
 Molecular Vision 2007; 13:57-65 <http://www.molvis.org/molvis/v13/a7/>
Received 15 September 2006 | Accepted 29 December 2006 | Published 24 January 2007

 Regeneration of the retina occurs through the process of
transdifferentiation in chick embryos and is limited to a small
window of development between E3.5 and E4.5.
Transdifferentiation is the process by which RPE cells lose
their normal characteristics, becoming “stem cell-like.” Retina
removal is characterized by a thickening of the RPE, and upon
addition of ectopic fibroblast growth factor 2 (FGF2), the RPE
proliferates and gives rise to a neuroepithelium, which will
subsequently differentiate into all of the different cell types of
the retina [1-3].

Transdifferentiation of the RPE in the embryonic chick
has been well characterized [1,4-6] and several studies using
developing eyes from different species have demonstrated that
transdifferentiation can be induced by FGF family members
[7-9] and by constitutive activation of downstream effectors
of the FGF pathway such as MAP kinase-kinase (MEK) [10].

Other stimulators of transdifferentiation analyzed during
eye development include transcription factors such as Ceh-10
homeodomain-containing homolog (Chx10) and paired box 6
(Pax6), which are essential for retina development [11-17].
One way these factors may induce transdifferentiation is by
downregulating microphthalmia (Mitf), a transcription factor
required for proper RPE development. Mitf downregulation
has been shown to be important in the transdifferentiation pro-
cess. It has been demonstrated in quails and mice with Mitf
mutations that the RPE will undergo a conversion to neural
retina [8,18-20]. In addition, in mice lacking Chx10, ectopic
Mitf expression was seen in the retina, suggesting one of the
roles for Chx10 is to repress Mitf [17].

Pax6 is required for transdifferentiation of chick RPE cells
into retina cells in vitro. During this in vitro transdifferentiation,
Pax6 expression is upregulated while Mitf expression is
downregulated. Similarly, overexpression of Mitf can inhibit
the expression of Pax6 in cultured RPE [21]. These observa-
tions are suggestive of a close regulation between Pax6 and
Mitf. Moreover, Pax6 and Mitf were shown to inhibit each
other’s transcriptional activity by direct protein-protein inter-
actions in vitro [22]. These studies clearly point to a complex
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regulatory network between FGF signaling and Mitf, Chx10,
and Pax6 transcription factors during RPE development.

Recently, it was shown that Pax6 is able to induce RPE
transdifferentiation when overexpressed in chick eyes at em-
bryonic stages of development as late as E14 [23]. Thus, even
in the absence of ectopic FGF, and at stages that are normally
not permissive for transdifferentiation, overexpression of Pax6
was able to stimulate transdifferentiation. In this context, Pax6
can be considered a “master regulator” of transdifferentiation.

However, it remains unclear why the RPE is capable of
responding to FGF signals at E4 and not E5. It is the purpose
of this work to closely examine early events of FGF-stimu-
lated transdifferentiation in E4 RPE to lay the ground work
for understanding why this process is so temporally restricted
during development. Specifically, we show that during retina
regeneration FGF acts through FGF receptors to stimulate Erk
phosphorylation, and that this phosphorylation event is de-
pendant on MEK activity, demonstrating that
transdifferentiation occurs through the FGF-FGFR-MEK-Erk
pathway. Furthermore, we show that one of the earliest events
that takes place in RPE exposed to FGF2 is an upregulation of
Pax6 protein as well as an increase in cell proliferation dem-
onstrated by BrdU incorporation. We also show that Pax6
upregulation is not necessary for Mitf downregulation in the
RPE during induction of transdifferentiation, but that Mitf
overexpression is able to inhibit the early inductive events
characteristic of transdifferentiation.

METHODS
Chick embryos:  White Leghorn fertilized eggs were purchased
from the Ohio State University, Columbus, OH and incubated
in a humidified incubator at 38 °C.

Surgical procedures:  A window was made in the egg shell
using forceps, and microsurgical removal of the retina was
carried out at E4 following guidelines previously described in
references [1,4,5].

Preparation of FGF2:  Heparin-coated polyacrylamide
beads (Sigma, St. Louis, MO) were washed 3 times in 1x PBS.
FGF2 (R&D Systems, Minneapolis, MN) was resuspended in
1x PBS at a concentration of 1 µg/µl. Heparin beads were
then incubated with FGF2 for at least 2 h before use.

Rcas virus production and viral infection:  Rcas-Mitf,
Rcas-Pax6, constitutively active Rcas-MEKDD and Rcas-GFP
(control) were prepared using a procedure previously described
in reference [1]. Rcas-Mitf was a kind gift from M. Mochii,
Himeji Institute of Technology, Hyogo, Japan. Rcas-Pax6 was
a kind gift from P. Bovolenta, Cajal Institute, Madrid, Spain.
Rcas-MEKDD was a kind gift from A. Eychene, Institut Curie,
Orsay Cedex, France. Rcas-GFP was a generous gift from T.
Belecky-Adams, IUPUI, Indianapolis, IN and R. Adler, Johns
Hopkins University, Baltimore, MD. Retinectomies and Rcas
infections were performed at E4 following procedure previ-
ously described in reference [1]. The embryos were placed
back in the incubator for different lengths of time (3 or 7 days)
at which time they were collected and processed for further
experimentation.

Tissue fixation and sectioning:  Tissues used for immu-
nohistochemistry were fixed in 4% formaldehyde,
cryoprotected in 30% sucrose and embedded in O.C.T. freez-
ing medium (Sakura Finetek, Torrance, CA). Eyes used for
immunohistochemistry were sectioned at 10 µm.

Antibodies:  The anti-Pax6 and AMV3C2 antibodies were
obtained from the Developmental Studies Hybridoma Bank
developed under the auspices of the NICHD and maintained
by The University of Iowa, Department of Biological Sciences,
Iowa City, IA. Rat anti-BrdU and mouse anti-Mitf were pur-
chased from Abcam (Cambridge, MA). Rabbit anti-pErk was
purchased from Cell Signaling (Danvers, MA). The rabbit anti-
Mitf was a kind gift from S. Saule, Centre Universitaire,
France. The anti-MMP115 was a kind gift from M. Mochii,
Himeji Institute of Technology, Hyogo, Japan. Secondary an-
tibodies goat anti-rat Alexa 488, goat anti-rat Alexa 546, goat
anti-rabbit Alexa 488, goat anti-rabbit Alexa 546, goat anti-
mouse Alexa 488 were purchased from Molecular Probes (Eu-
gene, OR).

Antibody blocking experiments:  The antibody to func-
tionally block FGFR1 and FGFR2 was purchased from Abcam.
To deliver the antibody, Affi-Gel Blue beads (Biorad, Her-
cules, CA) were washed several times in 1X PBS and then
dehydrated through an ethanol series. Finally, an eppendorf
tube containing beads suspended in 100% ethanol was placed
on a heating block until the ethanol had evaporated completely.
The antibodies were then added to the beads.

Inhibition experiments:  The FGFR inhibitor, PD173074
(Pfizer) and the MEK inhibitor, PD98059 (Calbiochem, San
Diego, CA), were resuspended in DMSO at concentrations of
50 µm and 5 mM, respectively. The solutions were incubated
in ethanol dehydrated Affi-Gel Blue beads as described above.

Immunohistochemistry:  A general immunohistochemi-
cal protocol was used as previously described [1]. Briefly, sec-
tions were washed, incubated overnight in primary antibody,
washed, incubated for two hours in secondary antibody and
mounted for fluorescent microscopy. All experiments were
repeated in triplicate on at least three different eyes.

Quantitation of Pax6, BrdU, and Pax6/BrdU positive cells
in the RPE:  Pax6 and BrdU immunohistochemistry was per-
formed as described. Pax6 and BrdU images of the RPE close
to the bead were taken using confocal microscopy. The total
number of Pax6 and BrdU as well as Pax6/BrdU positive cells
were counted in each section. The length of RPE from which
the cells were counted was also measured. The number of cells
counted in a section of RPE was divided by the section’s length
to determine the number of Pax6, BrdU, or Pax6/BrdU posi-
tive cells per micrometer of RPE. Sections from three differ-
ent eyes were used. The Student-t-test was used to determine
statistical significance.

RESULTS
MEK and Pax6 stimulate transdifferentiation while Mitf in-
hibits transdifferentiation after retinectomy:  It has previously
been reported that activating the MEK/Erk pathway as well as
ectopic expression of Pax6 can induce transdifferentiation of
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the chick RPE into neural retina during normal development
of the RPE [10,23]. To show that MEK activation and ectopic
Pax6 are able to induce transdifferentiation of the RPE after
retinectomy, we injected either Rcas-MEKDD (a constitutively
active form of MEK) or Rcas-Pax6 into E4 eyes after
retinectomy. We observed that in the absence of FGF2, RPE
infected with either Rcas-MEKDD or Rcas-Pax6, as shown by
immunoreactivity to the antiviral antibody AMV3C2, was in-
duced to transdifferentiate after three or seven days post-
retinectomy, respectively (Figure 1C,D). Transdifferentiation
is marked by a depigmented and thickened neuroepithelium
that is continuous with the RPE (Figure 1B). These results
suggest that MEK and Pax6 are possible targets of FGF sig-

naling that can induce transdifferentiation. In addition, we used
the photoreceptor marker visinin to show that the
transdifferentiated RPE did indeed give rise to retinal neural
cell types (Figure 1F,G). In other words, the RPE induced by
MEK and Pax6 could dedifferentiate and proliferate to form a
neuroepithelium that eventually differentiates into retinal cells.

It has also been previously reported that in vivo and in
vitro Mitf overexpression leads to a hyperpigmented retinal
phenotype [21,24,25]. However, it has not been demonstrated
that Mitf overexpression is able to inhibit FGF2-stimulated
transdifferentiation of the RPE in the E4 chick after
retinectomy. To determine if Mitf can inhibit FGF2 stimulated
transdifferentiation, we injected Rcas-Mitf into E4
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Figure 1. Stimulation and inhibition of transdifferentiation.  A: Schematic of an intact eye at E4. B: Schematic of a transdifferentiating eye
three days after retina removal. Boxed area demonstrates orientation of C-H. F represents FGF2 bead. All eyes underwent retinectomy at E4
(C-H). C: Infection of the RPE with Rcas-MEKDD at E4 induced transdifferentiation by E7. AMV3C2 staining represents the presence of the
Rcas virus in the RPE. D: Infection of the RPE with Rcas-Pax6 at E4 induced transdifferentiation by E11. AMV3C2 staining represents the
presence of the Rcas virus in the RPE. E: Infection of the RPE with Rcas-Mitf at E4 is able to inhibit transdifferentiation stimulated by FGF
at E7. AMV3C2 staining represents the presence of the Rcas virus in the RPE. Only areas of the RPE that were not infected with Rcas-Mitf
were able to transdifferentiate. F: Infection of the RPE with Rcas-MEKDD at E4 induced transdifferentiation by E11. Some of the transdifferentiated
RPE started to differentiate and express the photoreceptor marker visinin (green). Tissue was counterstained with DAPI (blue). G: Infection of
the RPE with Rcas-Pax6 at E4 induced transdifferentiation by E11. Some of the transdifferentiated RPE starts to differentiate and express the
photoreceptor marker visinin (green). Tissue is counterstained with DAPI (blue). H: Infection of the RPE with Rcas-GFP control did not
induce transdifferentiation. AMV3C2 staining represents the presence of the Rcas virus in the RPE. Dashed lines outline the RPE and areas of
transdifferentiation. Note: For C and D only infected RPE responded by transdifferentiating. L represents lens; RPE represents retina pig-
mented epithelium; tr represents transdifferentiation; r represents retina. Infected mesenchyme (m) did not transdifferentiate. Scale bar in H
represents 50 µm and applies to A-H.

59



retinectomized eyes along with an FGF2 bead. Overexpression
of Mitf was able to inhibit FGF2-stimulated
transdifferentiation. Transdifferentiation was seen only in ar-
eas where the RPE was not infected with the virus (Figure
1E). Therefore, our in vivo results in the E4 chick eye after
retinectomy were consistent with results seen in both in vitro
and in developing eyes of chick and quail.

As a control, we injected Rcas-GFP into the eye after retina
removal at E4. We observed that infected RPE did not
transdifferentiate after three days (Figure 1H).

Temporal expression of Pax6 and the RPE markers Mitf
and MMP115 during RPE development in the embryonic chick:
To study the relationship between Pax6 and the RPE markers
Mitf and MMP115 during the process of transdifferentiation,
we believed it was important to determine the developmental
expression of these molecules at different stages. Thus, we
collected chick eyes at E3.5, E4, and E5 and assayed them by
immunohistochemistry for protein expression in the RPE.

At E3.5 the transcription factor, Pax6, is expressed in the
RPE. Mitf, an RPE specific transcription factor, and MMP115,
a marker for differentiated pigmented cells [26] are expressed

in the RPE at E3.5 (Figure 2A). Figure 2 demonstrates that
MMP115 is expressed at E3.5, but appears to be disorganized.
By E4, Pax6 is almost gone from the RPE and by E5, Pax6 is
not detectable in the RPE (Figure 2B,C). On the other hand,
Mitf becomes more localized to the nucleus by E4 and is seen
only in the nucleus at E5. MMP115 immunoreactivity becomes
more intense and densely packed at both E4 and E5.

Thus, it appears that Pax6 is initially expressed during
normal RPE development, but is downregulated as the RPE
gets specified. At the same time, the RPE-specific proteins
Mitf and MMP115 become more abundant and more orga-
nized (Figure 2).

FGF2 causes a rapid increase in Pax6 expression:  It is
important to point out that for all figures used, pictures of the
RPE were taken in areas where the RPE is close to the FGF2
or heparin (control) bead, except in the cases where no bead
was added to the eye. Focusing on regions close to the bead
eliminated results due to differences in FGF2 concentration
that may arise from diffusion at different distances from the
FGF2 source.
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Figure 2. Expression of Pax6, Mitf, and MMP115 in the developing retinal pigment epithelium.  A: Expression of Pax6 (top), Mitf (middle),
and MMP115 (bottom) at E3.5. B: Expression of Pax6 (top), Mitf (middle), and MMP115 (bottom) at E4. C: Expression of Pax6 (top), Mitf
(middle) and MMP115 (bottom) at E5. Scale bar represent 50 µm and applies to all panels.

Figure 3. FGF2 stimulates Pax6 expression in the retinal pigment epithelium when the retina is removed at E4.  A: Expression of Pax6 (top),
Mitf (middle), and MMP115 (bottom) after retina removal at E4 and in response to 6 h of exposure to FGF2. B: Expression of Pax6 (top), Mitf
(middle), and MMP115 (bottom) after retina removal at E4 and in response to 12 h of exposure to FGF2. C: Expression of Pax6 (top), Mitf
(middle), and MMP115 (bottom) after retina removal at E4 and in response to 24 h of exposure to FGF2. D: Expression of Pax6 (top), Mitf
(middle), and MMP115 (bottom) after retina removal at E4 and in response to 24 h of exposure to a heparin bead. Inset image shows Pax6
expression without DIC overlay. Note that few cells are Pax6 positive. E: Expression of Pax6 (top), Mitf (middle), and MMP115 (bottom)
after retina removal at E4 with no bead and visualized 24 h post-retinectomy. Inset image shows Pax6 expression without DIC overlay. Note
that Pax6 levels in no-bead and heparin bead controls are significantly lower than those treated with FGF2. Scale bars represent 50 µm. A was
taken at a closer magnification than that of B-E (see scale bars).
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We wanted to examine the relationship between the addi-
tion of FGF2 and Pax6, Mitf and MMP115 protein expression
at early time points during the transdifferentiation process. To
accomplish this, we performed retinectomies at approximately
E4 and FGF2 beads or untreated heparin beads were placed
into the optic cup. In addition, a no bead control was also in-
cluded. Eyes were collected 4 (not shown), 6, 12, and 24 h
after surgery and assayed by immunohistochemistry for Pax6,
Mitf, and MMP115 expression. We observed that only when
FGF2 was added to the optic cup after retinectomy did Pax6
protein levels start to increase in the RPE (Figure 3A). This is
consistent with studies that have shown that Pax6 lies down-

stream of FGF signaling [23]. Six h after exposure to FGF2,
there was a noticeable increase in Pax6 levels (Compare Fig-
ure 3A to control Figure 3D,E). As expected, only background
staining was detected and no nuclear Mitf staining was ob-
served in the RPE after 6 h. MMP115 was more disorganized
than in a developing E4 RPE or in a control experiment (Com-
pare Figure 2B to Figure 3A,D,E). Pax6 protein levels contin-
ued to increase in the RPE exposed to FGF2 in all other time
points examined. At 12 and 24 h, Mitf was not detected in the
RPE. In these cases, MMP115 immunoreactivity continued to
decrease as the process of transdifferentiation persisted (Fig-
ure 3B,C).

©2007 Molecular VisionMolecular Vision 2007; 13:57-65 <http://www.molvis.org/molvis/v13/a7/>

Figure 4. Pax6 and BrdU incorporation increase in response to FGF2 after retina removal at E4.  A: Expression of Pax6 (top), BrdU (second),
Pax6 and BrdU, Merge (third), and the DIC image (bottom) of the RPE after retina removal at E4 and 24 h of exposure to FGF2. B: Expression
of Pax6 (top), BrdU (second), Pax6 and BrdU Merge (third) and the DIC image (bottom) of the RPE after retina removal at E4 and after 24 h
of exposure to a heparin control bead. C: Expression of Pax6 (top), BrdU (second), Pax6 and BrdU Merge (third), and the DIC image (bottom)
of the RPE after retina removal at E4 and after 24 h of exposure to FGF2 and FGFR1/FGFR2 blocking antibodies. D: Expression of Pax6 (top),
BrdU (second), Pax6 and BrdU Merge (third), and the DIC image (bottom) of the RPE after retina removal at E4 and after 24 h of exposure to
FGF2 and the FGFR inhibitor PD173074. E: Expression of Pax6 (top), BrdU (second), Pax6 and BrdU Merge (third) and the DIC image
(bottom) of the RPE after retina removal at E4 and after 24 h of exposure to FGF2 and the MEK inhibitor PD98059. F: The number of Pax6-
positive cells per µm of RPE in treatments shown in A-E was quantitated. The number of Pax6 positive cells was significantly reduced in all
treatments compared to FGF alone. *p<0.01. G: The number of BrdU-positive cells per µm of RPE in treatments shown in A-E was quanti-
tated. The number of BrdU positive cells was significantly reduced in all treatments compared to FGF alone. *p<0.01. H: The number of Pax6/
BrdU positive cells per um of RPE in treatments shown in A-E was quantitated. The number of Pax6/BrdU positive cells was significantly
reduced in all treatments compared to FGF alone. *p<0.01. I: Erk phosphorylation in the RPE after retina removal at E4 and after 24 h of
exposure to FGF2 (top) and DIC image of the RPE (bottom). J: Erk phosphorylation in the RPE after retina removal at E4 and after 24 h of
exposure to heparin (top) and DIC image of the RPE (bottom). K: Erk phosphorylation in the RPE after retina removal at E4 and after 24 h of
exposure to FGF2 plus FGFR1/FGFR2-blocking antibodies (top) and DIC image of the RPE (bottom). L: Erk phosphorylation in the RPE
after retina removal at E4 and after 24 h of exposure to FGF2 and the FGFR inhibitor PD173074 (top) and DIC image of the RPE (bottom). M:
Erk phosphorylation in the RPE after retina removal at E4 and after 24 h of exposure to FGF2 plus the MEK inhibitor PD98059 (top) and DIC
image of the RPE (bottom). N: Negative control for the immunostaining in panels I-M. O: DIC image of N. Scale bars represent 50 µm; **
represents FGF2 bead in C-E.
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As we expected, there were few Pax6-positive cells in
the RPE 24 h after the retina had been removed and a heparin
bead or no bead was placed in the optic cup (Figure 3D,E).
Surprisingly, we observed in both cases that after 24 h, Mitf
was not present in the RPE. This result was also consistent at
different times (4 and 48 h, not shown). MMP115 protein was
present in the RPE and was significantly more organized than
the RPE of experimental eyes, where FGF2 was added for 24
h (Compare Figure 3D,E,C). Furthermore, we determined that
there was no difference between control eyes with heparin
beads or no beads. Therefore, for the rest of our experiments,
we added heparin beads as a control.

FGF2-stimulated Pax6 upregulation works through the
MEK/Erk pathway and coincides with increased proliferation
in the RPE during transdifferentiation:  The process of
transdifferentiation is marked by dedifferentiation and prolif-
eration. To determine if the upregulation of Pax6 coincided
with proliferation during the process of transdifferentiation,
we performed retinectomies on E4 eyes and added FGF2 or
control heparin beads. Additionally, 1 h before collecting the
eyes, we added BrdU to the embryo to mark proliferating cells.
Eyes were collected after 24 h and assayed for Pax6 expres-

sion as well as incorporation of BrdU. We found that similar
to Pax6 protein levels, BrdU incorporation in the RPE was
increased when compared to the RPE of control eyes (Com-
pare Figure 4A,B). In the absence of FGF2, Pax6 protein was
not detected and the cells in the RPE failed to proliferate (Fig-
ure 4B). This suggests that proliferation of the RPE is corre-
lated with an upregulation of Pax6 only when ectopic FGF2 is
added to the optic cup.

Our previous results have suggested that FGF2 signals
through a MEK/Erk pathway [1], however, we have not con-
clusively demonstrated this. To test how FGF2 signals to stimu-
late transdifferentiation, we took advantage of the fact that
FGF2 is able to upregulate Pax6 and BrdU incorporation after
24 h. To first show that FGF2 is indeed signaling through FGF
receptors in order to stimulate transdifferentiation, we per-
formed retinectomies at E4 and added an FGF2 bead along
with an antibody that blocks the binding site of FGFR1 and
FGFR2, or we added an inhibitor for all FGFRs, PD173074
(Figure 4C,D). As we expected, when we inhibited the FGFRs,
Pax6 upregulation and BrdU incorporation seen after 24 h was
significantly reduced (Figure 4C,D,F-H).
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Figure 5. Mitf inhibits transdifferentiation by inhibiting Pax6, but not FGF signaling.  A: Expression of Pax6 (top), BrdU (second), Pax6 and
BrdU merge (third), and the DIC image (bottom) of the RPE after subretinally injecting Rcas-Mitf at E3, removing the retina at E4 and
exposing the RPE to FGF2 for 24 h. B: Expression of Pax6 and BrdU in the RPE after 24 h of exposure to FGF2 and retina removal at E4. C:
Erk phosphorylation in the RPE after subretinally injecting Rcas-Mitf at E3, removing the retina at E4 and exposing the RPE to FGF2 for 24
h (top), and the corresponding DIC image of the RPE (bottom). D: Mitf protein levels in the RPE after subretinally injecting Rcas-Mitf at E3,
removing the retina at E4 and exposing the RPE to FGF2 for 24 h (top), and the corresponding DIC image of the RPE (bottom).

62



To show that the signaling events downstream of the FGF
receptors include MEK/Erk activation, we used a potent and
selective inhibitor of MEK, PD98059. We performed
retinectomies on E4 eyes and added FGF2 as well as PD98059
and assayed for Pax6 and BrdU incorporation after 24 h. Simi-
lar to when we inhibited FGFRs, we found that PD98059 sig-
nificantly inhibited Pax6 upregulation and BrdU incorpora-
tion associated with FGF2 stimulated transdifferentiation (Fig-
ure 4E,F-H).

To expand on our results, we also assayed for the active
form of Erk, pErk, in the RPE after treatment with FGF2, he-
parin, FGF2 plus FGFR blocking antibodies, FGF2 plus
PD173074, and FGF2 plus PD98059 (Figure 4I-M, respec-
tively). Similar to our results with Pax6 and BrdU, we ob-
served that FGF2 caused robust immunoreactivity of pErk in
the RPE 24 h after removing the retina (Figure 4I). pErk im-
munoreactivity was barely detectable in heparin controls, sug-
gesting that FGF2 leads to Erk phosphorylation (Figure 4J).
We also observed that blocking FGF receptors or the down-
stream effector MEK was able to reduce FGF stimulated pErk
immunoreactivity to control levels in the RPE (Figure 4K-
M).

Combined, our results demonstrate that FGF2-stimulated
transdifferentiation occurs through an FGF2/FGFR/MEK/Erk
signaling cascade and leads to increased levels of pErk, an
upregulation of Pax6 protein, and an increase in BrdU incor-
poration in the RPE.

Rcas-Mitf does not interfere with FGF signaling to in-
hibit transdifferentiation:  Our observation that Mitf protein
was downregulated quickly after removal of the retina when
no FGF2 was placed into the eye was surprising. Because of
the data in published literature, we had expected to see Mitf
protein present in the RPE until Pax6 levels increased (see
discussion). However, we have also shown that Mitf is able to
inhibit transdifferentiation stimulated by FGF2 (Figure 1C).
To further characterize the ability of Mitf to inhibit
transdifferentiation, we subretinally injected E3 chick eyes with
Rcas-Mitf to allow the virus to infect the RPE. At E4 we re-
moved the retina and added FGF2. Twenty-four hours later
we collected the eyes and assayed for Pax6/BrdU incorpora-
tion and pErk levels. We found that Rcas-Mitf was able to
inhibit FGF2-stimulated Pax6 upregulation and BrdU incor-
poration (Figure 5A). However, Rcas-Mitf did not inhibit the
FGF2 stimulated increase in pErk (Figure 5B), suggesting that
FGF signaling is occurring normally and Mitf is not inhibit-
ing transdifferentiation by interfering with FGF signaling, but
by most likely inhibiting Pax6. We also observed that in the
Rcas-Mitf infected eyes, there were readily detectable levels
of the Mitf protein after removing the retina and exposing the
RPE to FGF2 for 24 h (Figure 5C). This is in stark contrast to
uninfected eyes where no Mitf is seen in the RPE after retina
removal regardless of the treatment (Figure 3).

These results demonstrate that while Mitf is
downregulated in the RPE after retinectomy at E4 (Figure 3),
it is still important for protecting the RPE against
transdifferentiation by inhibiting the FGF2-stimulated Pax6
increase and simultaneous increase in proliferation.

DISCUSSION
Spontaneous Mitf downregulation does not induce RPE
transdifferentiation at E4:  It has been well documented that
in quail and mouse Mitf mutants, the RPE fails to develop
properly and that the presumptive RPE instead develops into
neural retina [8,18,20]. Nguyen and Arnheiter [8] demonstrated
that as the eye is developing, the optic vesicle initially ex-
presses both RPE and retina-specific genes, but signals from
the surface ectoderm repress the RPE-specific gene Mitf such
that the retina and RPE specific genes are expressed in dis-
tinct domains. They further demonstrated that the signals re-
sponsible for downregulating Mitf in the presumptive retina
are likely FGF molecules being expressed by the surface ec-
toderm.

It has also been shown in the developing chick eye that
when ectopic FGF8 is placed near the RPE at approximately
E2, it is able to repress Mitf expression and cause
transdifferentiation of the RPE into retina [9]. In mouse em-
bryos, ectopic FGF9 expression is also able to induce RPE
transdifferentiation, whereas embryos lacking FGF9 have RPE
that extend into the presumptive neural retina [7].

Taking together the published data on the downregulation
of Mitf by FGFs during eye development, we expected to ob-
serve dowregulation of Mitf in the RPE of chick eyes that
underwent retinectomy only upon FGF addition, but not in its
absence. We speculate that after retina removal, signals re-
sponsible for maintaining Mitf protein as well as transcript
are disrupted. This could be due to stress signals produced
after retina damage/removal or by disrupting cell-cell interac-
tions between the retina and the RPE. In fact, the RPE is able
to recover its Mitf protein expression 3 days post- retinectomy
(not shown).

However, Fuhrmann et al. [27] have shown that Mitf and
MMP115 expression in the embryonic chick eye are induced
and maintained in the RPE by signals received from the ex-
traocular mesenchyme. Similar to the Mitf mutant studies,
Fuhrmann et al. [27] looked at early developmental events
required for the initial induction and maintenance of Mitf in
the developing RPE. Our studies, on the other hand, looked at
E4 RPE that is more developed and differentiated and suggest
that at later stages of RPE development, removing the retina
is sufficient for Mitf downregulation, but that Mitf
downregulation at this stage is not sufficient for induction of
transdifferentiation. Recently, it has been shown that in E9
chick RPE cultures, Mitf-siRNA is effective at knocking down
Mitf expression by 75% as well as reducing MMP115 levels
by over 50%. At the same time these authors showed that Pax6
expression was increased [28]. However in this culture sys-
tem, the RPE was only able to dedifferentiate, and not
transdifferentiate. That is, the authors were not able to detect
differentiation of the RPE into neurons. The authors found
that downregulation of Mitf alone was not sufficient to induce
transdifferentiation in vitro.

In our studies, we found that Mitf protein levels were low
in the RPE after removing the retina, and that this reduction in
Mitf levels was not correlated with increased Pax6 expres-
sion, BrdU incorporation, or transdifferentiation since we have
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previously demonstrated that retina removal alone does not
yield any retina regeneration (Figure 1) [1]. It has been shown
that in the silver quail Mitf mutant, the RPE is able to sponta-
neously transdifferentiate [18]. However, there are significant
differences between studies performed by Mochii et al. [18]
and ours. For example, those studies were performed on a
developing quail eye, whereas our studies focus on a system
for regeneration. Second, the spontaneous transdifferentiation
observed by Mochii et al. [18] took place in the presence of
the retina, which is able to provide growth factors. Coulombre
and Coulombre [4] first demonstrated transdifferentiation of
the RPE when they performed a retinectomy and placed a piece
of retina back into the optic cup. It was later determined by
Park and Hollenberg [5,6] that the factors produced by the
retina that induced regeneration were likely FGFs. Indeed,
several FGFs are produced in the developing chick retina
[9,29,30]. So the spontaneous transdifferentiation observed in
the quail mutants most likely had a combination of inactive
Mitf and a source of FGFs to push the RPE to become neural
retina. Another reason downregulation of Mitf may not lead
to dedifferentiation or transdifferentiation is the presence of
other RPE specific factors that are able maintain the RPE phe-
notype. For example, Otx2 has been shown to bind to the pro-
moter region of some RPE specific genes controlled by Mitf
and can work at the same hierarchical level to control RPE
development [31].

Our observations that Mitf is downregulated after retina
removal are intriguing, and the specific mechanism by which
removing the retina leads to Mitf downregulation deserves
attention in the future.

FGF/FGFR/MEK/Erk signaling is required for
transdifferentiation of the RPE at E4 in the embryonic chick:
For the first time, we show that FGF2-induced
transdifferentiation (in eyes undergoing retina regeneration)
require FGF signaling through FGF receptors as well as the
downstream effectors MEK and Erk. These signaling events
ultimately lead to an increase in Pax6 protein, which is suffi-
cient to induce transdifferentiation of the RPE. Results from
Azuma et al. [23] corroborate our findings. This group dem-
onstrated that in the absence of exogenous FGF2, ectopic Pax6
expression was sufficient to stimulate transdifferentiation.
Additionally, it has recently been shown that Pax6 is required
for induction of proliferation in the regenerating newt lens
[32]. While our studies do not directly show that Pax6 is re-
quired for proliferation, they do show that Pax6 upregulation
is sufficient for transdifferentiation, and in the absence of Pax6
upregulation, proliferation does not occur.

After retinectomy at E4, the increase in Pax6 does not
need to overcome the Mitf protein in the RPE, since, as al-
ready discussed, it is spontaneously downregulated with retina
removal. However, in the presence of ectopic Mitf expression
using Rcas-Mitf, FGF-induced transdifferentiation is inhib-
ited.

Mitf inhibits transdifferentiation by interfering with Pax6
expression, not FGF signaling:  A reciprocal relationship has
been demonstrated between Mitf and Pax6. That is, when Mitf
is inhibited, Pax6 levels in RPE increase and when Pax6 lev-

els are ectopically increased, Mitf levels are decreased [21,28].
This reciprocal relationship may partly be due to the ability of
Pax6 and Mitf to directly bind to one another and repress
transactivational activity on their respective target promoters
[22]. It has been previously shown that Mitf is able to inhibit
Pax6 expression in chick RPE cells [21] and that Mitf
overexpression in Xenopus laevis eyes results in induction of
ectopic RPE [25].

Moreover, it has been shown that addition of FGF-coated
beads near the optic vesicle leads to a rapid downregulation
of Mitf in the developing mouse RPE at E9.5 [8]. Because of
these previous studies demonstrating the relationship between
Pax6 and Mitf, we were not surprised to find that Rcas-Mitf
was able to inhibit Pax6 protein expression and BrdU incor-
poration after the RPE was exposed to FGF2 (Figure 5). How-
ever, we also show that the FGF signaling (measured by pErk)
that induces Pax6 expression is not disrupted by this
overexpression.

Conclusion:  In this study we show that Mitf is spontane-
ously downregulated in the RPE after retina removal at E4,
and this decrease in Mitf protein is not sufficient for
transdifferentiation to occur. Furthermore, ectopic FGF2 is
required to drive Pax6 expression and induce
transdifferentiation. The increased Pax6 expression is associ-
ated with increased BrdU incorporation. Finally, we show that
the FGF/FGFR/MEK/Erk signaling cascade leads to an in-
crease in Pax6 levels in the RPE, and that ectopic Mitf ex-
pression is sufficient to inhibit Pax6 expression but does not
interfere with the activation of the FGF downstream effector
Erk.
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