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PURPOSE. The mitogen-activated protein kinase (MAPK) path-
ways play distinct roles in the lens. However, the expression
patterns and activity levels of various components for these
pathways have not been well-documented in vertebrate lenses,
especially human lens. In the present study, the expressions
and activities of extracellular signal-regulated kinase (ERK)-1/
2/3, c-Jun NH2-terminal kinase (JNK)-1/2, p38 kinase, mitogen-
activated protein kinase kinase (MEK)-1/2, and RAF1 were
recorded in human, bovine, and rat lenses.

METHODS. Human, bovine, and rat lenses were isolated from
intact eyes. The epithelia and different layers of fiber cells were
isolated from these lenses. Total proteins extracted from these
samples were subject to analysis of the expression patterns and
activity levels of the MAPKs and the activating kinases of
ERK1/2.

RESULTS. ERK1 and ERK2 were the most abundant MAPKs in
terms of both protein and activity levels in all lenses. JNK1 and
JNK2 were highly expressed in bovine lens, which differed
from the pattern shared by human and rat lenses. p38 kinase
was similarly expressed in bovine and rat lenses, but different
from that in human lens. However, p38 kinase activity was
exclusively detected in the epithelia. All lenses had MEK1/2
activity in their epithelia but the expression patterns of MEK1
and MEK2 differed in these lenses. RAF1 was expressed in the
epithelia of all lenses, but its activity was detected only in rat lens.

CONCLUSIONS. ERK1 and ERK2 are the most abundant MAPKs in
the ocular lens, providing the basis for their multiple functions
in lens development and pathogenesis. The dominant epithe-
lial distribution of JNK1/2 and p38 kinase suggests that the lens
epithelium is a major site for stress response. ERK1, p38 ki-
nase, and PKC� can be used as molecular markers for aging.
(Invest Ophthalmol Vis Sci. 2003;44:5277–5286) DOI:
10.1167/iovs.03-0348

The mitogen-activated protein kinase (MAPK) pathways
play important roles in regulating embryogenesis, cell pro-

liferation and differentiation, and programmed cell death (ap-
optosis).1 The MAPK pathways are organized in a conserved
three-kinase architecture, including an MAPK, an activator of
the MAPK (MAPK kinase, MKK or MEK), and an activator of the
MAPK activator (MAPK kinase kinase, MKKK or MEKK).2 So
far, three distinct types of mammalian MAPKs have been char-
acterized: the extracellular signal-regulated kinases (ERKs),3

c-Jun NH2-terminal/stress-activated protein kinases (JNK/
SAPKs),4–6 and p38.7 MAPKs are activated by dual phosphor-
ylation of threonine and tyrosine residues. The ERK MAPKs are
phosphorylated on the Thr-Glu-Tyr amino acid motif by MEK1
and MEK2. The JNK/SAPK phosphorylation on the Thr-Pro-Tyr
motif is mediated by MEK4 and MEK7. MEK3 and MEK6 phos-
phorylate p38 MAPKs on the Thr-Gly-Tyr motif. The activated
MAPKs are then translocated from the cytoplasm to the nu-
cleus, where they activate nuclear transcription factors leading
to changes of expressions of many different genes1,2 and thus
regulating cell proliferation and differentiation,1–3 inflamma-
tion and stress responses,4–7 and programmed cell death.8–10

In the lens system, MAPKs mediate signaling pathways for
lens diseases as well as development. Several studies have
suggested that MAPK pathways may be linked to cataractogen-
esis. First, Gong et al.11 have shown that overexpression of
MEK1 in transgenic mouse induces postnatal macrophthalmia
with cataract. Zatechka and Lou12,13 have demonstrated that
galactose at concentrations causing sugar cataract, activates all
three types of MAPK. We have previously shown that calcimy-
cin-induced apoptosis contributes to cataractogenesis.14 More
recently, we observed that calcimycin-induced apoptosis re-
quires activation of ERK1/2 (Li et al., manuscript submitted).

The ERKs also actively participate in the signaling pathways
for cell proliferation and differentiation in the lens system.
Several laboratories have reported that fibroblast growth factor
(FGF)-induced cell proliferation and differentiation in mouse,
rat, or chicken lenses require activation of ERKs.15–18 In addi-
tion, epidermal growth factor (EGF) activates ERK1/2 in
chicken and porcine lens epithelial cells.12,13,19,20 Mechanisti-
cally, ERKs have been shown to modulate activities of several
transcription factors, including Maf A and L-maf in the lens
system.21,22

Because MAPK pathways play crucial roles in lens develop-
ment and pathogenesis, we determined the protein expression
patterns and enzyme activity levels of the three types of MAPKs
in different fractions of the adult human, bovine, and rat lenses.
Our results revealed distinct features of their expression pat-
terns and activity levels, which provide valuable references for
future studies.

METHODS

Sources of Human, Bovine, and Rat Lenses

Four pairs of intact human eyeballs were provided by the National
Disease Research Interchange (NDRI, Philadelphia, PA) and the Ore-
gon Lion Eye Bank (OLEB). The ages of the donors were between 60
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and 88 years. Six pairs of bovine eyes were obtained from the slaugh-
terhouses in Peterson and Berlin (NJ). The ages of the cattle were 18
to 24 months. Rats used in this study were handled in compliance with
the Guide for the Care and Use of Laboratory Animals and also with the
ARVO Statement for the Use of Animals in Ophthalmic and Vision
Research. Ten 4-week-old and six 2-year-old Sprague-Dawley rats were
purchased from Harlan Sprague-Dawley (Indianapolis, IN).

Isolation of Lens Epithelia and Different
Fractions of Fiber Cells

After dissection of human, bovine, and rat lenses from the intact
eyeballs, the lenses were measured in size and weight. The capsular
epithelium from each lens was removed immediately after measure-
ment (Fig. 1) and transferred into a prechilled Eppendorf tube con-
taining protein extraction buffer (300 �L for human and rat lenses, 500
�L for bovine lens, 50 mM Tris-HCl [pH 7.0], 0.1% �-mercaptoethanol,
0.1 mM EDTA, 0.1 mM EGTA, 2 mM leupeptin, 1 mM phenylmethyl-
sulfonyl fluoride [PMSF], 1 mM benzamidine-HCl, 2 mM dithiothreitol
[DTT], and 0.5% Triton X-100). The de-epithelialized lens was mea-
sured. After measurement, the fiber mass was immediately transferred
into a 20-mL beaker (for human and bovine lenses) or a 10-mL beaker
(for rat lens) containing protein extraction buffer (5 mL for human
lens, 10 mL for bovine lens, and 1 mL for rat lens) with constant stirring
with a magnetic stirring bar at 4°C. After 15 (for human lens), 20 (for
bovine lens), or 10 (for rat lens) minutes, the dissolved fiber cells were
collected and recorded as F1 (Fig. 1). The remaining part of the lens
was measured as described earlier and transferred to a new beaker
containing extraction buffer for another round of stirring (the same
condition for each lens). The dissolved fiber cells were then collected
and recorded as F2 (Fig. 1). This process was repeated twice to collect
fiber fractions F3 and F4 (Fig. 1). After four collections, the remainder
of the lens was difficult to dissolve in the same condition and thus was
homogenized as described later and recorded as the nuclear fraction
(N; Fig. 1). The weight and size of the intact human, bovine, and rat

lenses, de-epithelialized lens, and remaining fiber mass after each
collection are recorded in Table 1.

Extraction of Total Proteins from the Epithelial
and Fiber Cells

The epithelia were homogenized on ice with an Eppendorf tube
micropestle (Brinkmann Instruments, Inc., Westbury, NY). Various
fractions of fiber cells were homogenized for 20 strokes with a glass
homogenizer (Kimax, Alphuretta, GA). An additional 10 strokes were
necessary for the lens nucleus from human and bovine lenses. The
homogenates of both epithelial and fiber cells were then centrifuged at
10,000g for 20 minutes at 4°C. The supernatant of each sample was
collected in aliquots and frozen with liquid nitrogen and then stored at
�80°C for further analysis.

Analysis of Total Proteins for Various Kinases,
GAPDH, and �-Crystallin

For each sample, the protein concentration was determined according
to Peterson.23 Western blot analysis of total proteins was conducted as
described before.24,25 Briefly, 50 �g (for �-crystallin) or 100 �g (for
kinases and GAPDH) total proteins in each sample were resolved on a
10% polyacrylamide gel. The protein blots were blocked with 5% milk
in TBS (10 mM Tris-HCl [pH 8.0] and 150 mM NaCl) overnight at 4°C
and incubated with anti-ERKs, JNK1/2, p38 kinase, and MEK1/2 anti-
bodies (Santa Cruz Biotechnology, Santa Cruz, CA), or anti-PKC� and
anti-RAF1 antibodies (Transduction Laboratories, Louisville, KY), an-
ti-�A and �B-crystallin antibodies (StressGen, Biotechnologies, Victo-
ria, British Columbia, Canada), and anti-GAPDH antibody (Advanced
Immunochemicals, Long Beach, CA) at a dilution of 1:250 to 1:2000 (in
micrograms per milliliter). The secondary antibody is anti-mouse IgG
(for analysis of JNK2, MEK1, RAF1, and GAPDH), or anti-rabbit IgG (for
analysis of ERK1/2/3, JNK1, MEK2, and ��- and �B-crystallins), or
anti-goat IgG (for analysis of p38) at a dilution of 1:500 to 1:1000.
Immunoreactivity was detected with an enhanced chemiluminescence
kit according to the manufacturer’s instructions (ECL; Amersham Phar-
macia Biotech, Piscataway, NJ).

Detection of Activities for MAPKs, MEKs,
and RAF1

Detection of the activities of various MAPKs, MEK1/2, and RAF1 also
was conducted with Western blot analyses. After the immunoblots
were hybridized with the antibodies against the total proteins for
different kinases, they were stripped and then blocked with 5% bovine
serum albumin (BSA) in TBST (10 mM Tris-HCl [pH8.0], 150 mM NaCl,
and 0.05% Tween 20) for 1 hour at 4°C, and incubated with anti-
p-ERKs, p-JNK1/2, p-MEK1/2, and p-RAF1 (Santa Cruz Biotechnology),
or p-p38 (Cell Signaling Technology, Beverly, MA) at a dilution of 1:100
to 1:1000 (in micrograms per milliliter). The secondary antibody is
anti-mouse IgG (for analysis of pERK1/2 and p-JNK1/2), or anti-rabbit
IgG (for analysis of p-p38), or anti-goat IgG (for analysis of p-MEK1/2

FIGURE 1. The lens capsular epithelium and the different fractions of
fiber cells, which were isolated stepwise, are illustrated with different
shading. Note that the actual thickness of each fraction of fiber cells
varies from fraction to fraction and from species to species. E, capsular
epithelium; F1, the cortical layer; F2, the subcortical layer; F3, the
intermediate layer; F4, the inner layer; and N, the nuclear layer of fiber
cells.

TABLE 1. Weight and Size of the Intact lens, Various Fiber Masses after Removal of the Epithelium, and F1 to F4 Fractions of Fiber Cells

Human Lens Bovine Lens Rat Lens

Weight
(mg)

Diameter
(mm)

Weight
(mg)

Diameter
(mm)

Weight
(mg)

Diameter
(mm)

Intact Lens 110.00 � 5.00 9.00 � 0.28 2060.00 � 48.00 16.00 � 1.80 20.00 � 1.00 4.00 � 0.15
With removal of:

Epithelium 90.00 � 3.60 7.50 � 0.24 2000.00 � 102.00 14.00 � 1.40 19.00 � 0.50 3.00 � 0.12
F1 fiber layer 61.00 � 3.00 5.30 � 0.23 1282.00 � 76.00 9.50 � 1.20 12.40 � 0.40 2.00 � 0.10
F2 fiber layer 42.00 � 2.40 3.90 � 0.21 843.00 � 54.00 6.80 � 0.91 8.40 � 0.30 1.40 � 0.08
F3 fiber layer 31.00 � 2.20 3.10 � 0.18 620.00 � 48.00 5.40 � 0.62 6.30 � 0.20 1.10 � 0.06
F4 fiber layer 23.00 � 2.00 2.60 � 0.15 490.00 � 38.00 4.60 � 0.48 4.90 � 0.20 0.95 � 0.05

The data are expressed as mean � SD, n � 8 for human lens, 12 for bovine and rat lenses.
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and p-RAF1) at a dilution of 1:250 to 1:1000. Immunoreactivity was
detected as described earlier.

Quantitation of the Total Protein and Activity
Levels for Different Kinases

After exposure, the x-ray films were analyzed with an automated
digitizing system (Silk Scientific Corp., Orem, UT). Total pixel data
were averaged from three or more different groups of samples of each
species after normalization against the background.

RESULTS

Isolation of Total Proteins from the Epithelial
Cells and Different Layers of Fiber Cells

To characterize the distribution of the protein and activity
levels of various MAPKs and the upstream activating kinases for
ERKs in human, bovine, and rat lenses, we developed a method
to isolate various fractions of fiber cells from the cortical to the
nuclear layer after removal of the lens capsular epithelium.
Figure 1 depicts the capsular epithelium and different fractions
of fiber cells that were isolated as described in the Methods
section. After removal of the lens epithelium or each fraction of
fiber cells, the remaining fiber mass was measured in both
weight and size. The results are shown in Table 1. To further
characterize different fractions, we examined the levels of �A-
and �B-crystallin, and then compared them with the distribu-
tion of PKC� and GAPDH in the isolated lens epithelium and
the different layers of fiber cells (Fig. 2). Although the weight
of each fraction of fiber cells varied in human, bovine, and rat
lenses (Table 1), the expression patterns of �A- and �B-crys-
tallins in these lenses were common: both crystallins became
gradually decreased from the cortical (F1) layer of fiber cells
toward the N fiber cells (Fig. 2A, 2–3, 6–7, 10–11; in citations
of Figures 2–8, the numbers after the figure number corre-
spond to the numbers to the right of the Western blots in panel
A). Quantitative analysis of the two crystallins in each fraction
of the fiber cells with an automated digitizing system revealed
that the F1 fiber cells of the lenses from three different sources
all contained approximately 40% to 50% of the total fiber cell
��- or �B-crystallin. In contrast, less than 2% of the total fiber
cell ��- or �B-crystallin was found in the N fiber cells of these
lenses (Fig. 2B). The expression pattern of GAPDH was also
similar in the lenses of three different sources. Higher level of
GAPDH was found in their lens epithelia and relatively lower
level of GAPDH was found in their F1 fiber cells (Fig. 2).
GAPDH was hardly detectable in F3 to N fiber cells (Fig. 2).
Compared with �A- and �B-crystallin, and GAPDH, PKC� was
differentially expressed in the fiber cells of human, bovine, and
rat lenses. In human lens, PKC� was absent in the lens fiber
cells (Figs. 2A, 1; 2B, top). In the fiber cells of bovine lens,
PKC� was detected only in the F1 fiber cells (Figs. 2A, 5; 2B,
middle). In contrast, PKC� was expressed in all fractions of the
fiber cells except for the nucleus of 4-week-old rat lens (Fig.
2A, 9). The PKC� level was gradually decreased from the
epithelial cells to F3 fiber cells and became barely detectable in
F4 fiber cells (Fig. 2B, bottom). Although it was difficult to find
a unique marker for each fraction of the isolated fiber cells, our
determination of the weight, size, and relative expression of
�A- and �B-crystallins in these fractions provided necessary
characterization for each fraction of fiber cells.

Expression and Activity of the ERKs in Human,
Bovine, and Rat Lenses

After characterizing the different fractions of the lenses, we
next compared the expression patterns and activity levels of
the ERKs in human, bovine, and rat lenses. As shown in Figure

3A, the ERK1 (44 kDa) in human lens was predominantly
expressed in the lens epithelium, and the expression dropped
approximately 26-fold in the F1 fiber cells (Fig. 3B, top). It was
absent in other layers of fiber cells (Fig. 3A, 1). In contrast,
ERK2 (42 kDa) was expressed at very high levels in both the
epithelium and the F1 fiber cells (Fig. 3A, 1). The expression of
ERK2 significantly decreased in the F2 fiber cells, became
barely detectable in the F3 and F4 fiber cells, and disappeared
in the N fiber cells (Figs. 3A, 1; 3B, top). The activity levels of
ERK1 and ERK2 in human lens were closely parallel to the
protein expression levels in the E, F1, and F2 cells (Figs. 3A, 2;
3B, top). ERK1 activity was absent in the F2 fiber cells. ERK2
activity was barely detectable in the F3 fiber cells and became
undetectable in the F4 and N fiber cells (Fig. 3A, 2).

Compared with the ERKs in human lens, bovine lens dis-
played similar expression patterns and activity levels of ERKs in
the lens epithelium (Figs. 3A, 3; 3B, middle). In the fiber cells,
however, the pattern was somewhat different. ERK1 in the F1
fiber cells was expressed in a level similar to that in the
epithelium, and the level was substantially decreased in the F2
fiber cells and became hardly detectable in the F3, F4, and N
fiber cells (Figs. 3A, 3; 3B, middle). The level of ERK2 was
gradually decreased from F1 to F3, and then was substantially
reduced in the F4 and N fiber cells (Fig. 3B, middle). The
activities of ERK1 and ERK2 were very strong in both the
epithelium and F1 fiber cells. Their activities were significantly
decreased in F2 fiber cells and barely detectable in the F3, F4,
and N fiber cells (Figs. 3A, 4; 3B, middle).

The ERKs in rat lens displayed some striking features. First,
both ERK1 and ERK2 were present in the epithelium and all
fractions of fiber cells (from F1 to N). Second, the ERK2
protein was present at a very high level in all the fractions of
the lens fiber cells. Third, another ERK, ERK3 protein and its
activity, was observed in the lens epithelium and F1 fiber cells
of 4-week-old rats (Fig. 3A, 5–8; 3B, bottom; see also Fig. 8).
Finally, the activities of ERK1 and ERK2 were higher in the F1
layer of fiber cells than in the epithelium (Fig. 3A, 6; 3B, bottom).

Further comparison of ERK1/2 expression and activity in
the lenses from three different species revealed that the ex-
pression level of ERK2 was generally higher than that of ERK1
in each fraction of all lenses (Fig. 3B). When the epithelial
samples from human, bovine, and rat lenses were compared in
the same gel, it was found that the ERK1/2 expression and
activity in human lens were approximately 10% higher than
that in bovine and rat lenses (data not shown).

Expression and Activity of JNK1 and JNK2
Proteins in Human, Bovine, and Rat Lenses

Next, we examined the expression patterns and activity levels
of both JNK1 and JNK2, the MAPK for stress response. As
shown in Figure 4A, both JNK1 (46 kDa) and JNK2 (54 kDa)
were expressed in the epithelium and the F1 fiber cells of
human lens (Fig. 4A, 1). In the epithelium, the JNK1 level was
approximately five times lower than that of JNK2. In contrast,
in the F1 fiber cells, the level of JNK1 was two times higher
than that of JNK2 (Fig. 4B, top). When the activities for JNK1
and JNK2 were analyzed, only JNK1 activity was detected, and
its activity was found only in the epithelium of human lenses
(Fig. 4A, 2).

The expression patterns of JNK1 and JNK2 in bovine lens
differed from that in human lens in several aspects. First, both
JNK1 and JNK2 were expressed at the highest levels in the
epithelium (Figs. 4A, 3; 4B, middle). Second, the F1 fiber cells
displayed substantial amounts of JNK1 and JNK2. Third, the F2,
F3, and F4 fiber cells also contained detectable levels of JNK1
and JNK2 (Fig. 4A, 3; Fig. 4B, middle). Finally, JNK1 and JNK2
activities were found in both the epithelium and the F1 fiber
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cells, and the JNK1 activity was also detectable in the F2 fiber
cells (Figs. 4A, 4; 4B, middle).

As in human lens, expression of JNK1/2 in rat lenses was
found only in the epithelium and F1 fiber cells (Figs. 4A, 5; 4B,
bottom). Moreover, the level of JNK1 was approximately five
times lower in the epithelium and three times lower in the F1
fiber cells than that of JNK2 (Fig. 4B, bottom). Both JNK1 and
JNK2 activities were detectable in the lens epithelium and F1
fiber cells (Fig. 4A, 6).

In the epithelia of the lenses from three different species
examined, the highest levels of JNK1/2 expression and activity
were found in bovine lens (Fig. 4, and data not shown).

Expression and Activity of p38 Kinase in Human,
Bovine, and Rat Lenses

p38 kinase was the third category of MAPK, responsible for
inflammatory, heat, and osmotic shock responses. In human
lens, p38 kinase is expressed in lens epithelium (Fig. 5A, 1),
and sometimes is also detectable in the F1 fiber cells (Fig. 5B,
top). However, p38 kinase activity was detected only in the
lens epithelium (Fig. 5A, 2).

The expression pattern of p38 kinase in bovine lens was
different from that in human lens. p38 kinase was expressed in
the F1 and F2 fiber cells, and traces of p38 kinase may be
sometimes found in F4 fiber cells (Fig. 5A, 3). Compared with
human lens, bovine lens has a relatively high level of p38
kinase activity, which was detected only in the epithelium
(Figs. 5A, 4; 5B, middle).

The p38 kinase in the 4-week-old rat lenses was expressed
similarly to that in bovine lens. The epithelium and F1 and F2
fiber cells displayed a relatively high level of p38 kinase ex-
pression (Figs. 5A, 5; 5B, bottom). The p38 kinase was sub-
stantially decreased in the F3 fiber cells, became barely detect-
able in the F4 fiber cells, and disappeared in the N fiber cells
(Figs. 5A, 5; 5B, bottom). As in human and bovine lenses, the
p38 activity was detected only in the lens epithelium (Fig. 5A,
6; 5B, bottom).

When the epithelia from all the lenses were compared for
p38 kinase expression and activity, both bovine and rat lenses
showed a similar level of p38 kinase expression that was
relatively higher than that in human lens (Fig. 5B and data not
shown).

Expression and Activity of the MEK1 and MEK2
in Human, Bovine, and Rat Lenses

Because the ERKs are the most abundant MAPKs and mediate
multiple functions in the ocular lens, we next examined the
expression patterns and activity levels of their activating ki-
nases, MEK1 and MEK2, in human, bovine, and rat lenses.

As shown in Figure 6A, 1 and 2, both MEK1 and MEK2 were
exclusively expressed in the human lens epithelium, with the

Š

FIGURE 2. Characterization of the different fractions of fiber cells
through detection of the relative levels of two structural proteins, �A-
and �B-crystallins, and nonstructural proteins, PKC� and GAPDH. (A)
Typical results of three Western blot analyses. Total proteins were
extracted from different fractions of the lenses and subjected to West-
ern blot analysis. Note that the two �-crystallins were gradually de-
creased from F1 to the F4 fiber cells, and greatly decreased in the N
fiber cells of human and bovine lenses. In rat lens, they were distinctly
decreased in the F4 fiber cells and barely detectable in the N fiber cells.
(B) Quantitative results of expression of �A- and �B-crystallin, PKC�,
and GAPDH in human, bovine, and rat lenses. After exposure, the
bands on each x-ray film were processed with an automated digitizing
system. Total pixels for each band were recorded and averaged from
three or more experiments after subtracting the corresponding back-
ground. Cell layer designations are as in Figure 1.

5280 Li et al. IOVS, December 2003, Vol. 44, No. 12

Downloaded from iovs.arvojournals.org on 06/28/2019



amount of MEK2 protein five times higher than that of MEK1
(Fig. 6B, top). A low level of MEK1/2 activity was detected in
the lens epithelium (Fig. 6A, 3).

In bovine lens, MEK1 and MEK2 were expressed in both
lens epithelium and F1 fiber cells (Fig. 6A, 4, 5). In contrast to
the relative levels of MEK1 and MEK2 in human lens epithe-
lium, MEK1 was approximately six times higher than MEK2 in
bovine lens epithelium. In the F1 fiber cells, however, the
protein level of MEK2 was five times higher than that of MEK1
(Fig. 6B, middle). As in human lens, the MEK1/2 activity was
detected only in the lens epithelium (Fig. 6A, 6).

The MEK1/2 expression patterns in rat lens differed from
those in human and bovine lenses. First, a substantial amount
of MEK1 protein was detected in the F1 fiber cells (Fig. 6A, 7).
Second, MEK2 was expressed in lens epithelium, F1 and F2
fibers in similar levels (Figs. 6A, 8; 6B, bottom). Finally, much
higher levels of MEK1 and MEK2 activities were detected in the
epithelium of rat lens (Figs. 6A, 9; 6B, bottom; data not shown).

Expression and Activity of the RAF1 Kinase in
Human, Bovine, and Rat Lenses

Because both MEK1 and MEK2 are directly activated by RAF
kinases, we next determined the expression patterns and ac-
tivity levels of these kinases. As shown in Figure 7, Western
blot analysis with anti-RAF1 revealed that the RAF1 (74 kDa)
protein was present only in the epithelia of lenses from the
three species. Western blot analyses with anti-RAF-A and -B
antibodies revealed that these RAF proteins were not detect-
able in all lenses from the three species examined (data not
shown). Analysis of the RAF1 activity in the lenses demon-
strated that only rat lens epithelium possessed RAF1 activity
(Figs. 7A, 6; 7B, bottom).

DISCUSSION

ERKs as the Major MAPKs in Ocular Lenses
Required for their Multiple Functions

It is well established that MAPKs constitute important intracel-
lular signaling components and mediating signaling pathways
initiated by a large number of factors.1–2 The three types of
MAPKs—ERKs, JNKs, and p38s—have different yet overlap-
ping roles. The ERK MAPKs expressed in many tissues, espe-
cially differentiated cells,26 respond to growth factors (e.g.
FGF, EGF), cytokines, transforming agents, and ligands for
certain receptors to regulate cell proliferation, differentiation,
survival, and apoptosis.1–3

In the present communication, among the three types of
MAPKs, ERKs were the most abundant in human, bovine, and
rat lenses in both protein levels and activity status. ERK1 and
ERK2 were expressed at very high levels in both lens epithe-
lium and F1 fiber cells of all lenses (except for ERK1 in human

Š

FIGURE 3. Expression and activity levels of ERKs in human, bovine,
and rat lenses. (A) Typical results of four Western blot analyses. Total
proteins extracted from different fractions of the lenses were subjected
to Western blot analysis. Note that the expression and activity levels of
ERK1 and ERK2 were very high in both epithelium and the F1 fiber
cells in all lenses except for ERK1 in the F1 fiber cells of human lens.
ERK2 was present in other fractions of fiber cells at a very high level in
rat lens, a modest level in bovine lens, and a detectable level in human
lens. ERK3 was present only in the epithelium and F1 fiber cells of the
4-week-old rat lens. Panel 7 and 8 show the epithelial levels of ERK1/
2/3 and p-ERK1/2/3 from a different rat. (B) Quantitative results of
ERK1/2/3 in lenses from three species as indicated in each panel,
analyzed as described in Figure 2B. Cell layer designations are de-
scribed in Figure 1.
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lens). Such high-level expression is important to accommodate
their multiple functions in regulating cell proliferation, differ-
entiation, and apoptosis of lens cells.

First, ERKs participate in FGF-induced cell proliferation and
differentiation in the lens system.15–18 In transgenic mice over-
expressing a truncated FGF receptor R3, downregulation of
ERK1/2 activity is associated with delayed lens fiber cell differ-
entiation.15 ERK activity is necessary and sufficient to mediate
FGF-induced upregulation of intercellular communication
through gap junctions in embryonic chicken lens epithelial
cells17 or to induce cell proliferation and differentiation in rat
lens epithelial explants.16 Our demonstration that the activity
of ERK1/2 in the F1 fiber cells of rat lens is higher than that in
the epithelial cells suggests that the activity is induced during
fiber cell differentiation. It is likely that the epithelial activities
of ERK1 and ERK2 are not homogenously distributed, and the
epithelial cells within the germinal zone may have ERK1 and
ERK2 activities similar to those observed in F1 fiber cells. ERK3
was initially identified in rat.27 Later, a similar sequence was
isolated from human HeLa cells.28 Although the function of
ERK3 remains unknown, its exclusive expression and activa-
tion in the epithelium and F1 fiber cells of 4-week-old rat lens
(Figs. 3A, 8A) suggest its implication in cell proliferation and
differentiation.

Second, factors such as pleiotrophin and TGF� also require
activation of ERK MAPKs to mediate their functions.29,30 Treat-
ment of the primary cultures of bovine lens epithelial cells with
pleiotrophin, a member of the heparin-binding factor family,
stimulates DNA synthesis. Part of this stimulation is mediated
by ERK1/2 MAPKs.29 Under treatment with TGF�, chicken
lens epithelial cells express the differentiation marker filensin.
This induction is blocked by the ERK inhibitor.30 ERK activa-
tion is also observed during EGF-initiated signal transduc-
tion.12,13,19,20

Finally, the ERKs are implicated in control of apoptosis.
Activation of ERK1 and ERK2 is necessary and sufficient to
mediate calcimycin-induced, p53-dependent apoptosis in lens
epithelial cells (Li et al., manuscript submitted), which contrib-
utes to cataractogenesis.14

Our demonstration that the ERK2 is present in F3, F4, and
N fiber cells suggests that it has additional functions. It is likely
that through phosphorylation of different targets, ERK2 mod-
ulates the functions of other proteins such as ion channels,
transporters, or metabolic enzymes and thus regulates the
homeostasis of the F3, F4, and N fiber cells.

Lens Epithelium as a Major Site for
Stress Response

In the present study, we have shown that JNK1 and JNK2
activities are mainly detected in the epithelia of bovine and rat
lenses and are exclusively detectable in this compartment of
the human lens. For p38 kinase, this is even more striking. p38
kinase activity was present only in the epithelia of all lenses
examined. In contrast to the ERKs, the JNK1/2 and p38 kinase
are activated by cytokines and many stress factors, such as the
DNA-damaging agents oxidative stress and heat and osmotic
shock.4–7 The dominant epithelial localization of JNK activity
and exclusive epithelial distribution of p38 kinase activity sug-
gests that the lens epithelium is capable of acting as a major

Š

FIGURE 4. Expression and activity levels of JNK1/2 in human, bovine,
and rat lenses. (A) Typical results of four Western blot analyses. Total
proteins extracted from different fractions of the lenses were subjected
to Western blot analysis. Note that in the lens epithelium, the expres-
sion level of JNK2 was generally higher than that of JNK1. In contrast,
the activity of JNK1 was higher than that of JNK2. JNK1 and JNK2 were
also detectable in the F2, F3, and F4 fiber cells of bovine lens. (B) The
quantitative results of JNK1/2 in lenses of three species as indicated in
each panel, analyzed as described in Figure 2B. Cell layer designations
are described in Figure 1.
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mediator of stress responses. In this regard, a recent study has
demonstrated that in response to osmotic stress, p38 kinase is
substantially activated and JNK1 and JNK2 are also induced in
porcine lens epithelial cells under organ culture.12,13 In addi-
tion, we have demonstrated that in response to hydrogen
peroxide, activator protein (AP)-1 transactivity is substantially
induced in rabbit lens epithelial cells, and this induction re-
quires involvement of protein kinases such as JNK1/2.31,32

Through AP-1, JNK1/2 may be also involved in control of cell
proliferation and differentiation and regulation of gene expres-
sion. In the primary cultures of chicken embryonic lens, over-
expression of c-Jun (substrate of JNK1/2) promotes cell prolif-
eration, greatly delays the appearance of lentoid bodies and
also downregulates expression of �A3- and A1-crystallin
mRNA.33 In human lens epithelial cells, oxidative stress–regu-
lated expression of the human thiotransferase gene is also
mediated through JNK-induced activation of AP-1.34 AP-1 may
be implicated in the regulation of the �A, �A3/A1-, �B1-, �B-,
�F-, and S-crystallin genes of mouse, chicken, human, rat, and
squid and thus is a common thread that unifies the diverse
population of crystallin genes in several different species.35

Our observations that JNK2 is active only in bovine and rat
lenses and that the p38 kinase activity in bovine and rat lenses
is higher than that in human lens suggest induction of these
kinases by the stress conditions experienced by bovine and rat
lenses during sample collection (bovine eyes were stored in ice
for 30 to 60 minutes before dissection, thus experiencing cold
shock, rats were killed through CO2 inhalation, therefore un-
dergoing oxygen depletion).

Activation of ERKs by the Upstream Activating
Kinases in Ocular Lenses

ERK1 and ERK2 are normally activated by the upstream kinases
MEK1 and MEK2.1,2 Although ERKs, especially ERK2, are ex-
pressed in the epithelium and all fractions of fiber cells, ex-
pression of MEK1/2 is more restricted. Moreover, the activities
of ERK1 and ERK2 are detected in the lens epithelium and the
F1 and F2 layers of fiber cells. In contrast, MEK1/2 activity is
found only in the lens epithelium. RAF1 kinase is expressed
only in the lens epithelium. These results suggest several pos-
sibilities regarding activation of ERK. First, in the epithelia of all
the lenses examined, RAF1 and MEK1/2 are all expressed.
Thus, ERK1/2 can be activated by MEK1/2, which can be
further activated by RAF1. Although RAF1 activity was not
detected in human and bovine lenses, it is possible that RAF1
activity is normally present in these lenses but disappeared
during collection of the lens samples. In the fiber cells, both
RAF1 and MEK1/2 were undetectable. Therefore, other up-
stream kinases other than MEK1/2 may be involved in activat-
ing ERKs. In this regard, MEK6 has been found to phosphory-
late chimeras of p38 kinase and ERK2 in an in vitro assay.36 In
addition, Grammer and Blenis37 suggest that ERKs are activated
by an MEK-independent pathway through PKC and PI3K. Of
course, it is also possible that the fiber ERKs, once activated,
may stay in their activated status for a long time. This is
especially true in the human lens. Human ERK2 expression and
activity are very high in the F1 fiber cells, yet neither MEK1 nor
MEK2 is detectable in these fiber cells. Prolonged ERK activa-
tion has been observed in other cell types under certain con-
ditions, unlike the finding of the current prolonged ERK acti-
vation, which occur in a normal, unstimulated condition.38,39

Finally, the possibility that MEK1/2 and RAF1 proteins were
partially or completely degraded and thus their activities were
lost during collection of lens samples cannot be ruled out.

In the epithelium, the relative expression levels of MEK1
versus MEK2 vary in human and rat lenses. Such variations are
probably derived from the differential expression of the corre-

FIGURE 5. Expression and activity levels of p38 kinase in human,
bovine, and rat lenses. (A) Typical results of four Western blot analy-
ses. Total proteins extracted from different fractions of the lenses were
subjected to Western blot analysis. Note that human lens expressed
p38 kinase only in the epithelium. In contrast, bovine and rat lens
expressed p38 kinase in the epithelium as well as in the F1, F2, and F3
fiber cells. Rat lens may express p38 in F4 fiber cells. However, p38
kinase activity was detected only in the lens epithelia of all lenses. (B)
The quantitative results of p38 kinase in lenses of three species as
indicated in each panel, analyzed as described in Figure 2B. Cell layer
designations are described in Figure 1.
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sponding genes. Because both MEKs can activate either ERK1
or ERK2,1,2 the ERK1/2 activation patterns do not necessarily
parallel the MEK1/2 expression patterns, at least in bovine and
rat lenses. Activation of the MEK1 and MEK2 kinases is nor-
mally mediated by RAF kinases.40,41 The RAF kinase family
consists of three members: RAF1, RAFA, and RAFB. RAF1 is
ubiquitously expressed, RAFA is primarily expressed in uro-
genital tissues, and RAFB in neuronal tissue and testis.41

Our results showed that RAF1, but not RAFA and RAFB, was
detectable in lens epithelial cells; thus, RAF1 is the only one
that activates MEK1/2 in the lenses from these different spe-
cies. RAF1 has been detected in cultured bovine and porcine
lens epithelial cells, and its activity can be regulated by galac-
tose.12–13,42 Another kinase that probably activates MEK1/2 is
MOS (the oncogene isolated from Moloney Sarcoma Virus).1

Whether MOS is present in lens system remains to be explored.

ERK1, p38 Kinase, and PKC� as Molecular
Markers for Aging

In the present study, our results show that expressions of
ERK1, p38 kinase, and PKC� all fell into a similar pattern in
different lenses. These kinases were either barely detectable or
completely absent in the fiber cells of human lens or were
expressed in much lower levels in F1 and F2 fiber cells of the
bovine lens. In rat lens, however, they were not only expressed
in F1, F2 and F3 fiber cells in relatively high levels but may also
be detectable in the F4 and N fiber cells. When this pattern is
linked to the age difference of these lenses (human lenses from
donors aged 60 to 88 years, bovine lenses from animals 18 to
24 months old, and rat lenses from animals 4 weeks old), it
appears that during the aging process, these kinases are grad-
ually degraded—first in the N fiber cells, then in the F4 fiber
cells, followed by their loss in F3, F2, and F1 fiber cells. This
hypothesis was further supported when the protein levels of
these kinases were compared in the lenses from 4-week- and
2-year-old rats (Fig. 8). PKC� is substantially decreased in F2
fiber cells and completely disappeared in the F3 and F4 fiber
cells in 2-year-old rats compared with those in the 4-week-old
rats. Similar differential expressions of ERK1 and p38 kinase
are found in rat lenses of different ages. Thus, age seems to
have an impact on the stability of these kinases. The ocular lens
is a unique organ, in that it contains cells of different ages and
thus can be used as an excellent system to study aging. Our
finding that the expression patterns of ERK1, p38 kinase, and
PKC� change with age suggests that these kinases may be used
as molecular markers for aging. Whether MAPK pathways are
involved in control of lens aging remains to be explored.

In summary, the present studies demonstrate that ERKs are
the major MAPKs in the lens system, providing the ocular lens
with the ability to mediate multiple signaling pathways essen-
tial in cell proliferation, differentiation, apoptosis, and patho-
genesis. The presence of ERK1 and ERK2, especially ERK2 in
F2 to N fiber cells suggests these kinases may regulate ho-

Š

FIGURE 6. Expression and activity levels of MEK1/2 in human, bovine,
and rat lenses. (A) Typical results of three Western blot analyses. Total
proteins extracted from different fractions of the lenses were subjected
to Western blot analysis. Note that human lens epithelium expressed a
higher level of MEK2 than of MEK1 than did the bovine lens. Much less
difference was observed in rat lens between MEK1 and MEK2. The
MEK1 and MEK2 were expressed in the F1 fiber cells in bovine lens
and in the F1 and F2 fiber cells in rat lens. Traces of MEK2 were also
found in F3 fiber cells of rat lens. However, MEK1/2 activity was only
detected in the lens epithelium of all lenses. (B) The quantitative
results of MEK1/2 in lenses of three species as indicated in each panel,
analyzed as described in Figure 2B. Cell layer designations are de-
scribed in Figure 1.
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FIGURE 7. Expression and activity levels of RAF1 in human, bovine,
and rat lenses. (A) Typical results of three Western blot analyses. Total
proteins extracted from different fractions of the lenses were subjected
to Western blot analysis. Note that the RAF1 protein was expressed in
the epithelia of all lenses but its activity was detected only in the
epithelium of rat lens. (B) The quantitative results of RAF1 in lenses
from three species, as indicated in each panel, analyzed as described in
Figure 2B. Cell layer designations are described in Figure 1.

FIGURE 8. Comparative analysis of expression of PKC�; ERK1/2/3 and
p38 kinase in 4- and 2-year-old rat lenses. (A) Typical results of three
Western blot analyses. Note that PKC�, when compared with its
expression in 4-week-old rat lens, was substantially decreased in F2
fiber cells and disappeared in the F3 and F4 fiber cells of the 2-year-old
rats. Similar patterns were found for ERK1 and P38 kinase. (B) The
quantitative results of PKC�; ERK1/2/3 and p38 kinase in 4-week and
2-year old rat lenses, analyzed as described in Figure 2B. Cell layer
designations are described in Figure 1.
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meostasis of the inner and nuclear fiber cells in addition to the
functions in the epithelia and F1 fiber cells described herein.
The dominant distribution of JNK1/2 activities and the exclu-
sive localization of p38 kinase activity in the epithelia of hu-
man, bovine, and rat lenses indicate that the lens epithelium is
a major site for stress response. Finally, the demonstration that
the expression patterns of PKC�, ERK1, and p38 kinase change
with age suggests that these kinases can be used as molecular
markers for aging.
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