clara, CA). The amounts of each
specific DNA fragment (see supplemental Table S1) in immu-
noprecipitates were determined by quantitative PCR reactions
using a standard curve generated for each primer set with 0.04,
0.2, and 1% input DNA samples. Using a standard curve, we
transformed Ct values into DNA copy numbers. The copy num-
ber of a specific DNA fragment in each assay was compared
with the copy number of that fragment before immunoprecipi-
tation (“input DNA”). A control antibody (rabbit normal non-
immune IgG from Calbiochem) was included for each set of the
qPCR experiments as described elsewhere (17). To determine a
critical value to distinguish real specific binding signals from
nonspecific background noise, statistical analysis was con-
ducted using R Software (Version 2.13.1). Analysis of variance

FIGURE 2. The FGF-responsive element is essential for c-Maf transgenic promoter expression in mouse lens. A, schematic diagram of the wild type (WT)
and �272/�70 deletion (�FRE) EGFP reporter constructs. The wild type (WT) construct containing a 5�-lens-preferred enhancer (CR1) and the 1.3-kb c-Maf
promoter. The �FRE construct was generated by deleting the FRE region (�272/�70) within the c-Maf promoter. B, histological analysis of EGFP expression in
transgenic mouse. Blue, DAPI staining of the nuclei. Green, anti-GFP staining. Bar, 100 �m.
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(ANOVA) was first performed for the signals obtained from all
qChIP amplicon sites for each of the antibodies (ten at the
c-Maf locus and twelve regions at the Cryaa locus), and indi-
cated significant differences among the signals. Fisher’s least sig-
nificant difference (LSD) test was then performed to further ana-
lyze the data. According to the LSD values, signals obtained from
all amplicon sites separated into several groups. The groups with
lowest signals were defined as the background groups for each IP.
We then performed a Student’s t test for the background groups.
By calculating the 99% confidence interval (CI), the background
signal value is less than 0.124 (c-Jun), 0.132 (ERM), and 1.354
(H3K4me3), respectively. All regions having signals higher than
these cutoffs (which were significantly higher than control IgG
signals at the corresponding amplicon sites) were therefore con-
sidered to be specific binding regions.

Results

Transcriptional regulation of the mouse c-Maf gene in the
lens in vivo is regulated by a combination of a 1.3-kb promoter
(�494/�866) and a 5�-distal enhancer, CR1 (17). In contrast, in
cell cultures the c-Maf promoter alone (i.e. in the absence of the
CR1 enhancer) has a lens-preferred activity (37). To examine
whether the c-Maf promoter (Fig. 1A) can be activated by

FIGURE 3. Multiple AP-1- and Ets-binding sites are present in regulatory regions of mouse c-Maf and �A-crystallin genes. A, predicted Ets and AP-1
binding sites within the FRE (�272/�70) of the c-Maf promoter. B, Ets and AP-1 binding sites within the 220 bp DCR1 enhancer of the �A-crystallin locus. C, Ets
and AP-1 binding sites within the �A-crystallin promoter (�111/�46). Note that the Ets-binding site matches to a cis-acting region of the mouse Cryaa
promoter established earlier (61) and binding of c-Jun to the AP-1 site was reported elsewhere (62). The Ets binding sites were searched by allowing up to two
mismatches in the Ets consensus sequence CCGGA(A/T)(A/G)(C/T) (33). AP-1 (c-Jun) binding sites were found by allowing up to two mismatches in the c-Jun
palindromic consensus sequence ATGA(T/C)GTCAT (34) or TGA(G/C)T(A/C)A (35). Candidate Smad- (underlined/purple)-sites in the c-Maf FRE were predicted by
using Smad consensus motifs 5�-GTCTAGAC-3�(58) and 5�-CWGSMGCY-3� (57). The candidate Pou2f1 (underlined/blue)-site was predicted by using a consen-
sus motif from the JASPAR database (motif ID MA0785.1) (63, 64).

FIGURE 4. Expression of c-Maf, c-Jun, phospho-c-Jun and Etv5/ERM in the
wild type embryonic mouse eye. Immunofluorescence staining of c-Maf,
c-Jun, and phospho-c-Jun in developing lens from E10.5 to E14.5. In situ
hybridization analysis of Etv5 in E13.5 mouse eye. Blue: DAPI staining of
nuclei. Red, antibody staining. Bar, 100 �m.
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FGF2, we used serum-free primary chick lens cell cultures (dis-
sociated cell-derived monolayer cultures, DCDMLs) grown in
the presence or absence of FGF2 as described elsewhere (38).
The wild type c-Maf promoter activity was visualized via EGFP
fluorescence and its “basal” activity was augmented in the pres-
ence of FGF2, evaluated at 3, 4, and 5 days following transfec-
tion (Fig. 1B). We next prepared a series of 5�- and 3�-truncated
promoter fragments and tested these constructs as described
above. We found that a 3�-truncated fragment �494/�210
(M1, Fig. 1C) had an activity similar to the WT �494/�866
fragment (data not shown). We next generated two internal
deletions inside of the truncated M1 promoter (Fig. 1C) and
evaluated their expression by immunofluorescence and West-
ern immunoblotting as described in “Materials and Methods.”
The c-Maf promoter activity was lost upon deletion of the

�272/�70, but not the adjacent, �391/�272 region (Fig. 1D).
We next generated a reporter plasmid driven by three copies of
the �272/�70 region (3xFRE/luc) fused to the E4-TATA min-
imal promoter (Fig. 1E) and evaluated its expression in DCD-
MLs. We found that 3xFRE/luc reporter was active in lens cells
in the absence of FGF2 and its “basal” activity was augmented in
the presence of FGF2 (Fig. 1F). We conclude that the �272/
�70 region of the mouse c-Maf promoter is important for its
basal activity and mediates its inducibility by FGF2.

To analyze the function of this region in vivo, we compared
activities of the wild type enhancer/promoter/EGFP reporter
and its internal �272/�70 deletion (�FRE) (Fig. 2A) in trans-
genic mouse eyes. Expression of the wild type transgene in the
lens, retinal pigmented epithelium (RPE), and optic nerve were
evaluated in three independent lines as described elsewhere

FIGURE 5. Transcriptional regulation of c-Maf by c-Jun and Etv5/ERM. A, distribution of c-Jun and Etv5/ERM factors and H3 K4me3 promoter marker along
the mouse c-Maf locus in lens chromatin. The locations of the qChIP amplicons covering 11 kb (�5 kb/�6 kb) c-Maf locus is shown at top. c-Jun, Etv5/ERM, and
H3K4me3 are presented in the middle and lower panel, respectively. Statistically significant enrichment of binding signals is indicated above the horizontal
dotted line. The relative enrichments are shown as 1% of the input. B, diagram of firefly luciferase reporter constructs without promoter (pGL3-Basic), with the
intact �494/�210 c-Maf promoter (WT), with the c-Maf promoter lacking the �272/-70 FRE region (�FRE), and with three copies of the FRE followed by a
minimal E4TATA promoter (3XFRE). C, results of transient co-transfection/reporter assays. The firefly luciferase activities were normalized using Renilla lucifer-
ase as an internal control. The results shown are from two independent experiments with duplicates. The relative luciferase activities were calculated using the
“WT reporter with pCMV6 cDNA vector” value set as 1.
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(17). Expression of this transgene recapitulates endogenous
expression of c-Maf proteins in the lens (17). Here, five inde-
pendent �FRE transgenic lines were established and analyzed
for the EGFP expression. The detailed immunofluorescence
data are shown for lines 28 and 34 (Fig. 2B). Deletion of the
�272/�70 region resulted in the inactivation of lens expression
from E10.5 to E14.5. In contrast, EGFP expression in RPE and
optic nerve were disrupted but not abolished indicating that the
transgenes were inserted into transcriptionally permissive
genomic sites. The remaining three lines showed even lower
EGFP expression levels in both lens and non-lens tissues. Taken
together, the results demonstrate that the �272/�70 region of
mouse c-Maf promoter is essential for its activity in vivo.

Studies of several FGF-responsive genes, including intersti-
tial collagenase/MMP1 (39), bone sialoprotein (40), and pro-

teoglycan syndecan (41), have shown that mutagenesis of the
AP-1/Ets sites abrogated regulation of these genes by FGF sig-
naling (1, 25). Based on AP-1 and Ets consensus binding sites
(33, 34), we found an array of two Ets sites, along with an AP-1
site (Fig. 3A), within the �272/-70 region of the c-Maf pro-
moter fragment. In addition, this region contains two candidate
Smad-binding sites as well as Pou2f1 (Oct-1)-site (Fig. 3A,
see “Discussion”). Earlier, we found that the mouse �A-crys-
tallin gene, a downstream target of c-Maf, contains an FGF2-
activated distal enhancer, DCR1(24). Multiple candidate
AP-1 and Ets binding sites were also found in the DCR1
enhancer of the �A-crystallin gene (Fig. 3B). In addition, the
�A-crystallin promoter also possesses both AP-1- and Ets-
binding sites (Fig. 3C) and is stimulated by FGF2 albeit at
lower fold change compared with the promoter/DCR1 sys-

FIGURE 6. Transcriptional regulation of �A-crystallin by c-Jun and Etv5/ERM. A, distribution of c-Jun and Etv5/ERM in the mouse Cryaa locus in lens chromatin.
The locations of the qChIP amplicons covering 16 kb (�10 kb/�6 kb) Cryaa locus are shown in the upper panel. c-Jun and ERM binding and IgG background binding
are presented in the lower panel. The significant enrichments of binding signals were calculated as described in the legend to Fig. 5A. B, diagram of �A-crystallin
promoter and DCR1 enhancer firefly luciferase reporter constructs. C, results of transient co-transfection reporter assays. The results shown are means � S.D. (n � 3).
The relative luciferase activities were calculated using the “Cryaa promoter with pCMV6 cDNA vector” value set as 1. D, results of transient transfections using wild type
(WT) and mutated DCR1 (Ets sites 1 and 2, see Fig. 3B) in rat explants grown in the presence of FGF2. Significance was determined using paired Student’s t tests between
reactions using Cryaa promoter with the empty cDNA control. ** indicates p values � 0.05 and * indicates p values � 0.5.
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tem (24). These findings prompted us to examine the expres-
sion of AP-1/Ets factors in the lens in relationship to their
presumptive target gene, c-Maf.

Expression of the endogenous c-Maf proteins commences in
the posterior part of the lens pit with subsequent abundance in
differentiating primary and secondary lens fibers (17, 42, 43).
To examine the temporal and spatial patterns of expression of
the individual AP-1 and Ets factors, we focused on c-Jun and
Etv5 since expression of phospho-c-Jun and Etv5 is perturbed
in JNK1/2 double null (44) and Ndst1 (14) mutant lenses,
respectively, consistent with disrupted lens fiber cell differenti-
ation in both systems. In the E11.5 mouse eye, expression of
c-Jun is confined to the posterior part of the lens vesicle from
which the primary lens fibers differentiate (Fig. 4). Its expres-
sion is retained in the E12.5 and E14.5 differentiating primary
lens fibers, and in the E14.5 newly forming secondary lens fiber
cells (Fig. 4). Although expression studies of dozens of DNA-
binding transcription factors are available in the embryonic
lens (45), c-Jun expression is highly specific as it localizes to the
posterior lens cells of the E11.5 lens vesicle undergoing early
stages of differentiation and elongation (Fig. 4). Expression of
Etv5 was examined by in situ hybridizations in the eye demon-
strating its expression in differentiating lens fibers (Fig. 4).
Taken together these expression studies raised the possibility
that c-Jun and Etv5/ERM could serve as regulators of c-Maf
gene expression in the embryonic lens.

To test this model, we employed quantitative ChIP assays at the
c-Maf locus using lens chromatin (17). Statistically significant
binding of c-Jun was found in the c-Maf promoter region as well as
in the �2 kb regulatory region (Fig. 5A), both of which are also
bound by c-Maf as part of its autoregulation mechanism (17).
Binding of Etv5 was detected in the promoter region and other
locations across the 	11 kb analyzed. As expected for a transcrip-
tionally active gene, H3K4me3 post-translational modifications
were detected in the promoter and body of the c-Maf gene
(Fig. 5A).

To find whether c-Jun and Etv5 could activate the c-Maf
promoter in transfected cells, we first examined the intact M1
promoter �494/�210, followed by the �FRE mutant and
3xFRE/luc reporters (Fig. 5B). Both c-Jun and Etv5 alone acti-
vated the wild type M1 promoter and the 3xFRE/luc reporters,
but not the �FRE mutant (Fig. 5C). In addition, strong syner-
gistic effects of co-expressed c-Jun and Etv5 proteins were
found in these experiments when the �272/�70 c-Maf FRE
region was present. Taken together, localization of c-Jun and Etv5
in c-Maf promoter in lens chromatin, their ability to activate
reporter gene expression driven by wild type c-Maf but not its
�FRE mutant, and activation of 3xFRE by FGF2 in primary lens
cultures support the model in which c-Jun and Etv5 serve as tran-
scription factors that regulate c-Maf expression in the lens.

We next analyzed binding of c-Jun, Etv5, and c-Maf at the
	16 kb Cryaa locus (24). Both c-Jun and Etv5 occupied the

5�-distal enhancer DCR1 and the promoter (Fig. 6A). Binding of
c-Maf was mostly found in the promoter region as shown ear-
lier (24). Co-transfection of the mouse �A-crystallin promoter
(Fig. 6B) with c-Jun and Etv5 resulted in moderate activation of
the promoter in cultured lens cells (Fig. 6C). Similarly, the
DCR1/�A-crystallin promoter was also stimulated by these
individual factors. Importantly, site-directed mutagenesis of two
predicted Ets sites (Fig. 3B) reduced expression of the reporter
gene in lens cells treated by FGF2 (Fig. 6D). From data shown in
Figs. 5 and 6 we conclude that both mouse c-Maf and Cryaa loci
are occupied in vivo by c-Jun and Etv5/ERM. Their most promi-
nent binding regions include the c-Maf promoter, DCR1, and pro-
moter regions of �A-crystallin in agreement with multiple pre-
dicted binding sites within these regions (Fig. 3).

Mitogen-activated protein kinases Erk1/2 are FGF-regulated
nuclear kinases expressed in the embryonic lens (10, 13, 46, 47).
Inhibiting Erk1/2 function with small molecule inhibitor
U0126 impairs lens differentiation (47, 48). Disrupting their
function is expected to abrogate FGF signaling, by potentially
dysregulating expression and posttranslational modifications
of their target DNA-binding transcription factors. To address
this possibility, we analyzed mouse embryonic eyes following
lens-specific conditional inactivation of both Erk1/Mapk3 and
Erk2/Mapk1 (referred here as DCKO Erk1/2) mediated by Le-
Cre (49). Inactivation of Erk1/2 in DCKO Erk1/2 animals
resulted in arrested lens growth and differentiation that was
accompanied by reduced expression of c-Jun in the lens and of
its direct target gene, c-Maf (Fig. 7). The reduction in c-Jun in
DCKO lenses was also detectable when assessed by anti-phos-
pho-c-Jun immunostaining. In addition, Etv5 expression, eval-
uated by in situ hybridization, was also reduced at the mRNA
level in DCKO lenses but not in the retina (Fig. 7C). Finally, we
analyzed expression of �-, �-, and �-crystallins. The mutated
lenses failed to upregulate �A-crystallin expression in the lens
rudiment (Fig. 7D). In wild type lens, expression of �A-crystal-
lin is detectable at this stage of lens morphogenesis (23). In
contrast, expression of �B-crystallin was not reduced, even at
more advanced ages. Previous studies showed that expression
of �A- but not �B-crystallin is reduced in c-Maf null lenses (43).
Expression of �- and �-crystallins is also reduced in these
mutated lenses (Fig. 7D). Taken together, these data provide
genetic evidence that expression of c-Jun, Etv5, and c-Maf is
downstream of the Erk1/2 effector nuclear kinases.

Discussion

The present data suggest that FGF signaling directly regu-
lates expression of c-Maf and �A-crystallin genes via c-Jun and
Etv5. These DNA-binding transcription factors recognize two
critical regulatory regions: the �272/�70 promoter region of
c-Maf identified here, and the DCR1 enhancer of the �A-crys-
tallin (24). The present data show that the �272/�70 c-Maf
promoter contains an FGF2-responsive region, is occupied by

FIGURE 7. Expression of c-Maf, c-Jun, phospho-c-Jun, and Etv5/ERM in Erk1/2 mutant lens. A, immunofluorescence staining in E12.5 and E13.5 DCKO
mutant and control lens for c-Maf, c-Jun, and phospho c-Jun. B, quantitative analysis of these immunofluorescence signals showed a significant reduction of
c-Maf, c-Jun, and phospho-c-Jun in Erk1/2 DCKO mutant lens compared with control lens. The arrow indicates the restricted areas (transition zones) where high
levels of c-Jun phosphorylation were observed in E13.5 lens of the control mice. C, analysis of Etv5 expression (blue) in Erk1/2 DCKO mouse embryos. D, analysis
of �A-, �-, and �-crystallins expression (green) in Erk1/2 DCKO mouse embryos. Blue, DAPI staining of nuclei. Red, antibody staining of the transcription factors.
Bar, 100 �m.
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c-Jun and Etv5 proteins in lens chromatin, and is synergistically
activated by c-Jun and Etv5/ERM in co-transfection experi-
ments. These findings provide a direct link between the previ-
ously identified “core” GRN, comprised of Pax6, c-Maf, and
�A-crystallin, that controls crystallin gene expression (17)and
FGF signaling, thereby filling the gap between the known roles
of FGF signaling in lens fiber cell differentiation and its hall-
mark process, crystallin gene expression. Given the multiple
roles of FGF signaling during hematopoiesis and bone differen-
tiation, it is possible that this c-Maf promoter region also func-
tions in non-lens cells to regulate c-Maf expression.

Expression of �A-crystallin first appears in the invaginating
lens pit of the E10.5-E11.5 mouse embryo (23). This “initial” low
expression is regulated by a feed-forward loop between Pax6,
c-Maf, and Cryaa (17). Following up-regulation of c-Maf,
increase of �A-crystallin gene expression is detected in the pos-
terior part of the lens vesicle from which the primary lens fiber
cells are formed (E12.5-E14.5) and requires the presence of the
5�-distal enhancer DCR1 (24). We show here that at least two
specific DNA-binding factors, c-Jun and Etv5, bind to the FGF-
responsive regions in c-Maf and its direct target gene, Cryaa.
Increased expression of c-Maf in differentiating lens fibers cor-
relates with its increased abundance at the �A-crystallin gene
promoter in lens chromatin compared with the chromatin
obtained from non-differentiating lens epithelial cells (24). Use of
the DCR1 enhancer, occupied by the FGF-regulated proteins
c-Jun and Etv5, provides a mechanism to both initiate and aug-
ment the expression of �A-crystallin. �A-crystallin ranks among
the most highly expressed genes in mammalian tissues (50, 65).

Both the AP-1 (35) and Ets families have members other than
the c-Jun and Etv5 (1), which were also examined in lens.
Among the Ets factors, expression of Etv1/ER81, Ets2, Etv4/
Pea3 (51, 52), and Elf1 (53) was established in the embryonic
lens. In contrast to the spatially constrained expression of c-Jun
in differentiating primary lens fibers, five of these Ets factors are
expressed both in the anterior and posterior parts of the lens ves-
icle as well as in the lens epithelium and fibers. Although mice with
conditional deletion of Frs2�, � lipid-anchored docking protein
(12) show reduced expression of Etv1 in E10.5 lens pit, preliminary
ChIP experiments did not find this transcription factor at either
c-Maf or Cryaa loci. The expression pattern of c-Jun in the lens
vesicle, the presence of c-Jun in the key regulatory regions of c-Maf
and Cryaa loci, the ability of c-Jun and Etv5 to activate Cryaa pro-
moter, and the disrupted expression of c-Jun in Erk1/2-mutated
lens all support the idea that c-Jun is an FGF signaling-regulated
transcription factor which controls expression of both the c-Maf
and �A-crystallin genes. Among all known DNA-binding factors
expressed in the lens (45), only c-Jun (Fig. 4) and Gata3 (54) exhibit
an expression pattern confined to the post-mitotic differentiating
cells. Additional experiments will be needed to determine if Etv1,
Etv4, and Ets1 factors interact with c-Maf and crystallin loci in lens
chromatin.

Genetic studies of selected AP-1 and Ets factors have been con-
ducted in mice. Germline knock-out of c-Jun is lethal between
E11.5-E15.5; the eye phenotype of these animals was not reported
(56). JNK1/2 double null embryos show reduced expression of
phospho-c-Jun, accompanied by disrupted lens growth and lens
fiber cell differentiation and reduced expression of �- and �/�-

crystallins (44). The AP-1/Ets factors might have additional roles
in lens development. Recent studies have shown that both CBP
and p300 histone acetyltransferases are required for lens induction
(32). Reduced expression of c-Jun and Etv5 were found in the lens
prospective ectoderm of animals defective in expression of CBP
and p300 histone acetyltransferases. In addition, gene dosage
effect studies revealed that reducing CBP or p300 histone expres-
sion to a single functional allele resulted in abnormal lens fiber cell
differentiation (32), and both AP-1 and Ets factors are known to
recruit CBP/p300 proteins (56).

Although the �272/�70 c-Maf promoter region has been
identified here as an FGF2-response element (Fig. 1F), it is pos-
sible that additional signal-dependent regulatory mechanisms
(e.g. BMP signaling) operate using this regulatory region. In
preliminary experiments we found that both noggin (inhibitor
of BMP signaling) and PD173074 (a drug that inhibits FGF and
VEGF receptors) independently inhibited FGF2-mediated up-
regulation of the 3xFRE/luc reporter system in DCDMLs when
cells were grown on laminin but not on fibronectin. Two poten-
tial Smad-binding sites are found downstream of the Ets site
(Fig. 3A), 5�-TTCTATAC-3� and 5�-CTGCCGC-3� predicted
by Smad-consensus sites (57, 58). Alternatively, it is possible
that AP-1 proteins form complexes with Smad3/4 to augment
their roles as activators (59). It has been recently shown that
�A-crystallin reporter gene expression driven by the DCR1
enhancer is also inhibited by noggin (60) raising the possibility
that c-Maf FRE and Cryaa DCR1 are under joint control of FGF
and BMP signaling.

In conclusion, in a sequence of temporally and spatially coor-
dinated events, expression of a small group of DNA-binding
transcription factors including c-Jun, c-Maf, Gata3, Prox1,
Sox1, and Hsf4 is highly increased in the posterior compart-
ment of the embryonic lens vesicle. Among this group, expres-
sion of c-Jun and Gata3 is confined to the postmitotic posterior
cells of the lens vesicle. Expression of c-Jun, c-Maf, and Prox1 is
abrogated in mutants that attenuate FGF signaling, including
deletion of Erk1/2, FGFRs, Frs2�, and Ndst1. A combinatorial
binding of c-Jun and Etv5/ERM to the regulatory regions of
c-Maf promoter and its �A-crystallin target gene, found in lens
chromatin, reveals a general molecular mechanism that links
FGF signaling to crystallin gene expression.
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