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Elevated insulin signaling disrupts the growth and differentiation
pattern of the mouse lens
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Purpose: Insulin and insulin-like growth factors (IGFs) are putative regulators of cell proliferation and differentiation
during lens development. Transgenic mice that overexpress IGF-1 in the lens have been previously described. To further
understand the ocular functions of this growth factor family, the in vivo effects of insulin expression on lens development
were investigated using transgenic mice.

Methods: Expression of insulin receptor (IR) and IGF-1 receptor (IGF-1R) in mouse lens was examined by reverse-
transcriptase-polymerase chain reaction (RT-PCR) and in situ hybridization. Transgenic mice that overexpress insulin in
the lens were generated using two different promoters: a fiber-cell spekificystallin (@A) promoter and a modified
aA-promoter linked to the chickeyl-crystallin enhancer (called thenaA promoter). ThédenoA promoter is active in

both lens epithelial and fiber cells. The lens phenotypes were analyzed by histology and immunohistochemistry. Protein
expression was examined by western blotting.

Results: Normal mouse lenses express both the insulin receptor (IR) and the IGF-1 receptor (IGF-1R), and their expres-
sion is highest at the lens periphery where the germinative and transitional zones are located. In transgenic mice, insulin
expression in the lens induced cataract formation. The severity of the cataracts reflected the level of transgene expression,
independent of the type of promoter used. In severely affected families, the spherical shape of the lens was altered and the
lenses were smaller than normal. Histological analysis showed no evidence of premature differentiation of the anterior
epithelial cells. In contrast to the IGF-1 mice, insulin transgenic mice exhibited an anterior shift in the location of the
germinative and transitional zones, leading to a reduction of the lens epithelial compartment. Additional alterations in-
cluded expansion of the lens transitional zone, variable nuclear positioning in the lens bow region, and inhibition of fiber
cell denucleation and terminal differentiation.

Conclusions: Elevated intraocular insulin does not enhance proliferation nor induce differentiation of mouse lens epithe-
lial cells. Since an increase in IGF-1 causes a posterior shift of the lens geminative and transitional zones, while an
increase in insulin causes an anterior shift of these zones, our results suggest that these two growth factors may work
together to control the location of this structural domain during normal lens development. Our data also suggest that
increased insulin-signaling activity in the lens can antagonize the endogenous signals that are responsible for fiber cell
maturation and terminal differentiation.

The lens is a highly organized and polarized tissue.  Growth factors have been implicated as regulators of cell
Growth and development of the lens depend on proper spatialoliferation and differentiation during lens development [1,3].
regulation of cell proliferation and differentiation [1-3]. The Gain-of-function studies in mice show that fibroblast growth
central lens epithelial cells are relatively quiescent while théactors (FGFs) can function as differentiation inducers, while
epithelial cells near the periphery (the germinative zone) shoplatelet-derived growth factors (PDGFs) function mainly as
a higher proliferative index. As the epithelial cells in the germitogens [5-8]. The function of insulin and insulin-like growth
minative zone proliferate, cells posterior to this zone are pushddctors (IGFs) is unclear. Experiments in chicken lens epithe-
into the transitional zone where they are induced to elongatil explants show that insulin and IGFs can induce epithelial-
and differentiate into the lens fiber cells. The newly differento-fiber differentiation, as measured by cell elongation and an
tiated fiber cells accumulate in a concentric manner on top afcrease in-crystallin synthesis [9,10]. In contrast, insulin
the previously differentiated fiber cells in the bow region. Asand IGFs were weak differentiation factors for rat lens epithe-
the immature fiber cells migrate toward the lens core, theillial cells in explant cultures. However, these growth factors
nuclei and intracellular organelles degrade to result in matur@peared capable of enhancing or maintaining the differentia-
fiber cells [4]. tion phenotype induced by FGF [11-13]. In transgenic mice
generated to overexpress IGF-1 in the lens by means of the
Correspondence to: Lixing W. Reneker, EC214 Mason Eye InstitutéNouseaA-crystallin promoter [14], lens epithelial cells were
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tiation inducer in rodent lens explants. Interestingly, the lens
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thelial compartment was extended more posteriorly than i, insulin expression did not induce premature differentiation
normal mice. of lens epithelial cells [14]. Interestingly, insulin expression
Insulin and IGF-1 act through two related cell surface reecaused an anterior shift and expansion of the transitional zone
ceptors, insulin receptor (IR) and IGF-1 receptor (IGF-1Rjand an inhibition of fiber cell terminal differentiation.
[15]. These two receptors have a high degree of sequence simi-
larity and both are expressed in most mammalian cell types, METHODS
although at different levels [16]. Each receptor has a high aRNA isolation and RT-PCR: All animals were used in accor-
finity for its cognate ligand, whereas the binding affinities ofdance with the Association of Research in Vision and Oph-
insulin to IGF-1R and IGF-1 to IR are about 100 fold lowerthalmology (ARVO) Statement for the Use of Animals in
[17,18]. Interestingly, although IR and IGF-1R are highly con-Ophthalmic and Vision Research, which is comparable to the
served from a structural standpoint and share common intraanimal care guidelines of the Institute of Laboratory Animal
ellular signaling pathways, their in vivo physiological func- Research. Wild type (FVB/N) mouse lenses were obtained at
tions are quite distinct. IR is primarily important for fuel me- embryonic day 15.5 (E15.5) or at birth (P0), and homogenized
tabolism, while IGF-1R is primarily important for cell growth in TRI REAGENT (Sigma, St. Louis, MO) to extract total
[19,20]. There are two main intracellular pathways that ar&@NA, following the manufacturer’s instructions. Reverse tran-
activated by insulin and IGF-1 receptors: the insulin receptoscriptase-polymerase chain reaction (RT-PCR) was performed
substrate (IRS)-phosphatidylinositol 3-kinase (PI13K) pathwayn 10 ng total lens RNA using the OneStep RT-PCR kit from
and the Ras-mitogen-activated protein kinase (MAPK) pathQiagen (Valencia, CA). For mouse IGF-1R (GenBank
way [20-22]. The IRS-PI3K pathway leads to the activatiorNM_010513), sense (5-GAG GAC TGT CAT CTC CAACC-
of the three Akt isoforms [23]. Activated Akt can phosphory-3') and antisense (5'-CGATTC TTT CAC GCATACTTG C-
late glycogen synthase kinase 3 (GSK3) [24], pro-apoptoti8") primers were used to amplify a 778 base pair (bp) cDNA
protein BAD [25,26], and transcription factor FOXO [27-29], fragment. For mouse IR (GenBank NM_010568), the sense
leading to stimulation of glycogen synthesis, cell survival, an@5'-GAA GAT CAC CCT TCT TCG AG-3') and antisense (5'-
gene expression, respectively. Activation of the Ras-MAPKCAG TGA GTC TCT CTG GAC AG-3') primers generated a
pathway occurs through the recruitment of the SH2-domaifragment of 736 bp. PCR products were run on a 2% agarose
proteins Shc, Grb2, and the exchange factor SOS (son gél and stained with ethidium bromide for visualization under
sevenless) [30,31]. The current consensus, which probabbjtraviolet (UV) light. The PCR fragments were cloned into
constitutes an oversimplified model, is that the acute metahe pCRII-TOPO cloning vectors (Invitrogen, Carlshad, CA)
bolic effects of insulin require activation of the IRS-PI3K path-and sequenced to verify their identities. These plasmids were
way, while stimulation of cell growth and proliferation requiresalso used to generate riboprobes for in situ hybridization to
the Ras-MAPK cascade. detect the expression patterns of IR and IGF-1R in the mouse
Gene knockout experiments have provided further evilens.
dence that IR and IGF-1R have overlapping yet diverse func- Histology: Embryonic heads and postnatal eyes were re-
tions in embryonic development [15,32]. Mice lacking eithermoved from mice and fixed overnight in 10% neutral buff-
IR or IGF-1R are born with growth retardation of differentered formalin. The samples were briefly rinsed twice with
severity. IGF-1R-null newborn mice are 45% of normal weightphosphate buffered saline (PBS), dehydrated in a series of in-
whereas IR-null mice are 90% of normal weight [33-37]. IGFcreasing concentrations of ethanol, cleared in xylene, and
1R null mice are born with multiple abnormalities, includingembedded in paraffin. Sections were cut atrh de-waxed
hypoplastic muscles, delayed bone development, and thin epiith xylene, rehydrated with a series of decreasing concentra-
dermis, and die immediately after birth [33,34]. In contrastfions of ethanol, and processed for hematoxylin and eosin
IR null mice develop severe diabetes at an early postnatal aj¢&E) staining, in situ hybridization, or immunohistochem-
and die of diabetic ketoacidosis, suggesting that IR action istry.
essential for postnatal fuel metabolism and this function can- In situ hybridization: The procedure for in situ hybrid-
not be substituted by IGF-1R [35]. Lens defects have not beemation was described previously [39]. Briefly, radioacti&e
reported in these gene knockout mice. labeled riboprobes were synthesized in vitro from linearized
Lens epithelial cells in explants respond to either IGF-pCRII-TOPO plasmids containing the cDNA for either IR or
or insulin in a similar fashion [12]. To gain further understandiGF-1R. After overnight hybridization, the slides were washed,
ing of the function of these growth factors in lens developdigested with RNase A, and washed again to remove
ment, we generated transgenic mice that overexpress insulimhybridized probes. Slides were coated with Kodak NTB-2
in the lens with two different promoters: the mougecrys-  emulsion and exposed at’@ for a week. After developing
tallin promoter and the newly develop&dnaA-promoter.  the slides in the Kodak D-19 developer, the sections were coun-
With the aA-crystallin promoter, transgene expression wagerstained with hematoxylin. The bright- and dark-field im-
restricted to the lens fiber cells, whereasdde.A-promoter  ages were captured by a CCD camera.
directed expression in both lens epithelial and fiber cells [38].  BrdU incorporation assay: Pregnant females were in-
Analysis of the transgenic mice has revealed that the severiigcted intraperitoneally with 100 ng of 5-bromo-2'-
of the lens defects was dependent on the transgene expresdi@oxyuridine (BrdU; Sigma, St. Louis, MO) and 6.7 ng of
level rather than the cell-specific expression pattern. Like IGFluoro-deoxyuridine (FIdU, Sigma) per gram of body weight.
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After 1 h, mice were sacrificed and embryos were collectetbr 1 h at room temperature and then washed with PBS twice.
for BrdU immunohistochemistry, as described previously [40]For immunofluorescent staining, cell nuclei were stained with
Immunohistochemistry: Immunostaining was performed 300 nM 4',6-diaminino-2-phenylindole (DAPI; Molecular
as previously described [40,41]. Briefly, tissue sections werBrobes) for 10 min at room temperature. Sections were rinsed
incubated with blocking solution (5% non-immune serum intwice with PBS, mounted in coverslips with 50% glycerol in
phosphate buffered saline [PBS]) for 30 min at room temPBS, and examined under UV illumination. Alternatively, for
perature and then with primary antibodies overnight’@.4 color detection of immunogens, an avidin-biotin-peroxidase
The source and dilution ratio for each primary antibody are asomplex (ABC) method was used (kit PK-4002; Vector Labo-
follows: anti-BrdU (1:100; Dako, Carpinteria, CA), ant, ratories, Burlingame, CA) with diaminobenzidingey as a
B- or y-crystallins (gifts from Dr. Samuel Zigler at the Na- substrate (Sigma). Sections were counterstained with hema-
tional Eye Institute; 1:500, 1:1000, or 1:2000, respectively)toxylin.
anti-cytochrome c oxidase (COX) subunit | (catalog number  Western blot analysis: Newborn mouse lenses were iso-
A6403, 1:200; Molecular Probes, Eugene, OR), anti-proteitated and homogenized in RIPA buffer containing 1% NP-40,
disulfide isomerase (PDI, 1:200; Stressgen, Victoria, BA.5% sodium deoxycholate, 0.1% SDS, 0.02% sodium
Canada), anti-phospho-ERK (pERK) and anti-Shc (1:100; Cebirthovanadate, and 2 mM DTT in PBS. Protease inhibitors
Signaling, Danvers, MA). After washing with PBS, sections(Set llI kit from Calbiochem, San Diego, CA) and phosphatase
were incubated with biotinylated (Vector Laboratories) or fluo-inhibitors (Set Il kit from Calbiochem) were added freshly
rescein-conjugated (Molecular Probes) secondary antibodiesch time. After centrifugation at 10,000 rpm for 5 min, the

IR IGF1R
PCO E155 PO E15.5

Figure 1. Expression of IR and IGF-1R in mouse leAsRT-PCR was used to detect IR and IGF-1R expression in embryonic day 15.5
(E15.5) and newborn (P0O) mouse lenses. Expression patterns of IG&}-aRd(IR C) in newborn mouse lens were detected by in situ
hybridization. IR sense probe was used as a negative control to monitor the backgrounD)siBo#h (GF-1R and IR are expressed in the
peripheral region of the lens (arrowsHrandC). The IGF-1R signal was stronger than IR in the lens. Other tissues in the eye, including the
cornea and retina, also express IGF-1R and IR. A high level of IR mMRNA was found in the blood vessel cells surroundi(ey tbe ferasls

in C). Abbreviations used: epi, lens epithelial cells; fib, lens fiber cells. Scale bars in all the figures repregamt 100
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supernatant was removed and an aliquot was taken for protedfithese two receptors within the lens, in situ hybridizations
determination using the BCA method [42]. For crystallin aswere done using newborn mouse lenses (Figure 1B-D). IR
says, 1@ug of protein were denatured in 2X SDS sample buffeand IGF-1R were expressed mainly in the lens germinative
and boiled for 5 min before loading. For other antigens reand transitional zones. Signals for IR were weaker than those
ported in this study, 10@g of total lens protein were used. for IGF-1R (Figure 1B,C). IR and IGF-1R expression was also
Proteins were separated on 4-12% gradient gels by SDS-PAGIetected in the developing retina, iris, ciliary body, and cor-
and transferred onto a polyvinylidene difluoride (PVDF) mem-nea (Figure 1B,C). Interestingly, the vascular endothelial cells
brane (Invitrogen). The blots were immersed in blocking buffeputside the lens expressed IR at a higher level than IGF-1R
for 1 h, and then incubated with the primary antibody’@ 4 (arrowheads in Figure 1C).

overnight. The dilution ratios for anti, -, andy-crystallin Lens defects in insulin-expressing transgenic mice: The
primary antibody were 1:3000, 1:6000, and 1:10,000, respetwo types of promoters used in this study were the meofse
tively. Antibodies against ERK, pERK, Akt, pAKT (Cell Sig- crystallin promoterd¢A) and a modifiedrA-promoter linked
naling), and PDI (Stressgen) were diluted according to tht thedl1-crystallin enhancebénoA). In the twooA-insulin
manufacturer’s instructions. After washing, the blots were intransgenic families (OVE441 and OVE442), transgene mRNA
cubated with secondary antibody for 1 h at room temperaturgjas detected only in the lens fiber cells [38]. In contrast,
and the antibodies were detected by enhanced chemilumingsansgenic mice made with the modifiédnoA promoter
cence (ECL). Western blotting agaifisactin (Sigma) was showed high levels of transgene expression in both lens epi-

used as a control to assess equal protein loading. thelial and fiber cells [38]. A total of si&enoA-insulin
transgenic families were established and named LR12, LR13,
RESULTS LR14, LR16, LR20, and LR22.
IRand IGF-1Rexpressionin mouselens: Lens epithelial cells Transgenic mice from each family except LR20 had vis-

in explant cultures respond to both insulin and IGF stimulaible cataracts when they opened their eyes at postnatal day 14
tion, implying that these cells express receptors and signalir@214). Mice from family LR20 eventually developed cataracts
components for these growth factors [12,13,43]. IR and IGFat 4 months of age. In situ hybridization showed that the
1R transcripts were detected by RT-PCR in E15.5 and newransgene was weakly expressed in this family (data not
born lenses (Figure 1A). To examine the expression pattersiiown). In the families with the highest levels of transgene
expression, OVE442 and LR22, the eyes were microphthalmic.

The transgenic lenses from families OVE442 and LR22
anterior were compared to those of wild type mice (Figure 2). New-
born (PO) wild type lenses were round and transparent, whereas
the OVE442 and LR22 lenses were cloudy and did not have a
normal spherical shape (Figure 2). Changes in lens shape were
not apparent in the other transgenic families. In addition to
the lens defects, transgenic mice in most of the families had
abnormalities in their ocular vasculature. There was an over-
growth and persistence of the tunica vasculosa lentis (TVL),
particularly around the posterior pole of the lens (Figure 2).
The vascular defects in the transgenic mice will be described
in another article.

Histological analysis showed that the severity of the lens
defects correlated with the transgene expression level (Figure
3). Disruptions of normal lens structure were apparent at birth.
In the mildly affected family LR12, the lens epithelium and
cortex looked normal. However, morphologic changes were
seen in the central fiber cells in the LR12 family and in the
other transgenic families. Fiber cells failed to elongate com-
pletely and did not contact the anterior epithelial layer, result-
ing in the formation of a subcapsular lumen (Figure 3, aster-
isks). In addition, most of the central fiber cells retained their
cell nuclei, indicating a disruption in normal fiber cell differ-
Figure 2. Lens morphology in wild type (WT), OVE442, and LR22 gntjation. Additional changes were observed in the severely
transgenic mice. Lenses were isolated from newborn (P0) mice Qe cteq families (OVE442 and LR22). First, the lens transi-
examination and photography. Some ciliary body tissues (arrov.vﬁ onal zone was expanded (as marked with brackets in Figure

were left on the lens to avoid damage or distortion to the lens durin S d th b | “b " (th
dissection. The WT lenses are transparent and spherical in shape: econd, there was an abnormal *bow pattern” (the arc-

The transgenic lenses are cloudy and show a distorted shape. Adahaped path of fiber cell r‘UC|?i)- Despite the severe defects in
tionally, there is an excess growth of the blood vessels at the post&€ lens fiber cells, the epithelial cells in transgenic mice looked
rior pole of the transgenic lenses (arrowheads). relatively normal.
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Figure 3. Lens histology in

wild type (WT) and transgenic
lines OVE442, LR12, and

LR22 at birth. Fiber cell elon-

gation was defective in all

transgenic families, resulting
in the presence of a subepithe
lial lumen (marked with aster-
isks). In the mildly affected

line LR12, the lens polarity and
the transitional zone (t) look
normal. In the two severely af-
fected lines (OVE442 and
LR22), the transitional zone (t)
is shifted anteriorly and is dra-
matically expanded (as shown
in brackets).
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Figure 4. Cell proliferation in
wild type (WT) and OVE442
transgenic mouse lenses. Lens
cells at S-phase of the cell
cycle were monitored with
BrdU-labeling. BrdU-positive
cells (brown nuclei) are distrib-
uted across the epithelial layer
in the WT lensesA, C) and
OVE442 transgenic lenseB, (
D). At E15.5 @, B), the per-
centage of BrdU-positive nu-
clei is similar in the WT and
transgenic lenses. At E18G,(
D), the percentage of BrdU-
positive cells is slightly re-
duced in the transgenic lens,
correlating with the phenotype
of areduced lens epithelial cell
compartment.
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Cdl praliferation: The anterior shift of the lens transi- zone, where cell proliferation was most active (Figure 4C).
tional zone suggested that insulin overexpression might affe&uch an increase was not obvious in the transgenic lenses (Fig-
cell proliferation and differentiation in the transgenic lensesure 4D). We also noted an anterior shift of the transitional
BrdU labeling was performed to detect the lens cells in Szone in the transgenic lenses. This change was consistent with
phase of the cell cycle (Figure 4). In wild type lenses, BrdUthe reduction in the total number of lens epithelial cells. The
positive cells were distributed across the lens epithelial layatata suggest that insulin overexpression results in an anterior
(Figure 4A,C). At E15.5, the BrdU labeling pattern was esshift of the differentiation zone in conjunction with a decrease
sentially the same between the wild type and the transgeniic cell proliferation and a reduction of the lens epithelial layer.
lenses (Figure 4A,B and Table 1). At E18.5, when the lens Crystallin expression: To assess the differentiation state
phenotype began to develop, cell proliferation was affectedf the transgenic lens, crystallin expression patterns and lev-
(Table 1). The total number and percentage of BrdU-positivels were examined in wild type and OVE442 transgenic mice
cells in the lens epithelial compartment were reduced in th@igure 5). We found that-crystallin expression was not al-
OVE442 transgenic mice as compared to wild type mice (Tablered (Figure 5A,D). In the transgenic lengesrystallin ex-

1). This difference was statistically significant. In the wild typepression was activated slightly earlier than normal (Figure 5E).
lens, BrdU-labeled cells were elevated near the germinativehis finding is consistent with the observation that the transi-
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Figure 5. Crystallin expression detected by immunohistochemical staining and western blot. Eye sections of postnativad&y/ (&3
(A-C) and OVE442 transgeni®{F) mice were stained fat- (A, D), f- (B, E), andy- (C, F) crystallins. In both genotypes;crystallin is
expressed in all the lens cells, wiflleandy-crystallin are in the lens fiber cells. The space between the two arrd@)sand €) illustrate the
area whereg-crystallin expression is absent. This area is expanded in the transgeni€) laivg{ western blot analysis fer-, -, andy-

crystallin G), there was no detectable difference in the levels of crystallins between the wild type and transgeiéctiiceias used as a
control for protein loading.
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WT OVE442 LR22

Figure 6. Fiber cell denucleation in newborn wild type (WT), OVE442 and LR22 mouse lenses. Newborn eye sections werghstained w
DAPI to reveal the distribution of cell nuclei. In the WT leAs D), fiber cell maturation is associated with denucleation and formation of a
nuclear-free zone (arrows mark the margin of the area). In OVBI42) @nd LR22 C, F) transgenic lenses, fiber cell nuclei are present
across the entire lens section.

Figure 7. Detection of COX and PDI proteins.
In the WT E18.5 lensX), COX protein was de-
tected in the epithelial cells and in the secondary
fiber cells at the cortex. Strong COX-
immunostaining was seen in the anterior tips of
the secondary fiber cell&\( arrow). COX-stain-
ing was enhanced in the transgenic |&)s far-
ticularly in the central region of the lens, where
concentrated COX-staining was seBndown-
ward arrows). PDI (rhodamine fluorescence in
red) is highly expressed in the lens epithelial cells
and cortical fiber cells in WT len€j. PDI stain-

ing is lost in the central fiber cell€{ circled
area). In contrast, PDI expression persists in all
the lens fiber cells in OVE442 transgenic mice
(D). E: PDI western blot analysis on newborn
(P0O) and postnatal day 6 (P6) lens. Compared to
the PDI protein level in the WT lenses, expres-
sion is increased significantly in the OVE442
transgenic lense&( arrow). The lower band is
from the reactivity of the secondary antibody to
mouse endogenous immunoglobulin protein.

E P6 PO

WT OVE442 WT OVE442

PDI = ....... '
e ~Siir |
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tional zone was shifted anteriorly in the transgenic lenses. In
contrast t@3-crystallin,y-crystallin expression was delayed in
the transgenic lenses (Figure 5F), suggesting that more fiber
cells were retained in an initial differentiation state, a pattern
consistent with the expansion of the transitional zone in the
transgenic lenses (Figure 3). Although the transgenic lenses
showed altered expression patterngfaandy-crystallin, the

total protein levels for all three types of crystallins were simi-
lar in the wild type and transgenic lenses (Figure 5G).

Figure 8. ERK and Akt protein and phosphorylation levels. Water-
soluble proteins from newborn lenses were used for western blotting
to detect ERK, phosphorylated ERK (pERK), Akt, and phosphory-
lated Akt (pAkt). The pERK levels (both pERK1 and pERK2) are
increased 2-3 fold in the transgenic lenses while the ERK protein
levels remain the same as that in the WT lenses. No change in Akt or
pAkt levels were detected. The analysis was repeated on three inde-
pendent samples and the results were consigteékttin was used

as a control for protein loading.

ERK1
ERK2

pERK1
PERK2

©2007 Molecular Vision
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Figure 9. Immunohis-
tochemical staining for
pERK and Shc. Inthe WT
E18.5 lens, pERK immu-
noreactivity was detected in
the lens epithelial cells at the
germinative zone and in the
newly differentiating fiber
cells A, arrows). In the
OVE442 transgenic lens,
the pERK-staining area is
expanded in the fiber cells
(B, arrows). The
immunostaining pattern for
the adaptor protein Shc is
also changed in the
transgenic lens. In the WT
lens, Shc is most strongly
expressed in the lens epithe-
lial cells (C, arrows). In the
OVE442 transgenic lens,
strong Shc staining was de-
tected not only in the epi-
thelial layer but also in the
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Fiber cell differentiation and maturation: During later  likely accounts for the increased pERK level in the western
stages of differentiation, fiber cells lose their nucleiblot (Figure 8).
(denucleate) and intracellular organelles to form the organelle- Shc and IRS-1 are two receptor adaptor proteins. These
free zone (OFZ) at the lens core [4]. Histology data indicateddaptor proteins bind to the activated receptors at tyrosine
impairment of denucleation in the transgenic lenses (Figuréocking sites, are phosphorylated and, in turn, recruit SH2-
3). To confirm this observation, lens sections of newborn wildlomain-containing signaling molecules such as Grb2 and the
type, OVE442, and LR22 mice were stained with the nuclegu85 regulatory subunit of PI3K [46,47]. Immunostaining for
dye DAPI (Figure 6). The OFZ was visible in the wild type Shc detected protein expression in the epithelial cells and in
lenses (Figure 6A,D). In contrast, cell nuclei in the transgenigoung fiber cells at the cortical region in the wild type lens
lenses were distributed across the entire lens (Figure 6B,C,E,frigure 9C). The Shc protein level sharply decreased to the
suggesting that insulin expression inhibits fiber denucleatiorbackground level as fiber cell differentiation proceeded. In
To examine whether intracellular organelle degradatiorthe transgenic lens, the Shc-positive region was expanded into
was also affected in the transgenic lenses, sections were stairtled cortical fiber cells (Figure 9D). In contrast to Shc, IRS-1
for cytochrome ¢ oxidase (COX) subunit | and protein disulprotein was expressed at a much higher level in lens fiber cells
fide isomerase (PDI), which are markers for mitochondria anthan in epithelial cells, and the staining pattern was similar in
endoplasmic reticulum (ER), respectively [44,45]. The mito-wild type and transgenic lenses (data not shown).
chondrial protein COX was present in both lens epithelial cells
and cortical fiber cells, with high-intensity staining at the an- DISCUSSION
terior margin of the fiber cells (Figure 7A). COX staining was Lens epithelial cells in explants can respond to insulin and
reduced in mature fiber cells. Compared to the wild type lendGF stimulation [9,12,48], suggesting that growth factors in
the transgenic lenses exhibited enhanced COX staining (Fithe insulin/IGF family could potentially regulate cell prolif-
ure 7B), particularly in the central region, where strong COXeration and differentiation during normal lens development.
staining was detected (downward arrows in Figure 7B). Th&ransgenic mice that overexpress IGF-1 in the lens have been
ER protein PDI was expressed in wild type epithelial cellpreviously generated [14]. IGF-1 by itself did not function as
and cortical fiber cells. Fiber cells at the center were PDla differentiation factor, but it did modify the architecture of
negative in the wild type lens (Figure 7C). In the transgenithe lens by causing the germinative and transitional zones to
lenses, PDI was expressed in both epithelial cells and fibextend toward the posterior pole of the lens. In the current
cells, and the level was increased, particularly in the fiber cellstudy, we have generated transgenic mice that overexpress
(Figure 7D). Western blot analysis confirmed this observatiomsulin in lens fiber cells and in both lens epithelial cells and
(Figure 7E). Taken together, our data suggest that elevatéier cells [38]. We found that insulin and IGF-1 transgenic
insulin signaling in the lens interferes with fiber differentia- mice have similar yet distinct phenotypes. Neither insulin nor
tion and maturation. IGF-1 was sufficient to induce premature differentiation of
Sgnaling pathways affected by insulin overexpression: the lens epithelial cells in vivo. This result was consistent with
Insulin exerts its biological activity through activation of thethe findings in rat lens explants where neither IGF nor insulin
insulin receptor (IR). In many different cell types, IR activa-alone induced epithelial-to-fiber differentiation [11-13]. El-
tion turns on downstream signaling pathways involving Ragvated levels of insulin or IGF-1 produced slight modifica-
and PI3K, which subsequently activate the Akt kinase and/dions of the cell proliferation pattern, but the lens epithelium
the Raf-MEK-ERK cascade. To explore insulin-activated sigin both genotypes remained as a monolayer. This result is dif-
naling in the mouse lens, we analyzed the phosphorylatidierent from the effect of PDGF-A on lens epithelial cells
levels of ERK and Akt by western blot analysis (Figure 8)[8,49,50].
The levels of phosphorylated (active) ERK (both pERK1 and  In both the insulin and IGF-1 transgenic mice, fiber cell
pPERK?2) were increased 2-3 fold in the transgenic lenses whilmaturation was perturbed and the transitional zone was ex-
the total ERK protein level was unchanged. Surprisingly, phogpanded. An interesting difference was the location of the lens
phorylated and total Akt protein levels in the transgenic lensegerminative and transitional zones. In the IGF-1 mice, the lens
were the same as those in the wild type lenses. These resuisthelial compartment was expanded and the germinative zone
suggest that the phenotypic changes in the insulin transgemi@s localized more posterior than in the wild type lens [14].
lenses are mediated through the ERK, rather than the Akt, sitiz contrast, the lens transitional zone was moved anteriorly in
naling pathway. the insulin transgenic mice. These changes correlated with
Increased phospho-ERK levels in the transgenic lensedight changes in BrdU-labeling in the IGF-1 and insulin mice.
were further examined by immunohistochemical staining (FigOur data suggest that IGF and insulin are not direct inducers
ure 9A,B). In the E18.5 wild type lens, pERK immunoreac-of fiber cell differentiation. Instead, members of the insulin
tivity was detected both in the cytoplasmic and nuclear comgrowth factor family may play supportive roles in fine tuning
partments of cells at the germinative and transitional zondsens growth and differentiation to achieve a normal lens struc-
(Figure 9A). Strong pERK staining was also found at the epiture and shape.
thelial-fiber cell apical junctions. The pERK staining pattern It has been shown that one role of Shc in cells is to pro-
was altered in the transgenic lenses, with the lens cortex shomote the formation of a Shc-Grb2-SOS complex, which can
ing more pERK-positive fiber cells (Figure 9B). This changeactivate the Ras-Raf-MEK-ERK kinase cascade [46]. Previ-
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ously, we demonstrated that cell proliferation during lens de..W.R.) and EY10448 (P.A.O.), NIH core grant EY14795,
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pathway [51]. Thus, the slightly enhanced cell proliferation(RPB), Inc.

signal in IGF-1-overexpressing transgenic mice could be ex-

plained by an increase in Ras-ERK signaling activity. In the REFERENCES

lenses of the insulin transgenic mice, we showed that ERKL.. Lovicu FJ, McAvoy JW. Growth factor regulation of lens devel-
activity and Shc expression were enhanced in the differentiat- opment. Dev Biol 2005; 280:1-14.

ing fiber cells (Figure 8 and Figure 9). In contrast, phosphoryz- Sue Menko A. Lens epithelial cell differentiation. Exp Eye Res
lated Akt and IRS-1 expression were not altered (Figure 8 2002; 75:485-90.

h . . ... 3, Lang RA. Which factors stimulate lens fiber cell differentiation in
and data not shown). It is possible that IR activates additional Vivo? Invest Ophthalmol Vis Sci 1999: 40:3075-8.

S.ignalling path"",a}/?’ which overridg th? Shc'.ERK prol@fgra-4. Bassnett S. Lens organelle degradation. Exp Eye Res 2002; 74:1-
tion signal and initiate an early epithelial-to-fiber transition. 6

Analyzing additional signaling pathways may help resolve thig. Robinson ML, Overbeek PA, Verran DJ, Grizzle WE, Stockard

paradox.
In most of the transgenic families (except LR20), fiber
cell differentiation was disrupted by insulin overexpression.

CR, Friesel R, Maciag T, Thompson JA. Extracellular FGF-1
acts as a lens differentiation factor in transgenic mice. Develop-
ment 1995; 121:505-14.

Fiber elongation was incomplete and cell nuclei, mitochon8- Robinson ML, Ohtaka-Maruyama C, Chan CC, Jamieson S,
dria, and ER were retained in the central fiber cells. Our data Dickson C, Overbeek PA, Chepelinsky AB. Disregulation of
. L . . ocular morphogenesis by lens-specific expression of FGF-3/int-
suggest that insulin signaling may antagonize the endogenous .- I : . '
. Is th ired for | fiber diff L 2 in transgenic mice. Dev Biol 1998; 198:13-31.

signals that are required for atg-stage iberdi ereptlatlon. A% Lovicu FJ, Overbeek PA. Overlapping effects of different mem-
present, the molecular mechanisms that regulate fiber cell ter- - pers of the FGF family on lens fiber differentiation in transgenic
minal differentiation, such as denucleation and organelle deg- mice. Development 1998; 125:3365-77.
radation, have not been defined. Apoptosis-related proteirss Reneker LW, Overbeek PA. Lens-specific expression of PDGF-A
may have a role in this process [52,53]. It was recently sug- alters lens growth and development. Dev Biol 1996; 180:554-
gested that the ubiquitin-proteasome pathway might be in- 65. _
volved in the breakdown of intracellular organelles during fi-9- Beebe DC, Silver MH, Belcher KS, Van Wyk JJ, Svoboda ME,
ber differentiation [54]. We have not investigated whether these ~ 2€/€nka PS. Lentropin, a protein that controls lens fiber forma-

- . . tion, is related functionally and immunologically to the insulin-
activities are affected in the transgenic lenses. Based on stud-

.. . . . like growth factors. Proc Natl Acad Sci U S A 1987; 84:2327-
ies in other systems, IGF and insulin are known to be inhibi- 55 g

tors of cell death. Our western blot analysis andi |eAc, Musil LS. FGF signaling in chick lens development. Dev
immunostaining showed that ERK phosphorylation was in-  Biol 2001; 233:394-411.

creased, whereas the pAkt level was unaffected in the insulirl. Richardson NA, Chamberlain CG, McAvoy JW. IGF-1 enhance-
transgenic lenses. Therefore, the increased ERK activity could ment of FGF-induced lens fiber differentiation in rats of differ-

be contributing to the disruption of the fiber differentiation  entages. Invest Ophthalmol Vis Sci 1993; 34:3303-12.
program. 12. Klok E, Lubsen NH, Chamberlain CG, McAvoy JW. Induction

In summary, we have demonstrated that insulin and maintenance of differentiation of rat lens epithelium by FGF-

overexpression in the lens is not sufficient to initiate epithe; 2, insulin and IGF-1. Exp Eye Res 1998; 67:425-31.

. . . L . 13. Leenders WP, van Genesen ST, Schoenmakers JG, van Zoelen
Ilal-tq-flber cell dlffergnnanon, byt it can alter Ien; growth EJ, Lubsen NH. Synergism between temporally distinct growth
and fiber cell maturation. Combined with the previous study  factors: bFGF, insulin and lens cell differentiation. Mech Dev

of the IGF-1 transgenic mice, our data suggest that insulin  1997: 67:193-201.

and IGF-1 could have overlapping yet distinct functions ini4. Shirke S, Faber SC, Hallem E, Makarenkova HP, Robinson ML,
lens development. We propose that, during lens development, Overbeek PA, Lang RA. Misexpression of IGF-I in the mouse
neither IGF-1 nor insulin is a differentiation inducer. Instead,  lens expands the transitional zone and perturbs lens polariza-
they function as modifiers of fiber cell morphology. The bal- _ tion. Mech Dev 2001; 101:167-74. _ _

ance between IGF-1 and insulin signaling in the lens may heljpr" Nakae J, Kido Y, Accili D. Distinct and overlapping functions of

. . o insulin and IGF-I receptors. Endocr Rev 2001; 22:818-35.
to finely tune lens growth and maturation. Additionally, OUl'16. pe Meyts P, Whittaker J. Structural biology of insulin and IGF1

study suggqsts thaf[ flbe'r cell f[ermlnalldlffe.rent|at|on requires e antors: implications for drug design. Nat Rev Drug Discov

downregulation of insulin-activated signaling pathways. EI-  2002: 1:769-83.

evated ERK activity may antagonize the endogenous apoptoti¢7. Andersen AS, Kjeldsen T, Wiberg FC, Vissing H, Schaffer L,

like or proteolytic activities that are involved in late stage fi- Rasmussen JS, De Meyts P, Moller NP. Identification of deter-

ber cell differentiation. minants that confer ligand specificity on the insulin receptor. J
Biol Chem 1992; 267:13681-6.

ACKNOWLEDGEMENTS 18. Schaffer L. A model for insulin binding to the insulin receptor.
Eur J Biochem 1994; 221:1127-32.

We thank Dr. Sam Zigler for the anti-cr llin antibodi
e tha Sa . gler for the ant C ysta . a tl?Od €s, 9. Butler AA, Yakar S, Gewolb IH, Karas M, Okubo Y, LeRoith D.
Shanyu Ho and Denise Chang for assistance in animal hus- S . o
Insulin-like growth factor-1 receptor signal transduction: at the

bandry "’}nd ggnotyping, and Sharon Morey for editing the interface between physiology and cell biology. Comp Biochem
manuscript. This work was supported by NIH grants EY13146 Physiol B Biochem Mol Biol 1998; 121:19-26.
406



Molecular Vision 2007; 13:397-407 <http://www.molvis.org/molvis/v13/a43/>

20.

21.

22.

23.

24.

25.

26.

27.

28.

20.

30.

31.

32.

33.

34.

35.

36.

37.

Baumann CA, Saltiel AR. Spatial compartmentalization of sig-
nal transduction in insulin action. Bioessays 2001; 23:215-22.
Saltiel AR, Kahn CR. Insulin signalling and the regulation of38.
glucose and lipid metabolism. Nature 2001; 414:799-806.
Johnston AM, Pirola L, Van Obberghen E. Molecular mecha-
nisms of insulin receptor substrate protein-mediated modula-
tion of insulin signalling. FEBS Lett 2003; 546:32-6. 39.
Burgering BM, Coffer PJ. Protein kinase B (c-Akt) in
phosphatidylinositol-3-OH kinase signal transduction. Nature
1995; 376:599-602. 40.

Cross DA, Alessi DR, Cohen P, Andjelkovich M, Hemmings BA.
Inhibition of glycogen synthase kinase-3 by insulin mediated
by protein kinase B. Nature 1995; 378:785-9.

Datta SR, Dudek H, Tao X, Masters S, Fu H, Gotoh Y, Greenbewrl.
ME. Akt phosphorylation of BAD couples survival signals to
the cell-intrinsic death machinery. Cell 1997; 91:231-41.
del Peso L, Gonzalez-Garcia M, Page C, Herrera R, Nunez @2.
Interleukin-3-induced phosphorylation of BAD through the pro-
tein kinase Akt. Science 1997; 278:687-9.

Brunet A, Bonni A, Zigmond MJ, Lin MZ, Juo P, Hu LS, Ander- 43.
son MJ, Arden KC, Blenis J, Greenberg ME. Akt promotes cell
survival by phosphorylating and inhibiting a Forkhead transcrip-
tion factor. Cell 1999; 96:857-68.

Biggs WH 3rd, Meisenhelder J, Hunter T, Cavenee WK, Arder4.
KC. Protein kinase B/Akt-mediated phosphorylation promotes
nuclear exclusion of the winged helix transcription factor45.
FKHRZ1. Proc Natl Acad Sci U S A 1999; 96:7421-6.

Nakae J, Barr V, Accili D. Differential regulation of gene expres-46.
sion by insulin and IGF-1 receptors correlates with phosphory-
lation of a single amino acid residue in the forkhead transcrip-
tion factor FKHR. EMBO J 2000; 19:989-96.

Skolnik EY, Batzer A, Li N, Lee CH, Lowenstein E, Mohammadi47.
M, Margolis B, Schlessinger J. The function of GRB2 in link-
ing the insulin receptor to Ras signaling pathways. Science 19938.
260:1953-5.

Yamauchi K, Pessin JE. Insulin receptor substrate-1 (IRS1) and
Shc compete for a limited pool of Grb2 in mediating insulin
downstream signaling. J Biol Chem 1994; 269:31107-14.

Nandi A, Kitamura Y, Kahn CR, Accili D. Mouse models of insu-
lin resistance. Physiol Rev 2004; 84:623-47.

Liu JP, Baker J, Perkins AS, Robertson EJ, Efstratiadis A. Mic80.
carrying null mutations of the genes encoding insulin-like growth
factor | (Igf-1) and type 1 IGF receptor (Igflr). Cell 1993; 75:59-
72. 51.
Efstratiadis A. Genetics of mouse growth. Int J Dev Biol 1998;
42:955-76.

Accili D, Drago J, Lee EJ, Johnson MD, Cool MH, Salvatore P52.
Asico LD, Jose PA, Taylor SI, Westphal H. Early neonatal death
in mice homozygous for a null allele of the insulin receptor gene.
Nat Genet 1996; 12:106-9.

49.

©2007 Molecular Vision

of IGF-Il with the insulin receptor during mouse embryonic
development. Dev Biol 1997; 189:33-48.

Reneker LW, Chen Q, Bloch A, Xie L, Schuster G, Overbeek PA.
Chick deltal-crystallin enhancer influences mouse alphaA-crys-
tallin promoter activity in transgenic mice. Invest Ophthalmol
Vis Sci 2004; 45:4083-90.

Xu L, Overbeek PA, Reneker LW. Systematic analysis of E-, N-
and P-cadherin expression in mouse eye development. Exp Eye
Res 2002; 74:753-60.

Fromm L, Shawlot W, Gunning K, Butel JS, Overbeek PA. The
retinoblastoma protein-binding region of simian virus 40 large
T antigen alters cell cycle regulation in lenses of transgenic mice.
Mol Cell Biol 1994; 14:6743-54.

Reneker LW, Xie L, Xu L, Govindarajan V, Overbeek PA. Acti-
vated Ras induces lens epithelial cell hyperplasia but not pre-
mature differentiation. Int J Dev Biol 2004; 48:879-88.

UedaY, Duncan MK, David LL. Lens proteomics: the accumula-
tion of crystallin modifications in the mouse lens with age. In-
vest Ophthalmol Vis Sci 2002; 43:205-15.
lyengar L, Patkunanathan B, Lynch OT, McAvoy JW, Rasko JE,
Lovicu FJ. Aqueous humour- and growth factor-induced lens
cell proliferation is dependent on MAPK/ERK1/2 and Akt/PI13-

K signalling. Exp Eye Res 2006; 83:667-78.

Saraste M. Oxidative phosphorylation at the fin de siecle. Sci-
ence 1999; 283:1488-93.

Bassnett S, Mataic D. Chromatin degradation in differentiating
fiber cells of the eye lens. J Cell Biol 1997; 137:37-49.

Salcini AE, McGlade J, Pelicci G, Nicoletti |, Pawson T, Pelicci
PG. Formation of Shc-Grb2 complexes is necessary to induce
neoplastic transformation by overexpression of Shc proteins.
Oncogene 1994; 9:2827-36.

White MF. IRS proteins and the common path to diabetes. Am J
Physiol Endocrinol Metab 2002; 283:E413-22.

Chandrasekher G, Sailaja D. Phosphatidylinositol 3-kinase (PI-
3K)/Akt but not PI-3K/p70 S6 kinase signaling mediates IGF-
1-promoted lens epithelial cell survival. Invest Ophthalmol Vis
Sci 2004; 45:3577-88.

Potts JD, Bassnett S, Kornacker S, Beebe DC. Expression of
platelet-derived growth factor receptors in the developing
chicken lens. Invest Ophthalmol Vis Sci 1994; 35:3413-21.
Kok A, Lovicu FJ, Chamberlain CG, McAvoy JW. Influence of
platelet-derived growth factor on lens epithelial cell prolifera-
tion and differentiation. Growth Factors 2002; 20:27-34.

Xie L, Overbeek PA, Reneker LW. Ras signaling is essential for
lens cell proliferation and lens growth during development. Dev
Biol 2006; 298:403-14.

Foley JD, Rosenbaum H, Griep AE. Temporal regulation of VEID-
7-amino-4-trifluoromethylcoumarin cleavage activity and
caspase-6 correlates with organelle loss during lens develop-
ment. J Biol Chem 2004; 279:32142-50.

Joshi RL, Lamothe B, Cordonnier N, Mesbah K, Monthioux E53. Weber GF, Menko AS. The canonical intrinsic mitochondrial death

Jami J, Bucchini D. Targeted disruption of the insulin receptor
gene in the mouse results in neonatal lethality. EMBO J 1996;
15:1542-7. 54,
Louvi A, Accili D, Efstratiadis A. Growth-promoting interaction

pathway has a non-apoptotic role in signaling lens cell differen-
tiation. J Biol Chem 2005; 280:22135-45.

Zandy AJ, Bassnett S. Proteolytic mechanisms underlying mito-
chondrial degradation in the ocular lens. Invest Ophthalmol Vis
Sci 2007; 48:293-302.

The print version of this article was created on 26 Mar 2007. This reflects all typographical corrections and erratcke tin@agh that
date. Details of any changes may be found in the online version of the article.

407



