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The mitochondrial cell death pathway is known for its
role in signaling apoptosis. Here, we describe a novel
function for the mitochondrial cell death pathway in
signaling initiation of differentiation in the developing
lens. Most remarkably, we induced lens cell differentia-
tion by short-term exposure of lens epithelial cells to the
apoptogen staurosporine. Activation of apoptosis-re-
lated pathways induced lens epithelial cells to express
differentiation-specific markers and to undergo mor-
phogenetic changes that led to formation of the lens-like
structures known as lentoids. The fact that multiple
stages of differentiation are expressed at a single stage
of development in the embryonic lens made it possible to
precisely determine the timing of expression of proteins
associated with the apoptotic pathway. We discovered
that there was high expression in the lens equatorial
epithelium (the region of the lens in which differentia-
tion is initiated) of pro-apoptotic molecules such as Bax
and Bcl-xS and release of cytochrome c from mitochon-
dria. Furthermore, we found significant caspase-3-like
activity in the equatorial epithelium, yet this activity
was far lower than that associated with lens cell apo-
ptosis. These apoptotic pathways are likely regulated by
the concurrent expression of prosurvival molecules, in-
cluding Bcl-2 and Bcl-xL; phosphorylation of Bad; and
high expression of inhibitor of apoptosis proteins
chicken IAP1, IAP3, and survivin. This finding suggests
that prosurvival pathways allow pro-apoptotic mole-
cules to function as molecular switches in the differen-
tiation process without tipping the balance toward apo-
ptosis. We call this process apoptosis-related Bcl-2- and
caspase-dependent (ABC) differentiation.

Cell signaling mechanisms involving caspases, the cysteine
protease effectors of apoptotic pathways, are responsible for the
loss of organelles and nuclei in lens cells as they differentiate
into mature fiber cells (1–3). This process is necessary to create
an optically transparent lens. Interestingly, despite the activa-
tion of apoptotic signaling molecules and the loss of intracellu-
lar structures, differentiated lens fiber cells survive throughout
an organism’s lifetime. Caspases also play a requisite role in
the differentiation of cell types that do not lose subcellular

structures (4–7). This suggests that apoptosis-related signal-
ing pathways may be required for lens epithelial cell differen-
tiation, playing roles distinct from the removal of organelles
and nuclei.

For secondary lens fiber cell differentiation to occur, undif-
ferentiated epithelial cells from the anterior surface of the lens
must enter the equatorial zone, where they first pass through
a zone of proliferation (8) and then initiate their differentiation
program (9). With the initiation of differentiation, these lens
epithelial cells begin a remarkable process in which they
change shape as they participate in the creation of the unique
cellular organization that characterizes the lens and that is
essential to its transparency. This dramatic morphogenesis
involves molecular remodeling of the cytoskeleton and cell-cell
adherens junctions (10). Only after these morphogenetic
changes have occurred do the maturing lens fiber cells lose
their organelles and nuclei in a wave that spreads outwards
from the central nuclear fiber cell region (11–15). Although, in
the chicken embryo, this organelle-free zone (OFZ)1 is not ob-
served until embryonic day (E) 12, mitochondria in the central
fiber cell region begin to appear fragmented as early as E8
(14–16). This suggests that molecular mechanisms involving
mitochondrion-dependent apoptosis-like pathways may be ac-
tivated significantly earlier than the appearance of the OFZ.
We have examined the involvement of apoptosis-like mecha-
nisms in signaling the early stages of lens cell differentiation as
well as the survival molecules that prevent these pro-apoptotic
pathways from causing lens cell death.

In the canonical mitochondrial death pathway, pro-apoptotic
Bcl-2 family members (e.g. Bax, Bcl-xS, and Bad) mediate the
release of cytochrome c from mitochondria (17), which then
participates in initiating the caspase cascade with the activa-
tion of caspase-9 (18). Caspase-9 cleaves and activates the
executioner caspases, including caspase-3, -6, and -7 (18),
which cleave numerous intracellular components, leading to
apoptosis. Although Bad, Bax, and Bcl-xS promote apoptosis,
other Bcl-2 proteins (phospho-Bad, Bcl-2, and Bcl-xL) inhibit
the apoptotic process (19). The balance between Bcl-2 family
members defines whether a cell will live or die. Increased Bax
expression is often correlated with apoptotic cell death (20–22).
However, when Bax is bound to Bcl-2 or Bcl-xL, it is prevented
from mediating the release of cytochrome c from mitochondria
(17). The overexpression of Bcl-2 or Bcl-xL prevents the release
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of cytochrome c from mitochondria and subsequent cell death,
and these survival factors are often highly expressed in cells
resistant to apoptosis (23–25). When Bcl-2 and Bcl-xL are
bound and sequestered by Bad, apoptosis is promoted (26). For
Bcl-2 and Bcl-xL to be free to bind molecules such as Bax, they
must be released from Bad. This occurs when Bad is phospho-
rylated at any of its serine residues (each targeted by multiple
kinases), which releases Bcl-2 and Bcl-xL so that they can
perform their prosurvival functions (27). Relatively little is
known about the mechanism by which Bcl-xS induces apo-
ptosis, although it has been suggested that Bcl-xS can block the
anti-apoptotic functions of Bcl-2 and Bcl-xL (28). Bcl-xS expres-
sion generally increases during apoptosis (22), and its expres-
sion causes a marked increase in sensitivity to apoptotic agents
(29). Several Bcl-2-related proteins are expressed in the devel-
oping lens (2), but their differentiation stage-specific expres-
sion has not been determined.

In the canonical apoptotic pathway, caspases have multiple
roles. They cleave proteins to disable repair mechanisms, dis-
assemble organelles and nuclei, and reorganize the cell into
apoptotic bodies (30–35). During lens development, caspases
serve a non-apoptotic role. The major caspases (caspase-1, -2,
-3, -4, -6, -7, -8, and -9) are all expressed in the lens, and
caspase-1, -2, -4, -6, and -9 have been implicated in the process
of lens fiber cell nuclear loss (1, 2). Caspase-6 activity in lens
differentiation is precisely timed with the appearance of
TUNEL-positive nuclei (1). DNA fragmentation in the lens, as
detected by the TUNEL assay, occurs after the disappearance
of organelles and the dismantling of the nuclear envelope (36).
In addition to regulating nuclear and organelle loss in the
developing lens, caspases cleave components of the membrane-
associated cytoskeleton (37), thereby remodeling lens fiber cell
plasma membrane structures. The activation of caspases
within differentiation-specific regions of the embryonic lens at
developmental times that precede the formation of the OFZ has
not been studied.

Inhibitor of apoptosis proteins (IAPs) bind to caspases, block
their proteolytic activity, and can target them for degradation.
Thus, IAPs serve as important regulators of caspase function,
acting as protectors against apoptosis. mRNAs for several IAPs
have been detected in the lens. The adult human lens contains
stable mRNA transcripts for livin (38), and mRNAs encoding
survivin and IAP2 are present in neonatal murine lenses
(1). IAPs likely play regulatory roles during differentiation,
allowing caspases to perform crucial functions but preventing
them from tipping the balance toward apoptosis. Nothing is
known about IAP protein regulation during embryonic lens
development.

In this study, we have tested the hypothesis that molecular
mechanisms characteristically associated with apoptosis func-
tion as molecular switches early in lens cell differentiation,
temporally preceding the signaling of nuclear and organelle
loss. We have discovered that the activation of the canonical
intrinsic mitochondrial death pathway can signal lens cells to
initiate their differentiation. In addition, we present evidence
that a molecular balance is maintained through the expression
of prosurvival Bcl-2 family proteins and IAPs that could regu-
late the apoptosis-related pathway to prevent lens cell commit-
ment to apoptosis.

EXPERIMENTAL PROCEDURES

Lens Microdissection—Lenses were isolated from E10 chicken eggs
(Truslow Farms, Chestertown, MD) and microdissected as described
previously (39) to yield four distinct regions of differentiation: the
central anterior epithelium, the equatorial epithelium, the cortical fiber
zone, and the central fiber zone (see Fig. 1A).

Preparation and Treatment of Primary Lens and Whole Lens Cul-
tures—Differentiating lens cell primary cultures were prepared as de-

scribed previously (40). Briefly, lens cells were isolated from E10 quail
lenses by trypsinization and agitation. Cells were plated on laminin and
cultured in Medium 199 with 10% fetal bovine serum. For whole lens
cultures, chicken embryo lenses were removed at E10 with the vitreous
attached and grown in serum-free Medium 199. Apoptotic pathways
were induced with either anisomycin (Sigma) or staurosporine (BI-
OMOL Research Labs Inc., Plymouth Meeting, PA) as indicated.
Caspases were inhibited with the general caspase inhibitor 50 �M

benzyloxycarbonyl-Val-Ala-Asp fluoromethyl ketone (Z-VAD-fmk) (Pro-
mega Corp., Madison, WI) or the caspase-3-specific inhibitor acetyl-
Asp-Glu-Val-Asp chloromethyl ketone (Ac-DEVD-cmk) (Calbiochem).
For all experiments, control cultures were exposed to Me2SO (Sigma),
the solvent for anisomycin, staurosporine, Ac-DEVD-cmk, and Z-VAD-
fmk. For growth factor experiments, primary lens cell cultures were
exposed to either fibroblast growth factor (FGF) (Sigma) or insulin-like
growth factor-1 (IGF-1) (LONGTM R3IGF-I, GroPep, Adelaide, Austra-
lia) at 15 ng/ml for 24 h. To block the activation of ERK in cultures to
be treated with growth factors, cells were exposed to the ERK inhibitor
U0126 at a concentration of 10 �M beginning 24 h prior to addition of
growth factors.

Cytosolic Fractionation for the Determination of Cytochrome c Re-
lease—Cytosolic fractions were prepared using a protocol modified from
Yang et al. (23). Microdissected lens tissue was homogenized with a
Teflon pestle in buffer containing 250 mM sucrose, 20 mM HEPES (pH
7.5), 1 mM EGTA, 1 mM EDTA, 10 mM KCl, 1.5 mM MgCl2, 1 mM

dithiothreitol, 0.1 mM phenylmethylsulfonyl fluoride, 2 �g/ml leupeptin,
2 �g/ml pepstatin, and 2 �g/ml aprotinin. Samples were clarified by
centrifugation two times at 800 � g. The resulting supernatant was
centrifuged twice, first at 10,000 � g for 20 min and then at 16,000 �
g for 20 min, to remove mitochondria (41). The final supernatant was
used as the cytosolic fraction.

Caspase-3 Activity Assay—The CaspACE colorimetric assay system
(Promega Corp.) was used to measure caspase-3 activity. Samples were
extracted in cell lysis buffer provided by the manufacturer. The caspase
activity assay was performed as specified by the manufacturer. Note
that the substrate used in this assay is a DEVD tetrapeptide, which also
serves as the preferred substrate for caspase-7. Therefore, we refer to
the activity detected by this assay as caspase-3-like. Protein concentra-
tions were determined using a modified Bradford assay (Bio-Rad). To
control for the possibility that the proteasome cleaves the caspase
substrate DEVD, the assay was also performed in the presence of the
specific proteasome inhibitor lactacystin (200 �M; BIOMOL Research
Labs Inc.).

Immunoblotting—Samples were extracted in 44.4 mM n-octyl �-D-
glucopyranoside, 1% Triton X-100, 100 mM NaCl, 1 mM MgCl2, 5 mM

EDTA, and 10 mM imidazole containing 1 mM sodium vanadate, 0.2 mM

H2O2, and Protease Inhibitor Cocktail (Sigma). Protein concentrations
were determined using the BCA assay (Pierce) unless stated otherwise.
15 �g of protein extracts were subjected to SDS-PAGE on precast
8–16% Tris/glycine gels (Novex, San Diego, CA). For the determination
of cytochrome c release, 30 �g of total protein from each sample were
loaded on 10–20% Tris/glycine gels. Proteins were electrophoretically
transferred onto Immobilon-P membranes (Millipore Corp., Bedford,
MA). Anti-Bax (�21), anti-Bcl-xL/S (L-19), anti-Bcl-2 (N-19), anti-Bad
(C-7), anti-phospho-Bad Ser112, anti-survivin (FL-142), and anti-cellu-
lar IAP1/2 (A-13), antibodies were purchased from Santa Cruz Biotech-
nology, Inc. (Santa Cruz, CA). Antibodies to X-linked IAP and cyto-
chrome c were from BD Biosciences. Phospho-Bad Ser136 was obtained
from BIOSOURCE (Camarillo, CA). Antibodies to filensin and CP49
were generous gifts from Dr. Paul FitzGerald (University of California,
Davis, CA). Anti-�-crystallin antibody was a generous gift from Dr.
Joram Piatigorsky (NEI, National Institutes of Health, Bethesda, MD).
Anti-aquaporin-0 (MP28) antibody was prepared as described previ-
ously (40). Secondary antibodies conjugated to horseradish peroxidase
(Jackson ImmunoResearch Laboratories, Inc., West Grove, PA) were
detected using ECL reagent (Amersham Biosciences). Immunoblots
were scanned, and densitometric analysis was performed using East-
man Kodak 1D software. For all experiments with microdissected
lenses, results were normalized to the undifferentiated cells of the
central epithelium.

Fluorescence Detection of F-actin and Nuclei—Cultures and E10
lenses were fixed in 3.7% formaldehyde. Lenses were further processed
to obtain 7-�m cryosections as described previously (42). Cells were
permeabilized by exposure to 0.25% Triton X-100 and incubated with
Alexa 488-conjugated phalloidin and 4�,6-diamidino-2-phenylindole
(Molecular Probes, Inc. Eugene, OR) to detect F-actin and nuclei, re-
spectively. Fluorescently stained samples were examined using either a
Nikon Eclipse 80i or Nikon Optiphot microscope (Optical Apparatus,
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Ardmore, PA), and images were acquired using Metamorph Version 6.2
(Universal Imaging Corp., Downingtown, PA).

Measurement of Mitochondrial Membrane Potential—Two dyes were
used to track mitochondrial membrane potential, tetramethylrhodam-
ine methyl ester perchlorate (TMRM) and JC-1 (Molecular Probes, Inc.,
Eugene, OR). TMRM is a classic tracker of mitochondrial membrane
potential. JC-1 permits simultaneous measurement of mitochondria
with and without active membrane potential. JC-1 forms aggregates in
mitochondria with active membrane potentials that cause the dye to
fluoresce red, whereas in mitochondria without a membrane potential,
the dye remains as a monomer and fluoresces green. Chick lenses
(removed at E10) were incubated with TMRM (3 h) or JC-1 (6 h) and
observed live by confocal microscopy. Images were acquired using a
Zeiss LSM510 META confocal microscope. Z-stacks were collected, and
projection images were created from the Z-stack. Histograms were
created using Zeiss LSM5 Image Examiner software.

RESULTS

Increase in Pro-apoptotic Bcl-2 Family Proteins as Lens Cells
Initiate Their Differentiation—The embryonic lens provides a
unique opportunity to study the role of apoptosis-like processes
in the regulation of differentiation because, at a single time
point in development, multiple stages of differentiation are
present, from undifferentiated epithelial cells to terminally
differentiating fiber cells (Fig. 1A). The ability to separate
these stages by microdissection techniques makes it possible to
examine the dynamic processes that regulate lens cell differ-
entiation in vivo. For this study, E10 lenses were separated
into four regions: the undifferentiated central epithelium, the
equatorial epithelium (where lens cells initiate their differen-
tiation), the cortical fiber zone (where much of lens cell mor-
phological differentiation takes place), and the terminally dif-

ferentiating core nuclear fiber region.
The Bcl-2 family member Bax, a potent inducer of apoptosis,

leads to the release of cytochrome c from mitochondria (17, 43).
The highest level of Bax expression occurred in the equatorial
epithelium of the embryonic lens (Fig. 1B). Bax increased 2-fold
in this region, where lens epithelial cells initiate their differ-
entiation. Elevated Bax expression did not extend beyond the
equatorial epithelium, dropping precipitously in the cortical
fiber region. Bcl-xS paralleled Bax and was most highly ex-
pressed in the equatorial zone. The expression of this pro-
apoptotic molecule was enhanced 7-fold in equatorial epithelial
cells (Fig. 1B). The increased expression of both Bax and Bcl-xS

in the equatorial epithelium and their subsequent suppression
in the differentiating cortical fiber zone (2 days before or-
ganelles are lost in maturing lens fiber cells) suggest that these
pro-apoptotic Bcl-2 family members provide an initiating signal
in lens cell differentiation.

Cytochrome c Is Released at the Onset of Differentiation—
Because Bax and Bcl-xS induce the mitochondrial death path-
way through the release of cytochrome c from mitochondria
into the cytosol, we investigated the differentiation-specific
release of cytochrome c into the cytosol of embryonic lens cells.
The cytosolic fraction from each of the microdissected regions of
the E10 chick lens was isolated and immunoblotted for cyto-
chrome c (Fig. 1C). Cytochrome c was first released from mito-
chondria in the cells of the lens equatorial epithelium concur-
rent with high expression of Bax and Bcl-xS. The release of
cytochrome c from mitochondria continued to occur in the cor-
tical fiber zone, the principle region of lens fiber cell morpho-
genetic differentiation, but was barely detected in the more
mature central fiber zone.

Loss of Mitochondrial Membrane Potential as Lens Cells
Differentiate—Because cytochrome c is essential to mitochon-
drial function, we examined whether its release from mitochon-
dria as lens cells initiate their differentiation results in a par-
allel decrease in mitochondrial membrane potential. E10 chick
lenses were incubated with TMRM or JC-1 and observed live by
real-time confocal microscopy (Fig. 2). For experiments with
the JC-1 tracking dye, histogram analysis demonstrated the
proportion of active (red) to inactive (green) mitochondria
(Fig. 2E).

In the central epithelium of the E10 lens, the mitochondria
had active membrane potentials, as seen with both TMRM and
JC-1 (Fig. 2, A and F). Histogram analysis of the JC-1 results
showed that the mitochondria in these undifferentiated lens
epithelial cells were almost exclusively red, evidence that most
of the mitochondria had high activity. Dye tracking in the
equatorial zone revealed that the release of cytochrome c as
these cells initiated their differentiation was accompanied by
decreased mitochondrial membrane potential (Fig. 2, B and G).
Mitochondrial membrane potential was increasingly dimin-
ished as lens cells in the equatorial epithelium became more
differentiated and moved toward the cortical fiber zone.

In the cortical fiber region, where mitochondria are localized
primarily in the apical tips of the cells (44) and cytochrome c
release remained high (Fig. 1), there was a continued loss of
mitochondrial membrane potential (Fig. 2, C and H). Tracking
in this region for mitochondria with and without membrane
potential using JC-1 showed that, although some mitochondria
in the outermost region of the cortical zone still maintained a
potential, the labeling of mitochondria without membrane
potential (green) continued to increase with differentiation
(Fig. 2C).

Most of the mitochondria in the differentiated cells of the
central nuclear fiber region had lost their membrane potential
at E10, even though this was 2 days before their degradation.

FIG. 1. At the onset of lens cell differentiation, the expression
of pro-apoptotic Bcl-2 proteins is increased concurrent with the
release of cytochrome c from mitochondria. Lenses from E10
chicks were microdissected to yield four differentiation-specific regions.
A, the E10 chick lens is diagrammed as a sagittal section and also
represented with the four distinct microdissected zones separated: the
central anterior epithelium (EC), the equatorial epithelium (EQ), the
cortical fiber zone (FP), and the central nuclear fiber zone (FC). B,
protein extracts from microdissected E10 chick lens fractions were
immunoblotted for the pro-apoptotic proteins Bax (left panel) and Bcl-xS
(right panel). Quantification of three independent experiments demon-
strated that the expression of both Bax and Bcl-xS was greatly in-
creased in the EQ and decreased again in the FP. C, the release of
cytochrome c into the cytosol of each of the microdissected regions at
E10 was detected by immunoblotting following isolation of the cytosolic
fraction by differential centrifugation. Cytochrome c was first released
in the equatorial zone and continued to be released through the cortical
fiber region.
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FIG. 2. Release of cytochrome c from mitochondria as lens cells initiate their differentiation results in decreased mitochondrial
membrane potential. Mitochondrial membrane potential was assessed with two tracking dyes, JC-1 (A–E) and TMRM (F–I). A, B, F, and G,
whole lenses; C and H, fiber cell mass (after removal of epithelial cells); D and I, central fiber cells. A and F are projection images of the central
epithelium viewed en face. B and G are projection images of the EQ rotated to view the curvature of the lens equator and the underlying cortical
fiber cells. Note that mitochondrial membrane potential decreased as lens cells moved through the equatorial zone. The inset in B is an alternative
view that demonstrates the periodic alignment of mitochondria in the EQ. C is a projection image of a cross-sectional view of the cortical fiber region
shown with increasing differentiation from left to right. Note that mitochondria were observed primarily in the apical tips of these differentiating
fiber cells. The switch from active (red) to inactive (green) mitochondria as the cortical fiber cells differentiated is represented graphically. The
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This was observed in whole lenses and when the nuclear fiber
region was dissected free of the rest of the lens prior to incu-
bation with the tracker dyes (Fig. 2D), ensuring that the lack of
mitochondrial membrane potential was not a dye penetration
problem. It is important to note that there was a small subset
of mitochondria in this region that maintained membrane po-
tential and therefore the capacity to function (Fig. 2I). These
results demonstrate that there is a tight correlation between
loss of cytochrome c from mitochondria and loss of membrane
potential in the developing lens.

Anti-apoptotic Bcl-2 Family Members Are Expressed Early in
Lens Cell Differentiation—One mechanism of regulating the
quantity of cytochrome c released and the resultant induction of
apoptosis-like pathways involves the action of prosurvival Bcl-2
proteins such as Bcl-2 and Bcl-xL. By immunoblot analysis of
microdissected E10 chick lens fractions, we found Bcl-xL to be
highly expressed in the epithelial regions of the embryonic lens
(Fig. 3A). For Bcl-2, two bands were detected. The uppermost
Bcl-2 band, which comigrated with authentic Bcl-2, exhibited the
greatest expression in lens epithelial cells. The lower band, per-
haps a splice variant, cleavage product, or post-translationally
modified form of Bcl-2, was most highly expressed in the cortical
fiber region. The expression of Bcl-2 and Bcl-xL alone does not
mean that they are functioning as prosurvival molecules. When
Bcl-2 and Bcl-xL are bound by Bad, apoptosis is promoted. Only
when Bad is phosphorylated at one of its serine sites (each tar-
gets of multiple kinases) are Bcl-2 and Bcl-xL released from Bad
and available to bind pro-apoptotic Bcl-2 family members such as
Bax to block apoptosis (27). To determine whether Bcl-xL and
Bcl-2 are available for regulation of Bax, we examined the phos-

phorylation state of Bad by immunoblot analysis. Using an an-
tibody that recognizes all forms of Bad, we found Bad to be
expressed primarily by cells in the lens epithelium, increasing
1.3-fold between the central epithelium and the equatorial epi-
thelium. Consistent with our hypothesis, Bad was most highly
phosphorylated in the equatorial epithelium at both its Ser112

and Ser136 sites (Fig. 3B). These results suggest that the anti-
apoptotic proteins Bcl-2 and Bcl-xL are released from Bad as lens
differentiation is initiated to regulate the action of apoptosis-like
molecules such as Bax, allowing for controlled release of cyto-
chrome c from mitochondria. This could allow Bax to signal a
transition in lens cell differentiation without tipping the balance
toward apoptosis.

FGF and IGF-1 Promote the Expression of Bcl-2 in an ERK-
dependent Pathway—FGF and IGF-1 play a crucial role in lens
cell differentiation (45–47), and both of these growth factors
have been identified as upstream inducers of cell survival path-
ways (48, 49). Therefore, it seemed likely that one of the func-
tions of FGF and IGF-1 in the induction of lens cell differenti-
ation may involve regulation of the mitochondrial cell death
pathway. Treatment of lens epithelial cells with either FGF or
IGF-1 signaled an increase in the expression of the prosurvival
protein Bcl-2 (Fig. 3C). Because both FGF and IGF-1 are well
characterized activators of the ERK mitogen-activated protein
kinase signaling pathway, we investigated whether the induc-
tion of Bcl-2 by FGF and IGF-1 is dependent on the activation
of ERK. For these experiments, lens epithelial cells were ex-
posed to FGF and IGF-1 in the presence of the ERK inhibitor
U0126. Inhibiting ERK activation was sufficient to block the
induction of Bcl-2 by either of these growth factors. These

region along which the graph was generated is indicated with a red line. The decreased membrane potential as cortical fiber cells differentiated
is also seen in an en face view of the cortical fiber region (H). D and I are projection images of en face views of the FC. Mitochondrial membrane
potential was greatly decreased in this region. Histogram analysis of the data collected with JC-1 is presented in E. Intensity of labeling for active
mitochondria is on the y axis (Ch3), and intensity of labeling for inactive mitochondria is on the x axis (Ch2). Colors in the histogram represent
pixel frequency of intensity values. EC, central anterior epithelium; EQ, equatorial epithelium; FP, cortical fiber zone; FC, central nuclear fiber
zone.

FIG. 3. Expression of anti-apoptotic
Bcl-2 proteins in the EQ to protect the
lens from apoptotic pathways may be
regulated by FGF and IGF-1. A, extracts
of microdissected E10 chick lens fractions
were immunoblotted for the anti-apoptotic
Bcl-2 family proteins Bcl-xL and Bcl-2.
Both were highly expressed in lens epithe-
lial cells. An alternative, faster migrating
form of Bcl-2 was present in the FP. EC,
central anterior epithelium; EQ, equatorial
epithelium; FP, cortical fiber zone; FC, cen-
tral nuclear fiber zone. B, phosphorylation
of Bad at Ser112 and Ser136, both anti-ap-
optotic signals, was examined in microdis-
sected E10 lens fractions by immunoblot
analysis with phospho (P)-specific antibod-
ies. Total Bad expression also was deter-
mined. Phosphorylation of Bad was high in
the region of the EQ. C, in lens epithelial
cell cultures, exposure to either FGF or
IGF-1 induced the expression of Bcl-2 in an
ERK-dependent manner. Data were nor-
malized to untreated cultures.
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results indicate that both FGF and IGF-1 could function as
modulators of the apoptosis-like cell death pathways that are
required for the initiation of lens cell differentiation and that
this process is mediated by an ERK signaling pathway.

Executioner Caspase-3-like Proteases Are Activated as Lens
Cells Initiate Their Differentiation—Caspase-3 is one of the
major executioner caspases in the Bax/cytochrome c apoptotic
pathway. Although it is expressed in the lens, it is not respon-
sible for signaling organelle and nuclear loss (1, 2). Therefore,
it seemed a likely candidate caspase for activation by the apo-
ptosis-like pathway that is induced during the early stages of
lens cell differentiation. Indeed, we found that caspase-3-like
activity was high only in the equatorial zone (Fig. 4A) concur-
rent with high expression of Bax and release of cytochrome c
from mitochondria. Caspase-3-like activity decreased in the
cortical fiber zone and was even lower in the central fiber
region. The fact that caspase-3-like activity peaked and then
decreased 2 days before the loss of organelles and nuclei sup-
ports our hypothesis that caspase-3-like proteases play a reg-
ulatory role during the early stages of lens cell differentiation
and not in the process of organelle loss. Because the substrate
used in the caspase-3 activity assay (DEVD) has also been
reported to be a proteasome target (1), we also performed the
caspase activity experiments in the presence of the proteasome
inhibitor lactacystin. Inhibition of proteasome activity in the
microdissected embryonic lens fractions did not affect the re-
sults of the caspase-3-like activity assay (Fig. 4A).

The activation of caspases in the developing lens does not
lead to apoptosis, providing evidence that caspase activity is
tightly regulated during lens cell differentiation. This suggests
that the level of caspase activity in the embryonic lens, even at
its peak, is far lower than that in apoptotic cells. To examine
this question, we utilized a differentiating lens cell culture
system in which apoptosis can be readily induced by exposure
to apoptogenic agents such as anisomycin. As a control for the
level of caspase-3-like activity in differentiating lens cell cul-
tures, we used lens cells isolated from the equatorial region of
the E10 lens. Although caspase-3-like activity in differentiat-

FIG. 4. Caspase-3-like proteases are active in the early stages
of lens cell differentiation. A, caspase-3-like activity assays per-
formed on microdissected E10 chick lens fractions (black bars) showed
that caspase-3-like activity was greatest in the EQ, where lens cells
initiate their differentiation. The proteasome was not responsible for
the measured caspase-3-like activity, as the results were unaffected by
addition of the proteasome inhibitor lactacystin to the assay (hatched
bars). EC, central anterior epithelium; EQ, equatorial epithelium; FP,
cortical fiber zone; FC, central nuclear fiber zone. B, the level of
caspase-3-like activity in cells of the equatorial region at E10 was
compared with that in primary differentiating lens cells cultured in the
presence or absence of 10 �M anisomycin (18 h) to induce apoptosis.
Although caspase-3-like activity in the differentiating lens cultures was
similar to that which occurred during lens cell differentiation in vivo,
this protease activity was far below the levels that occurred during
apoptosis. DMSO, dimethyl sulfoxide.

FIG. 5. IAPs are expressed to regulate caspase activity in differentiating lens cells and prevent their commitment to apoptosis.
Extracts of microdissected E10 chick lens fractions were immunoblotted with antibodies to the three known chicken homologs of mammalian IAPs:
ch-IAP1, IAP3, and survivin. EC, central anterior epithelium; EQ, equatorial epithelium; FP, cortical fiber zone; FC, central nuclear fiber zone.
ch-IAP1 expression occurred primarily in lens epithelial cells (A). The expression of IAP3, the most potent IAP, specifically increased in the EQ,
where lens differentiation is initiated, and was almost completely down-regulated in the cortical fiber region (B). XIAP, X-linked IAP. The
expression of the IAP survivin increased in the equatorial region and remained high in the fiber zones (C), suggesting that survivin may provide
prolonged caspase inhibition during lens cell differentiation. In lens epithelial cell cultures, exposure to either FGF or IGF-1 induced the expression
of IAP3 (D); however, only IGF-1 induction of IAP3 was ERK-dependent. In D, data were normalized to untreated cultures.
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ing lens cells in culture was similar to that in the cells in the
equatorial region in vivo, exposure of the cultures to 10 �M

anisomycin for 18 h increased caspase-3-like activity by �5-fold
(Fig. 4B). The level of caspase activity available to signal events
in lens cell differentiation is far lower than that which induces
apoptosis, indicating that caspase activity in development is
tightly controlled.

IAPs, Regulators of Caspase Activity, Increase Their Expres-
sion as Lens Cells Begin to Differentiate—The most likely can-
didates for regulators of the apoptosis-like caspase pathways
during normal lens differentiation are the IAPs. These regula-
tory molecules inhibit the proteolytic activity of both initiator
and executioner caspases. Three homologs to mammalian IAPs
have been identified in the chicken: chicken IAP1 (ch-IAP1;
cellular IAP1/2 homolog), IAP3 (X-linked IAP homolog; Gen-
BankTM accession number AAL47170), and survivin (50, 51).
Immunoblot analysis of microdissected chicken embryo lenses
showed that ch-IAP1, an endogenous inhibitor of initiator and
executioner caspase function (52), was expressed by lens epi-
thelial cells (Fig. 5A). IAP3, which also inhibits both initiator
and executioner caspases (52), was expressed almost exclu-
sively in the equatorial zone (Fig. 5B) coordinated with the
release of cytochrome c, high caspase-3-like activity, and the
initiation of differentiation. The expression of survivin, an in-
hibitor of executioner caspases such as caspase-3 (53), in-
creased in the equatorial epithelium and was maintained at
high levels through the cortical fiber zone (Fig. 5C). The high
expression of all three of these chicken IAPs in the equatorial
zone is consistent with a role for them in the regulation of
caspase-3-like proteases that are activated as lens cells initiate
their differentiation.

FGF and IGF-1 Promote the Expression of IAP3—FGF and
IGF-1, as regulators of both lens cell differentiation (45–47)
and cell survival (48, 54), were investigated for their potential
role in regulating the expression of the prosurvival molecule
IAP3. IAP3 was chosen for this analysis because its expression
is significantly increased in the equatorial region of the lens as
lens cells initiate their differentiation. Exposure of lens epithe-
lial cells to either FGF or IGF-1 resulted in an increase in IAP3
expression (Fig. 5D). To investigate the involvement of the
ERK signaling pathway in growth factor induction of IAP3, we
exposed lens epithelial cells to FGF and IGF-1 in the presence
of the ERK inhibitor U0126. Interestingly, although IGF-1
induction of IAP3 expression was ERK-dependent, there was
little effect of ERK inhibition on FGF-directed IAP3 expression.

Caspase Activity Is Required for Lentoid Formation—To deter-
mine the specific role of caspases in the early stages of lens cell
differentiation, we exposed lens epithelial cells growing in a
differentiating primary culture system to the caspase inhibitor
Z-VAD-fmk. We chose Z-VAD-fmk for this study because it is a
general caspase inhibitor that blocks both initiator and execu-
tioner caspases. The culture system in this study is unique in
that it mimics normal lens cell differentiation as it occurs in vivo
(40). As the cultured lens epithelial cells initiate their differenti-
ation, they not only express differentiation-specific proteins, but
also undergo dramatic reorganization to form the multicellular,
multilayered lens-like structures known as lentoids. The control
cultures (grown in the presence of the vehicle Me2SO) differen-
tiated with extensive lentoid structures present by culture day 8.
The caspase inhibitor Z-VAD-fmk interfered with normal lens
morphogenesis in vitro as evidenced by suppression of lentoid
formation (Fig. 6A). Similar results were obtained with the
caspase-3-specific inhibitor Ac-DEVD-cmk (Fig. 6B), demonstrat-
ing that the result observed with Z-VAD-fmk is likely to be
specific to caspase-3 function. To distinguish between a role for
caspases in signaling the initiation of differentiation-specific

gene expression and in signaling events specific to lens morpho-
genetic differentiation, we examined whether the caspase inhib-
itor affects the expression of the lens differentiation-specific pro-
teins filensin, CP49, aquaporin-0, and �-crystallin. The results
demonstrate that caspase function was not required for the ex-
pression of these lens-specific differentiation markers (Fig. 6C)
and suggest that the principal role of caspases in the early stages
of lens cell differentiation is in regulating the morphogenesis of
the embryonic lens.

Activation of Apoptosis-related Pathways Is Sufficient for
Induction of Lens Cell Differentiation—Our results show that
components of the canonical mitochondrial death pathway are
expressed as lens cells initiate their differentiation in vivo. We
speculated that stimulation of the mitochondrial death path-
way in undifferentiated lens epithelial cell cultures by expo-
sure to an apoptogenic agent may induce lens cell differentia-
tion. To examine this hypothesis, we treated primary lens
epithelial cell cultures for 4 h with 250 nM staurosporine, a
broad-spectrum kinase inhibitor; removed the apoptogen; and
then cultured the treated cells for an additional 6 days in
normal culture medium. Exposure to staurosporine dramati-
cally altered lens cell morphology, with many cells appearing
contracted (Fig. 7A). This short-term exposure to staurosporine
did not commit these lens cells to apoptosis. The lens cells
quickly recovered following the removal of the staurosporine-
containing medium. Remarkably, after only 6 days in normal

FIG. 6. Caspase activity is required for lens fiber cell morpho-
genetic differentiation. At 2 days after plating, primary embryonic lens
cell cultures were exposed for 6 days to the general caspase inhibitor
Z-VAD-fmk (50 �M), the caspase-3-specific inhibitor Ac-DEVD-cmk, or the
vehicle Me2SO (Control). A and B, although normal lens cultures formed
extensive, multicellular, multilayered, differentiated lentoid structures,
lentoid formation in the presence of either Z-VAD-fmk or Ac-DEVD-cmk
was markedly reduced, with most cells still present as an epithelium (E).
C, to distinguish between a role for caspases in the initiation of lens
differentiation-specific gene expression and in lens cell morphogenetic
differentiation, we examined the effect of the caspase inhibitor on the
expression of the lens fiber cell proteins filensin, CP49, aquaporin-0
(MP28), and �-crystallin. Although caspases were not found to regulate
the expression of these lens differentiation-specific genes, they were re-
quired for lens fiber cell morphogenetic differentiation.
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culture medium, 100% of the cells had differentiated, forming
extensive lentoid structures (Fig. 7A). Individual cells within
these lentoid structures were highly elongated. This is in con-
trast to control cultures, in which �50% of the cells formed
differentiated lentoid structures and many cells still remained
as undifferentiated epithelial cells (Fig. 7A). In lens cultures
treated with staurosporine, not only were the cells highly elon-
gated and organized into branching lentoid structures, but they
expressed high levels of the differentiation-specific protein
�-crystallin (Fig. 7A). The expression of actin remained unaf-
fected by staurosporine treatment.

To examine whether exposure of whole lenses to staurospo-
rine would induce differentiation of lens epithelial cells, we
developed an ex vivo model. For these experiments, E10 chick
lenses were removed with the vitreous attached and placed in
culture wells in the presence of serum-free medium. Lenses
were exposed to 250 nM staurosporine for 4 h and grown for 5
days in serum-free medium, and the expression of differentia-
tion markers was determined. Exposure to staurosporine in-
duced the expression of the differentiation-specific proteins
�-crystallin (Fig. 7B) and aquaporin-0 (data not shown). These
results demonstrate that induction of the mitochondrial death
pathway in cells of the lens epithelium promotes the initiation
of lens cell differentiation.

Although exposure to 250 nM staurosporine signaled the
initiation of differentiation of lens epithelial cells in culture,
this concentration of staurosporine initially had a detrimental
effect on cell morphology. As a result, it was not possible to
observe the differentiation-specific effects on lens cell morphol-
ogy following the activation of the mitochondrial death path-
way until after the cells had time to recover from the apo-
ptogen. To better simulate the low level induction of the
mitochondrial death pathway that our study has demonstrated
to occur in vivo, lens epithelial cells were treated with a low
concentration of staurosporine (50 nM). The majority of cells in

these cultures began to elongate and align after only 2 h (data
not shown), and lens cell elongation was quite distinctive by
18 h of exposure to this low dose of the apoptogen (Fig. 8A). In
contrast to the characteristic cortical actin filaments in control
cultures, actin in the highly elongated staurosporine-treated
cells was reorganized into filamentous structures that spanned
the length of the cells (Fig. 8B). The nuclei of 50 nM stauro-
sporine-treated lens cells had a distinct elongated shape (Fig.
8B, arrows) that was very different from the smaller rounded
shape of nuclei in control untreated lens epithelial cells. Inter-
estingly, cell elongation, filamentous actin extension, and elon-
gated nuclei are characteristics evocative of differentiating lens
fiber cells in the cortical fiber zone of the developing lens (Fig.
8B). To confirm that these elongated lens fiber-like cells in-
duced by short-term exposure to 50 nM staurosporine had ini-
tiated the lens differentiation pathway, we examined �-crystal-
lin expression. �-Crystallin expression was induced in lens cell
cultures treated with 50 nM staurosporine (Fig. 8C). Collec-
tively, our results show that low level short-term activation
of the mitochondrion-mediated apoptotic pathway is able to
initiate the cell signaling pathways required for lens cell
differentiation.

DISCUSSION

Apoptosis-related Bcl-2- and Caspase-dependent (ABC) Dif-
ferentiation—Differentiating lens cells undergo a process we
call ABC differentiation, in which molecules characteristic of
the canonical intrinsic mitochondrial death pathway signal
early events in lens cell differentiation (Fig. 9). In lens devel-
opment, non-apoptotic functions for signaling components of
the mitochondrial death pathway are likely to be tightly regu-
lated by anti-apoptotic molecules that are expressed concur-
rently. Classic cell survival molecules such as Bcl-2 and IAPs
can modulate the effects of molecules in the Bax/mitochondrial/
caspase pathway, which would allow them to act as molecular

FIG. 7. Induction of the mitochon-
drial cell death pathway signals the
initiation of lens cell differentiation.
A, primary lens epithelial cell cultures
were exposed to 250 nM staurosporine or
the vehicle Me2SO (Control) for 4 h and
then cultured for an additional 6 days in
normal culture medium. After 4 h, the
lens epithelial cells exhibited morpholog-
ical changes consistent with cell contrac-
tion. At the end of the culture period (6
days post-treatment), the control lens ep-
ithelial cells had differentiated normally,
with �50% of the culture area containing
differentiated lentoid (L) structures
(within dashed areas). E, epithelium. Ex-
posure to staurosporine induced 100% of
the lens epithelial cells to differentiate
and to form lentoid structures. Note the
extensive elongation of the differentiating
lens fiber cells when the lentoids induced
by staurosporine were observed at higher
magnification. Immunoblot analysis dem-
onstrated that exposure of the lens epi-
thelial cell cultures to 250 nM staurospo-
rine induced the expression of the lens
differentiation-specific protein �-crystal-
lin. B, E10 chick lenses were exposed ex
vivo to 250 nM staurosporine for 4 h and
then cultured for an additional 5 days
under serum-free conditions. Immunoblot
analysis demonstrated that exposure of
whole lenses to this apoptogen induced
the expression of �-crystallin in the cells
of the lens epithelium.
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switches in lens cell differentiation. We suggest that the
apoptotic process “hijacks” these normal cell signals by inter-
fering with the functioning of their regulatory anti-apoptotic
controls, pushing the balance toward cell death. There are
many other examples of signaling molecules that, when unreg-
ulated, have a detrimental effect on cell function, usually lead-
ing to a pathophysiological state. A classic example of this is
the Src tyrosine kinase. Although originally discovered as an
oncogene, Src was later found to play a major role in normal
cell signaling pathways, where its activity is tightly regulated
by phosphatases and other kinases (55). Thus, we suggest that
the mitochondrial death pathway has an important physiolog-
ical role in many non-apoptotic cells, as we have shown here for
the developing lens.

Temporally coordinated with the initiation of lens cell differ-
entiation is the increased expression of Bax and Bcl-xS, pro-
teins that function in the release of cytochrome c from mito-
chondria and the activation of the mitochondrial death
pathway. We suggest that these signaling mechanisms allow
the permeabilization of mitochondria during the initiation of
lens differentiation, but that the phosphorylation of Bad, which
releases Bcl-2 and Bcl-xL, tightly controls the release of cyto-
chrome c. This results in the prolonged release of cytochrome c
throughout the early stages of lens cell differentiation and the
low level activation of caspase-3-like proteases. Previous stud-

ies have shown that disrupting the balance between Bcl-2 and
Bax results in incomplete differentiation or apoptosis in the
developing lens. The overexpression of the survival factor Bcl-2
causes reduced caspase-9 activity, prevents cleavage of the
caspase-3 substrate DFF45, interferes with proper fiber cell
elongation, and blocks both chromatin condensation and nu-
clear loss (56, 57). Conversely, lens fiber cells overexpressing
the transcription factor E2F1 or E2F2 exhibit increased expres-
sion of Bax and increased apoptosis (20).

FGF and IGF-1 have long been studied for their role in lens
cell differentiation (45–47), yet there is much evidence in the
literature that both of these growth factors also have an im-
portant function in signaling cell survival (48, 49, 54). Our
study provides a link between the role of growth factor signal-
ing in cell survival and differentiation. We found that Bcl-2, a
cell survival protein most highly expressed in the equatorial
zone of the embryonic lens, was induced in lens epithelial cells
by both IGF-1 and FGF through their activation of the ERK
signaling pathway. Similarly, the expression of IAP3 was in-
duced by these growth factors in lens epithelial cells. These
results indicate that, although the mitochondrial cell death
pathway is induced to initiate lens cell differentiation, FGF and
IGF-1 activate the cell survival pathways that protect the cells
from apoptosis.

Our finding that cytochrome c was released at E10 to initiate

FIG. 8. Lens cell differentiation can
be initiated by low level activation of
apoptotic pathways through stauro-
sporine. At 2 days after plating, primary
embryonic lens cell cultures were exposed
for 18 h to 50 nM staurosporine or Me2SO
(Control). A, this low concentration of
staurosporine induced elongation of lens
cells, whereas control cultures main-
tained classic epithelial cell morphology.
B, fixed samples were labeled with 4�,6-
diamidino-2-phenylindole (DAPI) and
phalloidin to further characterize the
morphological effects of induction of the
mitochondrial death pathway. The highly
elongated nuclei (arrows) and actin fila-
ment organization found in lens cells
treated with 50 nM staurosporine were
strikingly similar to those in cortical fiber
cells of an E10 lens. C, the expression of
the differentiation-specific marker �-crys-
tallin was examined in lens cultures
treated for 18 h with 50 nM staurosporine
or Me2SO (Control) and then maintained
for 6 days in normal culture medium. The
increased expression of �-crystallin was
induced in the staurosporine-treated lens
cell cultures.
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pathways required for the early stages of lens cell differentia-
tion and significantly earlier than the appearance of the OFZ at
E12 is consistent with previous observations that lens cell
mitochondria at E10 are heavily fragmented, with only rem-
nants of cristae remaining in the central fiber zone (14). A
previous study that examined total cytochrome c at E12 found
none in the cortical fiber zones of the lens, which still maintain
organelles (58), demonstrating that cytochrome c release from
mitochondria is complete before the appearance of the OFZ.
The loss of cytochrome c from mitochondria in the equatorial
and cortical fiber zones at E10 resulted in a loss of mitochon-
drial membrane potential. When the lens cells reached the
central fiber zone, only a small subset of the mitochondria in
these differentiated fiber cells were active. These results indi-
cate that mitochondria are an unlikely energy source for lens
cells as they differentiate. In addition, our results suggest that
alternative pathways to cytochrome c must be responsible for
the activation of caspases that are involved in the loss of nuclei
and organelles at later stages of lens cell differentiation. We
speculate that mitochondrial factors that can activate caspases
(such as Omi/HtrA2) could be released from the mitochondria
of lens fiber cells at later stages of lens development.

Cytochrome c release leads to the activation of the caspase
cascade. Caspases have been shown to control nuclear loss in
differentiating lens cells. Using a general caspase inhibitor,
Ishizaki et al. (3) prevented nuclear loss in rat lens explant
cultures. Wride et al. (2) extended these experiments using
chicken embryo lens cell cultures and showed that nuclear loss
during lens cell differentiation specifically requires the func-
tion of caspase-1, -2, -4, -6, and -9, but not caspase-3 and -8. We
have shown for the first time that caspases also function in
signaling the initiation of lens cell differentiation. Our in vivo
experiments demonstrated that caspase-3-like proteolytic ac-
tivity increased temporally and spatially as lens cells began

their differentiation and was attenuated long before the ap-
pearance of the OFZ. The highest level of caspase-3-like activ-
ity occurred in the equatorial epithelium, the region of differ-
entiation initiation. By inhibiting caspase activity in our
differentiating lens culture system, we were able to establish
that caspases play a requisite role in lens fiber cell morphogen-
esis without affecting the expression of lens differentiation-
specific proteins, including the water channel protein aqua-
porin-0 (MP28), �-crystallin, and the beaded filament proteins
filensin and CP49. This finding is supported by a previous
study in which the caspase inhibitor had no effect on the
expression of �- or �-crystallin (3). Most significantly, we have
shown that the activation of the intrinsic apoptotic pathway by
limited exposure to the apoptogen staurosporine was sufficient
to induce lens cells to begin their differentiation program.
Activating apoptotic pathways in lens epithelial cell cultures
induced both differentiation-specific gene expression and mor-
phogenesis (lentoid formation). In whole lenses, exposure to
staurosporine induced differentiation of cells in the lens epi-
thelium. We are the first to demonstrate that lens cell differ-
entiation can be initiated through controlled activation of the
intrinsic apoptotic pathway.

Our study also presents the first analysis of IAP protein ex-
pression in the lens. IAPs, which modulate caspase activity, were
highly expressed in the equatorial epithelium, where caspase-3-
like proteases are active and cells initiate their differentiation
program. ch-IAP1 and IAP3 are inhibitors of both initiator and
executioner caspases (52). Their restricted expression to the lens
epithelium is consistent with a role in regulating the apoptosis-
related pathways that initiate lens differentiation. Survivin is a
more specific inhibitor of executioner caspases (53). Interestingly,
survivin was the only IAP whose protein expression persisted
throughout the later stages of differentiation. Its prolonged ex-
pression suggests that it may also promote survival during ter-
minal differentiation of lens fiber cells. The pattern of IAP ex-
pression suggests that, in the developing lens, IAPs tightly
regulate caspase activity at multiple steps in the caspase cas-
cade, allowing caspases to function as molecular switches in lens
differentiation without inducing apoptosis.

ABC Differentiation Is Distinct from Apoptosis—The cellular
effects associated with apoptosis, whether stimulated in vitro
or observed in vivo during development, usually occur within a
time period of �24 h (59). Following induction of apoptosis,
perturbation of mitochondria followed by release of cytochrome
c is typically a rapid event (�5 min) (60) that is immediately
followed by condensation of the cell, loss of organelles and
nuclei, and finally reorganization of the cell into apoptotic
bodies (59). In the developing lens, a period of 4 days passes
from the time that fragmentation of mitochondria is first ob-
served (E8) to the time of organelle loss (E12) (14). Our obser-
vation of cytochrome c in the cytosol of cells in both the equa-
torial region and the cortical fiber zone clearly demonstrates
that, in the differentiating lens, the release of cytochrome c
extends over a significantly prolonged period of time compared
with that which occurs during apoptosis. Also in contrast to
apoptosis, phosphatidylserine does not flip to the outer leaflet
of the plasma membrane during lens development (36, 61).
Because phosphatidylserine flipping is an early event in apo-
ptosis, its absence supports the finding that apoptotic path-
ways are controlled and are activated only at low levels for
signaling lens cell differentiation. Furthermore, some typical
caspase substrates such as actin are protected from cleavage
during lens cell differentiation, whereas other components of
the membrane-associated cytoskeleton, including �- and
�-spectrins, are targeted by caspase cleavage (37, 62). Compo-
nents of focal adhesion complexes in the lens such as focal

FIG. 9. Model of the function of pro- and anti-apoptotic mole-
cules in the regulation of lens cell differentiation versus their role
in the canonical mitochondrial death pathway. In response to dif-
ferentiation or apoptotic signals, members of the Bcl-2 family such as Bax
and Bcl-xS regulate the release of cytochrome c from mitochondria. In lens
cell differentiation, the release of cytochrome c is slow and prolonged
because it is regulated by the anti-apoptotic molecules Bcl-2 and Bcl-xL.
Although the exit of cytochrome c from mitochondria in differentiating
lens cells activates the caspase cascade, caspase activity is kept low
because the caspases are regulated by the IAPs. This low level of caspase
activity is necessary to remodel lens epithelia as they differentiate to form
the lens fiber cells. In contrast, when cytochrome c is released rapidly,
caspase activity reaches high levels, and the cells commit to the apoptotic
program. P-Bad, phospho-Bad; XIAP, X-linked IAP.
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adhesion kinase and paxillin also appear to be protected from
caspase digestion.2 Our results show that caspase-3-like activ-
ity levels were significantly lower during lens cell differentia-
tion than during apoptosis. It is probable that the subcellular
compartmentalization of caspases and IAPs may protect cer-
tain proteins from caspase-mediated cleavage, whereas other
proteins are targeted for degradation.

ABC Differentiation Occurs in Diverse Cell Types—The reg-
ulation of differentiation by Bcl-2 family members, cytochrome
c, and caspases is not unique to lens cells or to other cells that
lose organelles and nuclei. The overexpression of Bcl-2 or
BHRF1 (a viral homolog of Bcl-2) in keratinocytes inhibits
terminal differentiation (63, 64). The overexpression of Bcl-2 in
monocytes inhibits cytochrome c release, caspase activation,
and differentiation into macrophages (6). In addition, Bcl-xL

and Bcl-2 play critical roles in the differentiation process and
survival of erythroid cells (65, 66). Caspases are involved in the
differentiation of keratinocytes, erythroblasts, macrophages,
skeletal muscle cells, and osteoblasts (4–7, 67), but the stage of
differentiation affected by caspases is specific to the cell type.
Interestingly, in developing erythroid progenitors, the highest
level of caspase activity occurs 4–9 days prior to the actual
appearance of enucleated reticulocytes (68), and inhibition of
caspases early in erythrocyte differentiation prevents later nu-
clear loss (67).

Given the wide spectrum of cell types that use ABC mecha-
nisms during differentiation, it is clear that apoptosis-related
pathways provide essential non-apoptotic signals for cell differ-
entiation, and it is only when they are activated unchecked that
apoptosis ensues. Here, we have shown, in the developing lens, a
novel role for components of the mitochondrion-induced apoptotic
pathway as molecular switches for the initiation of differentia-
tion. We suggest that this function for apoptotic molecules in the
lens will serve as a model for understanding the mechanisms of
differentiation initiation in many developing systems.
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