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Pax-6 is an evolutionarily conserved transcription factor regulating
brain and eye development. Four Pax-6 isoforms have been
reported previously. Although the longer Pax-6 isoforms (p46 and
p48) bear two DNA-binding domains, the paired domain (PD) and
thehomeodomain (HD), the shorter Pax-6 isoformp32 contains only
theHDforDNAbinding.Althoughathirddomain, theproline-, serine-
and threonine-enriched activation (PST) domain, in the C termini of
all Pax-6 isoforms mediates their transcriptional modulation via
phosphorylation, howp32 Pax-6 could regulate target genes remains
to be elucidated. In the present study, we show that sumoylation at
K91 is required for p32 Pax-6 to bind to a HD-specific site and regu-
late expression of target genes. First, in vitro-synthesized p32 Pax-6
alone cannot bind the P3 sequence, which contains the HD recogni-
tion site, unless it is preincubated with nuclear extracts precleared
by anti–Pax-6 but not by anti-small ubiquitin-related modifier 1
(anti-SUMO1) antibody. Second, in vitro-synthesized p32 Pax-6
can be sumoylated by SUMO1, and the sumoylated p32 Pax-6 then
canbind to theP3 sequence. Third, Pax-6andSUMO1are colocalized
in the embryonic optic and lens vesicles and can be coimmunopre-
cipitated. Finally, SUMO1-conjugated p32 Pax-6 exists in both the
nucleus and cytoplasm, and sumoylation significantly enhances the
DNA-binding ability of p32 Pax-6 and positively regulates gene ex-
pression. Together, our results demonstrate that sumoylation acti-
vates p32 Pax-6 in both DNA-binding and transcriptional activities.
In addition, our studies demonstrate that p32 andp46 Pax-6 possess
differential DNA-binding and regulatory activities.
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Pax-6 belongs to the Pax transcription factor family, which con-
tains nine members that share a conserved paired domain

(PD) and a homeodomain (HD) (1, 2). This evolutionarily con-
served transcription factor acts high in the regulatory hierarchy,
controlling eye and brain development in humans, mice, zebrafish,
and Drosophila (1–6). The highly conserved amino acid sequence
of Pax-6 proteins in different species suggests its critical function
in regulating development of these organisms. Indeed, targeted
expression of Pax-6 from a general promoter inDrosophila induces
formation of ectopic compound eyes (7). Furthermore, haploin-
sufficiency or deletion of the Pax-6 gene causes many ocular dis-
eases including aniridia, cataracts, and glaucoma. A homozygous
mutation in Pax-6 is lethal at birth, with severe brain defects and
absence of eyes and nose in humans and mice (4, 5).
At themolecular level, Pax-6 functions primarily to mediate the

commitment of the ectoderm above the optic vesicle into the lens
ectoderm and also to promote formation of the lens vesicle (6).
Pax-6 controls transcriptional expression of genes encoding both
transcription factors responsible for lens development, such as
musculoaponeurotic fibrosarcoma (L-maf), SRY-box containing
gene 1 (Sox-1), prospero homeobox 1 (Prox-1), and also lens struc-
tural proteins, such as α-, β-, and γ-crystallins (8–11). Previous
studies have demonstrated the presence of at least four forms of

Pax-6 in quail cellular extracts with molecular masses of 48, 46, 43,
and 32 kDa, which were named “p48,” “p46,” “p43,” and “p32,”
respectively (12). These isoforms vary from each other in their N-
terminal structures. The commonp46 isoformhas a 128-aminoacid
PD at theN terminus and a 56-amino acidHD in the central region
whichbind specifically todifferentDNAsequences,P6CONandP3
(TAAT/ATTA), respectively (12–14). At the C terminus, a con-
served domain rich in proline (P), serine (S), and threonine (T)
residues exists in all Pax-6 isoforms and thus is named the “PST”
domain (Fig. S1A). This domain mediates activation of Pax-6
through phosphorylation by p38 MAP kinase and homeodomain-
interacting protein kinase 2 (15, 16). Several phosphorylation sites
have been identified in the PST domain of human and zebrafish
Pax-6. Our recent studies have shown that both p32 and p46 Pax-6
isoforms are subjected to negative regulation by protein serine/
threonine phosphatase-1 (PP-1) in vitro and in vivo (17). However,
the obvious absenceof aPDdomain in theN terminusmight endow
p32 Pax-6with aDNA-binding specificity different from that of p46
Pax-6; hence, it may modulate different downstream genes. In this
investigation, we have explored how p32 Pax-6 can bind to theHD-
specific P3 sequence and exert its regulatory function.
The small ubiquitin-related modifier (SUMO) family of pro-

teins is an important class of ubiquitin-like proteins that share
a common ancestry, structural fold, and a core conjugation path-
way but have distinct sequences and functional properties (18, 19).
SUMO is structurally related to ubiquitin and also is ligated to
lysine residues within its target proteins. In sumoylation, the target
lysine generally falls within a recognizable consensus, namely
ψ-Lys-X-Glu/Asp (where ψ is a large hydrophobic amino acid,
most commonly isoleucine or valine, and X is any residue). The
enzymatic machinery that adds and removes SUMO includes
SUMO E1-activating enzyme AOS1/UBA2, SUMO E2 conjuga-
tion enzymeUBC9, and SUMOE3 ligase (18, 19). Sumoylation of
target proteins is implicated in protein–protein interactions, sub-
cellular localization, protein–DNA interactions, transcriptional
activation and repression, and enzyme activity (18, 19). Three
SUMO family members, SUMO1, -2, and -3, have been identified
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in mammals. Like ubiquitin, SUMO2 and SUMO3 can form
polymeric chains. In contrast, SUMO1 is a 97-amino acid poly-
peptide of 11.5 kDa that is covalently monoconjugated to proteins
at lysine residues, thereby playing a critical role in many cellular
processes, as mentioned earlier, through rapidly reversible changes
in sumoylation status (18, 19).
In the present study, we provide evidence showing that su-

moylation acts as a posttranslational modification that activates
p32 Pax-6 and that sumoylated p32 Pax-6 positively regulates
expression of the target genes. Moreover, we demonstrate that
sumoylation of p32 Pax-6 occurs in vivo mainly at embryonic day
(ED) 9.5 and ED 11.5, possibly playing an important role in
controlling eye and brain development of vertebrates. Finally, we
show that the p32 and p46 Pax-6 isoforms display differential
DNA-binding and regulatory activities and thus can regulate
different downstream target genes.

Results
Various Pax-6 Isoforms Are Present in Mouse Eye Tissues and Human
Ocular Cell Lines. Previous studies have shown that four different
Pax-6 isoforms (p48, p46, p43, and p32) are present in quail (12)
(Fig. S1A). To determine if these Pax-6 isoforms are also present
inmammals, we examined their expression in developing and adult
mouse eyes and human ocular cell lines with three different anti-
bodies (Fig. S1B). The eye tissues of newborn mice contain all four
Pax-6 isoforms (Fig. 1A).Althoughp46andp32Pax-6are themajor
isoforms, a considerable amount of p48 was detected also. Among
the four isoforms, p43 was the least abundant and was detectable
only in the immunoprecipitated Pax-6 mixture (Fig. 1A). RT-PCR
revealed that p43 in mice and humans was not derived from al-
ternative splicing (Fig. S2). In eye tissues from adult mice, signifi-
cant amounts of p46 and p32 Pax-6 were present in the retina and
cornea (Fig. S1C). In contrast, a much reduced level of p43 was
observed in these tissues. In the lens epithelium, p46 Pax-6 was
relatively abundant, but p32 and p43 Pax-6 isoforms were barely
detectable (Fig. S1C). A thorough analysis of Pax-6 in four human
ocular cell lines (20, 21) revealed that p46, p43, and p32 were all
present in these cells (Fig. S1D).
Among different eye tissues and cell lines, p32 and p46Pax-6 are

the two major Pax-6 isoforms. Therefore, we tested the tran-
scriptional activities of these two isoforms on the αB-crystallin
promoter (−427 to +44) containing four copies of Pax-6 binding
sites (22). As shown in Fig. 1B, both p32 and p46 displayed sig-
nificant amounts of transcriptional activity on the αB-crystallin
gene promoter.

In Vitro-Translated Pax-6 Proteins Lack P3 Recognition Ability. Next,
we studied theDNA-binding activities of p46 and p32 Pax-6. To do
so, we synthesized wild-type p32 and p46 using a cell-free system
(Fig. 1C). In addition, to examine whether phosphorylation at the
five identified sites (Fig. S1E) modulates the DNA-binding ability
of the two major Pax-6 isoforms, we also synthesized p32-5A and
p46-5A Pax-6 (mimicking constant dephosphorylation) and p32-
5D and p46-5D Pax-6 (mimicking constant phosphorylation) (Fig.
1C, Upper). Western blot analysis revealed that the wild-type and
mutant proteinsdisplayed somedifferences in their electrophoretic
mobility (Fig. 1C, Lower). In addition, two bands (p46 and p32)
were always generated when the cDNA encoding p46 Pax-6 was
translated (Fig. 1C). Subsequently, we tested the DNA-binding
activities of the two major Pax-6 isoforms, in either wild-type or
mutated status, using EMSA. Nuclear extracts from fetal human
lens epithelial (FHL-124) cells, telomerase-transfected human lens
epithelial (T-HLE) cells, and human lens epithelial (HLE) cells
were included for comparison. As shown in Fig. 1D, although the
nuclear extracts bound theP3 sequence, presumably because of the
presence of endogenous Pax-6, none of the in vitro-synthesized
proteins displayed P3-binding activity. This result suggests that in
vitro-synthesized Pax-6 needs to be modified further to recognize
the P3 sequence. Because neither 5A nor 5D displayed P3-binding
activity, the modification is unlikely to be a result of phosphoryla-
tion or dephosphorylation.

The Cellular 43-kDa Pax-6 Isoform Can Bind to the P3 Sequence. To
understand the binding patterns exhibited by the nuclear extracts
of HLE cells and to explore what kind of modification is necessary
for binding to the P3 sequence, we further examined the Pax-6
expression profile in the nucleus and cytoplasm of FHL-124 cells.
As shown in Fig. 1E, although FHL-124 nuclear extracts contained
three Pax-6 isoforms, p46, p43, and p32, the cytoplasm contained
only a single isoform, p43. When we conducted EMSA with nu-
clear extracts of FHL-124 cells and the P3 sequence (Fig. S3A),
three DNA–protein complexes were detected (Fig. S3B, lane 2).
Furthermore, whenmouse Pax-6 antibody was used to remove the
endogenous Pax-6 from FHL-124 nuclear extracts, the only band
depleted was the one with the slowest mobility and weakest P3

Fig. 1. Detection of four Pax-6 isoforms and exploration of DNA-binding
and transcriptional activities of p32 and p46 Pax-6. (A) Detection of different
Pax-6 isoforms in newborn mouse eyes. Note that p46 and p32 are present in
relatively high levels. In contrast, p43 is much reduced. (B) Both p46 and p32
Pax-6 isoforms positively regulate the expression of αB-crystallin as tested
in FHL-124 cells. (C) (Upper) In vitro site-specific mutagenesis-generated
mutants mimicking constant dephosphorylation (5A) or phosphorylation
(5D) in human Pax-6 (WT). (Lower) Western blot analysis of in vitro-gener-
ated mutant or wild-type p32 and p46 Pax-6 proteins; note their differential
electrophoretic mobilities. In addition, the mutant and wild-type 46-kDa
Pax-6 plasmids generate both p46 and p32 because of the activation of an
internal ATG initiator. (D) In vitro-synthesized p32 and p46 Pax-6 cannot
bind to the P3 sequence. In contrast, nuclear extracts from HLE cells and the
P3 sequence form three DNA–protein interacting complexes. The arrowhead
designates the complex derived from Pax-6 and the P3 sequence (see legend
of Fig. 2 for explanation). (E) Western blot analysis of different Pax-6 iso-
forms in cytosolic (C) and nuclear (N) extracts of FHL-124 cells. (F) EMSA
demonstrating that p43 Pax-6 from FHL-124 cytosol and the P3 sequence
form a strong interacting complex. The relative amounts of nuclear and
cytosolic p43 Pax-6 are shown in the Western blot.
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binding (Fig. S3B, lane 3). These experiments suggest that the
other two complexes were derived from non–Pax-6 proteins.
To identify which Pax-6 isoformwas responsible for binding to the

P3 sequence, we conducted EMSA using cytosolic extracts of FHL-
124 cells. As shown in lane 5 of Fig. 1F, the p43 Pax-6 in the FHL-124
cytosol exhibited strong binding to the P3 sequence. This complex
displayed similar mobility to that of the top complex formed by the
nuclear extracts and theP3 sequence (compare lane 3 and lane 5, Fig.
1F), which was inhibited by preclearing with the mouse anti–Pax-6
antibody (Fig. 1F, lane 2). Together, these experiments strongly
suggest that p43 Pax-6 is responsible for binding to the P3 sequence.

In Vitro-Translated p32 Pax-6 Binds to P3 After Preincubation with
Pax-6–Depleted Nuclear Extracts. To further explore what kind of
modification is necessary for the in vitro-synthesized Pax-6 to bind
to the P3 sequence, we combined in vitro-translated wild-type p32
Pax-6 protein with Pax-6–depleted FHL-124 nuclear extracts.
After incubation for 1 h at 30 °C, the mixture was analyzed by
EMSA. As shown in lane 5 of Fig. 2A, the mixture exhibited
a strong interactionwith the P3 sequence, forming aDNA–protein
complex with the same migration position as the complex formed
by the FHL-124 nuclear extracts and the P3 sequence (Fig. 2A,
lane 2). Thus, a modification of the in vitro-synthesized p32 Pax-6
by the Pax-6–depleted FHL124 nuclear extracts most likely con-
ferred the ability to bind to the P3 sequence.
We then examined whether phosphorylation/dephosphorylation

would modulate the binding of p32 Pax-6 to the P3 sequence using
synthesized p32 mutant proteins mimicking constant dephospho-
rylation (5A)or constant phosphorylation (5D) (Figs. 1C and 2B) to
conduct EMSA. As shown in Fig. 2C, after incubation with the Pax-

6–depletednuclear extracts, the5Amutantdemonstrateda reduced
(27% less) P3-binding ability compared with wild-type (WT) p32
Pax-6. In contrast, the 5D mutant exhibited enhanced (63% more)
P3-binding ability. As mentioned earlier (Fig. 1D), none of the in
vitro-translatedproteins couldbind to theP3sequenceon their own.
Thus, phosphorylation/dephosphorylation may further modulate
binding to the P3 sequence after the proteins are modified and
enabled to bind P3 by the nuclear extracts.

In Vitro-Translated p46 Pax-6 Cannot Bind to the P3 Sequence even
After Mixing with the Pax-6–Depleted FHL124 Nuclear Extract. To test
whether in vitro-generated p46 Pax-6 also can gain the ability to bind
P3 after mixing with Pax-6–depleted FHL-124 nuclear extracts, we
combined in vitro-translated p46 and p32 Pax-6 proteins with the
Pax-6–depletedFHL-124 nuclear extracts. After incubation for 1 h at
30 °C, the mixture was analyzed by EMSA with the P3 sequence. As
shown in lanes 2–4 of Fig. S3C, the mixture of p46 and p32 Pax-6
yielded a strong P3-binding complex after incubation with the Pax-6–
depleted nuclear extracts. This complex migrated to a position sim-
ilar to that of the top complex generated by the FHL-124 nuclear
extracts and the P3 sequence (Fig. S3C, lane 6). This binding activity
was inhibited by immunoprecipitation of the in vitro-translated
protein with serum 14 but not serum 11 (Fig. 2D). As shown in Fig.
2E, serum 11 precipitated only p46, whereas serum 14 precipitation
depleted both p46 and p32. Thus, only p32 can bind to the P3 se-
quence after incubation with the Pax-6–depleted nuclear extracts.

Sumoylation Converts p32 Pax-6 into p43 Pax-6 and Endows It with
P3-Binding Ability.The fact that p43Pax-6 fromeither the cytosol or
the nucleus of FHL-124 cells can bind to P3 oligo, whereas p32

Fig. 2. Demonstration that su-
moylation of the p32 Pax-6 acti-
vates its DNA-binding activity.
(A) Gel mobility-shifting assay
showing that in vitro-translated
p32 Pax-6 can bind to the P3 se-
quence only after preincubation
with Pax-6–depleted FHL-124 nu-
clear extract. (B) Western blot
analysis indicating the amounts
of in vitro-synthesized mutant
and wild-type p32 Pax-6 used for
EMSA described in C. (C) EMSA
demonstrating that phosphory-
lation and dephosphorylation
modulate DNA binding of p32
Pax-6 to the P3 sequence. (D)
EMSA demonstrating that p32
but not p46 Pax-6 binds to the P3
sequence. (E) Western blot anal-
ysis of in vitro-synthesized p46
and p32 proteins from Pax-6 full-
length cDNA without (lane 1) or
with preclearance by serum 11
(lane 2) or by serum 14 (lane 3).
(F) EMSA demonstrating that
sumoylation is necessary for p32
Pax-6 to bind to the P3 sequence.
(G) Demonstration that p32 Pax-
6 can be sumoylated by SUMO1
in vitro. (a) The in vitro-gener-
ated GST–p32 Pax-6 fusion pro-
tein was purified by thrombin
cleavage and GST column. (b and
c) Purified p32 Pax-6 was sub-
jected to sumoylation with a kit
from Biomol (UW8955). After
sumoylation, the reaction prod-
ucts were identified by anti-
SUMO1 (b) or anti–Pax-6 anti-
bodies (c). Arrowheads indicate p43 Pax-6. (H) EMSA demonstrating that sumoylation of p32 Pax-6 in vitro activates its DNA binding to the P3 sequence.
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Pax-6 can bind to theP3 sequence only if it is preincubatedwith the
Pax-6–depleted nuclear extract, suggests that p32 Pax-6 may be
converted to p43 Pax-6 by the extract. Among different protein
modifications, sumoylation could add a peptide of about 11 kDa to
p32 Pax-6 and generate a 43-kDaPax-6. To explore this possibility,
we searched the putative SUMO acceptor sites in p32 Pax-6 and
identifiedK91as a putative site (Fig. S4A).Western blot analysis of
the total FHL-124 proteins by anti-SUMO1 or anti–Pax-6 anti-
bodies identified the same 43-kDa Pax-6 band (Fig. S4B). More-
over, the strong binding complex generated by in vitro-synthesized
p32 and the P3 sequence in the presence of the Pax-6–depleted
FHL124 nuclear extracts was diminished when the mixtures were
precleared with a SUMO1 antibody (Fig. 2F, lane 2). Together,
these results suggest that sumoylation converts p32 Pax-6 into p43
Pax-6 and endows p32 Pax-6 with P3-binding ability.

In Vitro-Synthesized p32 Pax-6 Can Be Sumoylated into p43 Pax-6. To
confirm that p32 indeed can be sumoylated into p43 Pax-6, we
conducted an in vitro sumoylation reaction with purified p32
Pax-6 (Fig. 2Ga). As shown in Fig. 2G b and c, the sumoylated
mixture contained a 43-kDa protein, which was detected by both
anti-SUMO1 (except for p43, other bands detected in Fig. 2Gb
seem to be derived from oligomerization of SUMO1 itself; see
ref. 23) and anti–Pax-6 antibodies, suggesting that sumoylation
indeed converts p32 Pax-6 into p43 Pax-6. Next, we confirmed
that sumoylated p32 can bind to the P3 sequence. As shown in
lanes 4 and 6 of Fig. 2H, the in vitro-sumoylated p32 Pax-6

exhibited strong P3-binding activity, but the mock sumoylation
without ATP did not yield any P3 binding (Fig. 2H, lane 5).

Sumoylation Enhances p32 Pax-6 DNA-Binding and Transcription
Activities. To examine the importance of sumoylation of p32 Pax-
6 by SUMO1, we conducted several lines of experiments. First, we
tested if a mutation in the sumoylation site (K91R) would change
its P3-binding ability. As shown in lanes 3 and 4 of Fig. 3A, com-
pared with wild-type p32 Pax-6, the K91R mutation significantly
reduced binding to the P3 sequence in the presence of the Pax-6–
depleted nuclear extracts. The presence of some DNA binding in
the K91R mutant p32 suggests the possible existence of other
sumoylation sites. However, mutation of the only other putative
sumoylation site, K110, had no effect on p32 Pax-6 DNA binding
(Fig. 3B, lane 8). EMSA results with K91R p32 Pax-6 and P3 oligo
alone also ruled out the possibility that the K91R mutation itself
may activate its DNA binding (Fig. S5). Thus, the small amount of
DNAbinding byK91R could be frombackground, because it is not
always present (Fig. S5), or from sumoylation in an unknown
nonconsensus site. In addition, we found that the N terminus of
p32 Pax-6 is necessary for its DNA binding (Fig. 3B and Fig. S5).
Second, we explored sumoylated p32 regulation on the exogenous
gene. Transfection of the wild-type p32 significantly increased the
reporter gene activity driven by a minipromoter containing three
copies of the P3 sequence (Fig. 3C). Cotransfection of SUMO1
further enhanced the reporter gene activity (Fig. 3C). In contrast,
transfection of the K91R p32 without or with cotransfection of

Fig. 3. Demonstration that sumoylation of
p32 Pax-6 at K91activates its DNA-binding and
transcriptional activities. (A) EMSA showing
that sumoylation at K91 activates p32 Pax-6
DNA-binding activity. (B) EMSA showing that
deletion of the N terminus of p32 Pax-6 abol-
ishes its DNA-binding activity (lanes 5 and 10).
In contrast, mutation in the other putative
sumoylation site, K110, has no effect on the
DNA binding of p32 Pax-6 (lane 8). (C) Sumoy-
lation of p32 Pax-6 activates its transactivity on
the luciferase reporter gene as tested in FHL-
124 cells. (D) Sumoylation of p32 Pax-6 up-
regulates expression of the endogenous αB-
crystallin gene inARPEcells.ARPE-19 cellswere
transfectedwithvector aloneorwithwild-type
or K91R p32 Pax-6 with or without SUMO1 as
indicated.After36h, the transfected cellswere
harvested for preparationof total RNAs,which
were used for quantitative real-time PCR as
described in Methods. Note that αB-crystallin
mRNA from vector-transfected cells is consid-
ered as 1.0. Transfection of wild-type p32
Pax-6 yielded a 12-fold increase in αB-crystallin
mRNA expression. Cotransfection of the
wild-type p32 Pax-6 with SUMO1 leads to an
additional 11-fold enhancement of the αB-
crystallin mRNA expression. The K91R mutant
substantially decreased its transactivity. (E)
ChIP assay demonstrating that Pax-6 su-
moylated by SUMO1 binds directly to the αB-
crystallin gene promoter in ARPE-19 cells. Lane
5 indicates ChIP result from sequential precip-
itations, first by anti-SUMO1 and then by anti–
Pax-6 antibodies. (F) Sumoylation of p32 Pax-6
up-regulates expression of the endogenous
Cspg2 and Mab2112 genes in αTN4-1 cells.
αTN4-1 cells were transfected and processed as
described inFig. 3D. Cotransfectionof thewild-
type p32 Pax-6with SUMO1 leads to a 2.2-fold
enhancement of Cspg2 mRNA expression and
a 5.1-fold increase of Mab2112mRNA expres-
sion in αTN4-1 cells. The p32 K91R mutant
substantially decreased its transactivity.
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SUMO1 yielded only a weak increase in the reporter gene activity
(Fig. 3C). Next, we cotransfected wild-type or K91R p32 with or
without SUMO1 into human retinal pigment epithelial (ARPE-
19) cells and measured the mRNA expression level of the en-
dogenous αB-crystallin gene in the transfected cells using quanti-
tative real-time PCR. As shown in Fig. 3D, transfection of the
wild-type p32 Pax-6 into ARPE cells significantly increased the
mRNA expression level of the αB-crystallin gene. Furthermore,
cotransfection of SUMO1 cDNA with wild-type p32 Pax-6 cDNA
led to further up-regulation of αB-crystallin mRNA. In contrast,
mutation at K91 caused a substantial decrease in p32 Pax-6 trans-
activity. A ChIP assay further confirmed that sumoylated Pax-6
binds directly to the αB-crystallin gene promoter in ARPE-19
cells (Fig. 3E). Finally, we cotransfected wild-type or K91R p32
with or without SUMO1 into mouse lens αTN4-1 cells and mea-
sured the mRNA expression levels of two additional Pax-6 target
genes, Cspg2 andMab21l2. Sumoylation of p32 Pax-6 significantly
increased the mRNA expression levels of both genes. This up-
regulation was largely inhibited in the cotransfection of K91R
p32 with SUMO1 (Fig. 3F). Thus, sumoylation of K91 by SUMO1
within theDNA-binding domain (HD) significantly enhances both
DNA-binding activity and transactivity of the p32 Pax-6.

SUMO1 and Pax-6 Are Colocalized in Embryonic Mouse Eyes. To
confirm further that Pax-6 sumoylation takes place in vivo, we ex-
amined the expression of SUMO1 and Pax-6 in the embryonic eye
fromED9.5 to ED19.5. As shown in Figs. S6 and S7, both SUMO1
and Pax-6 were expressed at ED 9.5, and their expression became
much stronger at ED 11.5. At these two stages, colocalization of
SUMO1 and Pax-6 was detected in neural tube (Fig. S7) and optic
and lens vesicles (Fig. 4 A and B). Expression of both SUMO1 and
Pax-6was down-regulated byED12.5 (Figs. S6 and S7) and became
significantly decreased fromED14.5 toED18.5.Atbirth (ED19.5),
the SUMO1 signal was diminished (Figs. S6 and S7).
The observed colocalization reflects the specific interaction be-

tween p32 Pax-6 and SUMO1, because p43 Pax-6 was detected only
in the cotransfected cells by wild-type p32 and SUMO1 but not with
K91Rp32 andSUMO1(Fig. S8). This specific interactionalso exists
in vivo, as revealed by coimmunoprecipitation-linked Western blot
analysis (Fig. 4 C and D). Together, our results demonstrated that
during the early stages of mouse eye development, sumoylation ac-
tivation of p32 Pax-6 occurs in vivo.

Discussion
Various Pax-6 Isoforms Are Generated Through Different Mechanisms
of Gene Expression. The early results that quail cells contain four
Pax-6 isoforms (12) are confirmed here in mice (Fig. 1A and Fig.
S1C) and humans (Fig. S1D). The presence of various Pax-6 iso-
forms in different vertebrate species suggests the existence of
common regulatory mechanisms for Pax-6 expression, which are
essential to govern brain and eye development in these organisms.
Among the four different isoforms of Pax-6, p48 is derived

from alternative splicing (24) with an additional 14 amino acids
inserted into the PD. This insertion interrupts the N-subdomain
(PAI) of the PD but leaves the C-subdomain (RED) of the PD
intact (25). Thus, compared with p46 Pax-6, p48 Pax-6 is re-
stricted in both DNA binding and regulation of downstream
genes (26). Overexpression of p48 Pax-6 driven by a lens-specific
promoter changes the gene-expression profile and leads to lens
pathology (11). The p32 Pax-6 is derived from alternative
translation of an internal ATG codon in full-length Pax-6 mRNA
(12). Proteins generated through usage of the internal ATG
codon have been observed in other genes, and such proteins
sometimes act as repressors of the activities of full-length pro-
teins (26). In the present study, we observed that p32 Pax-6
generated from an internal ATG codon of the full-length Pax-6
mRNA may or may not repress the full-length p46 Pax-6 func-
tion, depending on the target genes. Both p32 and p46 Pax-6
isoforms show positive regulation on the αB-crystallin gene (Fig.
1B). However, the two Pax-6 isoforms display differential con-
trols on Cspg2 and Mab21l2. In the Pax6+/− lens, the expression

levels of Cspg2 and Mab21l2 are increased, suggesting that p46
Pax-6 represses these genes (27). In contrast, cotransfection of
p32 Pax-6 and SUMO1 positively regulates their expression (Fig.
3F). Thus, p32 and p46 Pax-6 isoforms display differential reg-
ulations on the same target genes.
Our results also detected the presence of p43 Pax-6 in both

newborn and adult mouse eyes. Where does p43 Pax-6 come
from? In quail cells, one source for p43 Pax-6 is the alternative
splicing (12). In mice and humans, however, we could not detect
the alternative splicing products (Fig. S2). Thus, the origin of p43
Pax-6 must be different. In our study, we noticed that in eye tissue
from both newborn and adult mice, p43 Pax-6 is present at a very
low level (about 5% compared with the total p32), suggesting that
its presence may be transitory. Indeed, our study reveals that p43
Pax-6 in mice and humans is derived from SUMO1-conjugated
sumoylation of p32 Pax-6 (see discussion below). Thus, four dif-
ferent Pax-6 isoforms reflect differential expression mechanisms
of the Pax-6 gene at transcriptional (p46), splicing (p48), trans-
lational (p32), and posttranslational (p43) levels.

Sumoylation of p32 Pax-6 Activates Its DNA-Binding and Tran-
scriptional Activities. In the present study, we demonstrated that
in vitro-synthesized p32 Pax-6, although containing the HD for
DNAbinding, cannot bind directly to theP3 sequence. This result is
surprising, because the P3 sequence contains the conserved HD
recognition site. Knowing that p43 Pax-6 is present at a very low
level in newborn and adult mouse eye tissues and that the cytosolic
p43 Pax-6 can bind to the P3 sequence, we predicted that in vitro-

Fig. 4. Presence of p32 Pax-6 sumoylation in the developing mouse embryonic
eye. (A and B) Immunohistochemistry analysis of Pax-6 and SUMO1 in the optic
vesicle and lens vesicle of a mouse embryonic eye. Note that both Pax-6 and
SUMO1 are clearly detected in the optical vesicle at ED 9.5 (A) and in the lens
vesicle and retina tissues at ED 11.5 (B). In most cases, Pax-6 and SUMO1 overlap
each other to generate the yellow fluorescence (arrowheads) (C and D) Total
proteins were extracted from ED 11.5 embryonic eyes and were used for immu-
noprecipitation-linkedWestern blot analysis. Note that p43 Pax-6 (arrowhead in
C) immunoprecipitated by anti-SUMO1 can be detected by anti–Pax-6 antibody.
Similarly, p43 Pax-6 (arrowhead in D) immunoprecipitated by anti–Pax-6 can be
detected by anti-SUMO1 antibody. L, lens; OV, optic vesicle; R, retina.
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synthesized p32 Pax-6 needs to be modified to bind to the P3 se-
quence. Indeed, when in vitro-synthesized p32 Pax-6 is mixed with
Pax-6–depletedFHL-124 nuclear extracts, it displays strong binding
affinity to the P3 sequence. However, when FHL-124 nuclear
extracts are precleared with anti-SUMO1 antibody, in vitro-syn-
thesizedp32Pax-6 loses theability tobind to theP3sequence.These
results led us to conclude that p32 Pax-6 is sumoylated by SUMO1
before it can bind to the P3 sequence. Additional experiments fur-
ther confirmed our conclusion. First, purified synthetic p32 from
a cell-free system can be sumoylated in vitro with SUMO1, yielding
a 43-kDa protein that can be recognized by anti-SUMO1 and anti–
Pax-6 antibodies. Second, bioinformatics and in vitro mutagenesis
identifyK91 as aSUMO1acceptor site, an analysis that is confirmed
by EMSA and ex vivo functional assays. Finally, in the developing
mouse embryo at ED 9.5 and ED 11.5, immunocytochemistry
demonstrates the colocalization of endogenous SUMO1and Pax-6.
This result is confirmed further by the in vitro cotransfection study
and in vivo immunoprecipitation-linked Western blot analysis,
which identify the same p43 Pax-6 by anti-SUMO1andmouse anti–
Pax-6 antibody.Together, our data show that p32Pax-6 is converted
top43Pax-6 through sumoylation andelucidate the in vivo sourceof
p43 Pax-6 in mice and humans.
Protein sumoylation, in addition to regulating many cellular

processes (18, 19), seems to be especially important for the regu-
lationof geneexpression (28).Althoughmost studieshave revealed
that sumoylation of various transcriptional factors leads to re-
pression of gene expression (28), considerably less is known about
sumoylationpromoting transcription activation (29). In thepresent
study, our results demonstrate that sumoylationof p32Pax-6 atK91
activates its ability to bind to the P3 sequence, which contains the
HD recognition site. How could sumoylation activate the DNA-
binding activity of p32 Pax-6? It is possible that sumoylation may
remove the intramolecular inhibition on theHDdomain.However,
our finding that deletion of the N terminus abolishes its DNA
binding (Fig. 3B andFig. S5) rules out this possibility.Alternatively,
sumoylation may stabilize p32 Pax-6 in a configuration favoring
DNA binding. In any case, the N terminus of the p32 Pax-6 is es-
sential for sumoylation-activated DNA binding.
Our results also show that sumoylation of p32 Pax-6 enhances

its transactivity to regulate the expression of either the exoge-
nous or the endogenous genes. ChIP assay reveals that the

sumoylated p32 Pax-6 can bind directly to the target gene pro-
moter. Our results are consistent with several recent studies that
found that sumoylation activates other transcription factors (29,
30). Because chondroitin sulfate proteoglycan 2 (Cspg2), Mab-
21-like-2 (Mab2112), and αB-crystallin are actively involved in
cell proliferation or differentiation, regulation of these genes by
the sumoylated p32 Pax-6 likely produces profound effects on
early brain and eye development. These effects are consistent
with our observations that the interactions between SUMO1 and
Pax-6 occur in mouse embryonic neural tube, optic vesicles, and
lens vesicles (Fig. 4 and Figs. S6 and S7).
p46 Pax-6 contains the same homeodomain as p32 Pax-6. How-

ever, our results show that p46 Pax-6 cannot bind to theP3 sequence
even after incubation with Pax-6–depleted FHL-124 nuclear ex-
tract. This result suggests several possibilities. First, the tertiary
structure of p46 Pax-6 protein may prevent its homeodomain from
being sumoylated. Alternatively, sumoylation of p46 Pax-6 may
occur, but the presence of the PD in p46 Pax-6 may prevent its
binding to the P3 sequence. In any case, our results reveal that p32
and p46 Pax-6 isoforms also display differential DNA-binding ac-
tivities, and thus probably regulate different target genes.

Methods
Animals. Mice used in this study were handled in compliance with the Guide
for the Care and Use of Laboratory Animals (National Academy Press,
Washington, DC). Embryonic mice of different stages (ED 9.5 to ED 19.5),
neonatal mice, and 4-wk-old adult mice were obtained from the University
of Nebraska Medical Center breeding facility.

Other analytical methods used in this study are detailed in SIMethods. Oligo
primers used in the generation of 5A and 5D mutants are listed in Table S1.
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The small heat shock protein αA-crystallin is expressed in pancreas and acts as a
negative regulator of carcinogenesis
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The small heat shock protein αA-crystallin is a structural protein in the ocular lens. In addition, recent studies
have also revealed that it is a molecular chaperone, an autokinase and a strong anti-apoptotic regulator. Besides
its lenticular distribution, a previous study demonstrates that a detectable level ofαA-crystallin is found in other
tissues including thymus and spleen. In the present study, we have re-examined the distribution ofαA-crystallin
in various normal human and mouse tissues and found that the normal pancreas expresses a moderate level of
αA-crystallin. Moreover, αA-crystallin is found significantly downregulated in 60 cases of pancreatic carcinoma
of different types than it is in 11 normal humanpancreas samples. In addition,we demonstrate thatαA-crystallin
can enhance the activity of the activating protein-1 (AP-1) through modulating the function of the MAP kinase,
and also upregulates components of TGFβ pathway. Finally, expression ofαA-crystallin in a pancreatic cancer cell
line, MiaPaCa, results in retarded cell migration. Together, these results suggest that αA-crystallin seems to
negatively regulate pancreatic carcinogenesis.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Heat shock proteins (HSPs) are implicated in multiple cellular
functions including signaling transduction, protein degradation,
survival promotion, exocytosis and endocytosis [1–5]. Recent studies
have revealed that HSPs also play an important role in tumorigenesis
[6–8]. The lens structural proteins, αA- and αB-crystallins are
characterized as HSPs [9]. Besides their robust expression in
mammalian lens [10,11], the two α-crystallins are also expressed in
non-lenticular tissues. αB-crystallin is significantly expressed in the
retina, muscle, heart and brain, and acts to prevent neural degrada-
tion, and heart failure, but promote carcinogenesis [4,5,12–15]. αA-
crystallin is also expressed in some non-lenticular tissues, such as the
retina, spleen and thymus [16]. However, the function of non-
lenticular αA-crystallin remains unknown.

Pancreatic cancer in human poses clinical challenges in diagnosis
and treatment [17,18]. Among the various types of pancreatic
malignancies, pancreatic duct adenocarcinoma is dominant and in
addition, the mucinous adenocarcinoma, islet adenocarcinoma and
acinic cell carcinoma are also observed with less frequency of
occurrence [19,20]. At the molecular level, development of pancreatic
malignancies is associated with canonical oncogenes and tumor
suppressor genes, such as Ki-Ras, p16, p53, Smad4 and BRCA2, which
are involved in several cross-talking cellular signaling pathways
including TGFβ/SMAD, PI3K/AKT, and MAPK pathways [20–22].

In the present study, we present evidence to show thatαA-crystallin
is expressed in the normal human and mouse pancreas at a moderate
level. Moreover, analysis of αA-crystallin in the tissue samples from
normal human pancreas and 60 cases of pancreatic carcinoma reveals
significantdifference.αA-crystallin is downregulatedmore than10-fold
in the pancreatic carcinoma of various types than that in normal
pancreas. To explore the possible role of αA-crystallin in pancreatic
carcinoma, we demonstrate here for the first time that αA-crystallin
positively regulates the DNA binding and transactivity of the activating
protein-1 (AP-1). This upregulation of AP-1 activity is derived from
changed MAPK activity, which can positively regulate c-Jun and c-Fos.
Moreover, expression of αA-crystallin in pancreatic cells enhances
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TGFβ signaling pathway. Finally, expression of αA-crystallin in
pancreatic cancer cells leads to retarded cell migration. Together,
these results suggest that αA-crystallin appears to suppress pancreatic
carcinogenesis.

2. Materials and methods

2.1. Reagents and antibodies

Anti-αA/B-crystallin antibodies were described before [23]. ERK2
kinase assay kit, and anti-phosphorylated Elk antibody were pur-
chased from Cell Signaling, Inc. Anti-c-Jun antibody was a kind gift
from Dr. Tom Curran's Laboratory. Anti-c-Fos, anti-Lamin B, and anti-
β-actin antibodies were purchased from Santa Cruz Biotechnology.
Human normal pancreas and pancreatic carcinoma tissue samples
were obtained from US Biomax, Inc.

2.2. Immunohistochemistry analysis ofαA-crystallin,measure offluorescence
intensity and HE staining

Immunohistochemistry analysis was conducted as recently de-
scribed [24]. Briefly, the sections were rehydrated in graded alcohols,
heated up to boiling for 5 min in citrate buffer at pH6. The sectionswere
washed three times with PBS. For non-specific blocking, each section
was incubated in 500 μl of 5% normal goat serum (Sigma-Aldrich, CA) in
PBS for 1 h at room temperature and then incubated overnight in 400 μl
of diluted anti-αA-crystallin antibody (1:100) in a humidified chamber
at 4 °C. The sections were then washed with PBS three times (5 min
each) followed by incubation with 400 μl of FITC-linked secondary
antibody and DAPI (Vector Laboratories, CA) in blocking solution for 1 h
in the absence of visible light. After incubation, sections were washed
with PBS at room temperature 6 times (5 min each) and then observed
under a Carl Zeiss Laser Scanning Confocal microscope. For negative
controls, the sections were treated in the same way except that the
primary antibody was replaced with normal serum IgG.

A quantitative measure of fluorescence intensity was conducted
using confocal microscopy for assessment of the level of αA-crystallin
expression. During analysis of the obtained results, the designated
values of 0 to 10, 10 to 100, 100 to 1000 andmore than 1000 represent
negative background, weak, moderate and strong expression of αA-
crystallin, respectively. The same immunohistochemical quantitative
system was used for tissue microarray analysis by others [25]. Each
core was measured individually. If more than one core was evaluated
from each tissue the mean intensity and standard deviation were
calculated and shown as mean±SD.

For histology analysis, hematoxylin and eosin (HE) staining was
conducted as recently described [26].

2.3. Cell culture and cell fraction extraction

The preparation of the pEGFP-C3 and pEGFP-C3-αA/αB-crystallin
expression constructs, and establishment of stable transfected cell
lines were conducted as previously described [23,24]. The pEGFP-
αTN4-1, pEGFP-αA-αTN4-1, pEGFP-αB-αTN4-1, pEGFP-MiaPaCa,
pEGFP-αA-MiaPaCa and pEGFP-αB-MiaPaCa stable clones were
grown in Dulbecco's Modified Eagle's Minimal Essential Medium
(DMEM) containing 10% fetal bovine serum, 50 U/ml penicillin and
streptomycin and 400 μg/ml neomycin as described before [23,24].
All cells were kept at 37 °C and 5% CO2 gas phase. Cell fractions were
extracted by differential sucrose gradient as previously described [23].
The cytoplasmic and nuclear extracts of vector (pEGFP)-, αA-crystal-
lin (pEGFP-αA)- or αB-crystallin (pEGFP-αB)-transfected cells were
used for Western blot analysis. The nuclear extracts from parent,
vector (pEGFP)-, αA-crystallin (pEGFP-αA)- or αB-crystallin (pEGFP-
αB)-transfected cells were used for gel mobility shifting assays.

2.4. Reverse transcription-linked polymerase chain reaction (RT-PCR)

Total RNA samples were extracted from αA-crystallin-transfected
cells (pEGFP-αA-MiaPaCa), αB-crystallin-transfected cells (pEGFP-
αB-MiaPaCa), vector-transfected cells (pEGFP-MiaPaCa) and control
parent pancreatic cancer cells (MiaPaCa) using TRIZOL reagent. Five µg
of total RNA from each sample was used for cDNA synthesis. Several
components of TGFβ signaling pathway were examined by RT-PCR
using specific primer pairs listed in Table 1. The PCR reaction is: 94 °C
for 5 min; 94 °C for 30 s, 55 °C for 30 s, and 72 °C for 40 s, in 30 cycles;
72 °C for 5 min; kept at 4 °C. The PCR products were examined by
agarose gel electrophoresis and visualized under UV illumination.

2.5. Gel mobility shifting assay

Gel mobility shifting assays were conducted as previously described
[27–29]. The following oligos were used: 5′-GTCCTTCATTACGTCACG-
CATAG-3′ for conserved AP-1 binding site, 5′-GTCCTTCATTCATTCACG-
CATAG-3′ for mutated AP-1 binding site; 20 μg of nuclear extracts or
cytoplasmic extracts prepared from the pEGFP-αTN4-1, pEGFP-αA-
αTN4-1, pEGFP-MiaPaCa, and pEGFP-αA-MiaPaCa cells was incubated
with 1×105 cpm of 32P-labeled double-stranded synthetic oligonucleo-
tides for 30 min at 37 °C in binding shifting buffer [27–29]. For
competition experiments, 50-fold of the non-labeled wild type or
mutant double-stranded synthetic oligonucleotides was pre-incubated
with the nuclear extracts for 30 min before the labeled probewas added
into the reaction. For the pre-cleared experiments, 20 μg of nuclear
extract prepared from pEGFP-αTN4-1, pEGFP-αA-αTN4-1, pEGFP-
MiaPaCa, and pEGFP-αA-MiaPaCa cells was pre-incubated with 10 µg
antibody against c-Jun or/and c-Fos for 1 h on ice, then mixed with
protein A/G agarose and rotated for additional 1 h at 4 °C, and then the
supernatant was recovered for incubation with 1×105 cpm of 32P-
labeled double-stranded synthetic AP-1 oligonucleotides for 30 min
at 37 °C in a binding shifting buffer. After the binding reactions,
the mixtures were loaded onto 6% native PAGE and detected by
autoradiography.

2.6. Kinase activity assay

Substrate Elk protein was incubated with different doses of ERK2
kinase, 0.1, 1, 5 or 10 ng ormock kinase, GSK3β in the kinase buffer for
30 min at 37 °C in the presence of ATP. For the effect of αA-crystallin
on ERK kinase, differential concentrations (0, 1 and 10 µg) of purified
bovine αA-crystallin were added to the kinase assay reactions. After
reaction, the mixtures were loaded to SDS-PAGE and detected by
Western blot analysis using anti-phosphorylated-Elk antibody.

Table 1
Oligos used to detect expression of the related genes.

Gene Primers

β-actin 5′-GTGGGGCGCCCCAGGCACCA-3′
5′-CTCCTTAATGTCACGCACGATTTC-3′

αA-crystallin 5′-GGCTGTTCGACCAGTTTTTC-3′
5′-CAGACAGGGAGCAAGAGAGG-3′

αB-crystallin 5′-TTCTTCGGAGAGCACCTGTT-3′
5′-GCCAGAGACCTGTTTCCTTG-3′

TGFβ 5′-GGGACTATCCACCTGCAAGA-3′
5′-CGGAGCTCTGATGTGTTGAA-3′

TGFβR1 5′-GAGCATGGATCCCTTTTTGA-3′
5′-AACATCGTCGAGCAATTTCC-3′

TGFβR2 5′-GGGGAAACAATACTGGCTGA-3′
5′-TCACACAGGCAGCAGGTTAG-3′

TGFβR3 5′-CAGTCCACATCCACCACAAG-3′
5′-ACACACCCTTCTGCTGCTTT-3′
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2.7. Western blot analysis

Preparation of total proteins from mouse tissues and various
transfected cells and Western blot analysis of different protein
samples were conducted as previously described [30–32].

2.8. Wound healing assay

The three types of stable clones of pEGFP-MiaPaCa, pEGFP-αA-
MiaPaCa and pEGFP-αB-MiaPaCa cells were seeded in 6-well plates
and cultured until 100% confluent. A straight scratch was made by
using a 1 ml blue pipette tip to simulate the wound in each well. After
PBS washing for 2 times, new DMEM medium was added for a
continuous growth of another 48 h. The wound healing process was
recorded daily using the Leica Inverted Phase Contrast Fluorescence
Microscopy with a 10× objective.

2.9. Statistical analysis

The Student t-test was used to compare the medians of two
unpaired groups. pb0.05 was considered significant [31].

3. Results

3.1. Expression of αA-crystallin in human non-lenticular tissues

Recent studies have shown that αB-crystallin is implicated in
promotion of carcinogenesis [6,15,33]. Whether αA-crystallin has
similar functions remains to be explored. For this reason, we have re-
examined the tissue-specific expression of αA-crystallin in human
non-lenticular tissues using immunohistochemistry analysis of
human multi-organ tissue array samples and confocal microscope
measurement of the relative fluorescence density derived from
immunohistochemistry staining. As shown in Fig. 1A, a strong
lenticular expression of αA-crystallin in the developing mouse eye
was observed, which is consistent with a previously reported result
[10]. In addition, we observed a moderate level of αA-crystallin
expression in human pancreas and to a less degree, in human liver
(Fig. 1A). Similar pancreatic level of αA-crystallin was observed in 7
out of 11 human samples examined (Fig. 1B). In pancreas, αA-
crystallin was specifically expressed in islets, acinus and interlobular
tubes (Fig. 1A). In other non-lenticular ocular tissues, αA-crystallin
was also expressed at a moderate level in the retina and ciliary
processes (data not shown). The relative mean values of fluorescence
intensities in various non-lenticular tissues were measured with
confocal microscope coupled with related software and were
presented in Fig. 1B.

3.2. Expression of αA-crystallin in mouse tissues

To validate the observed results of αA-crystallin expression in
human samples, we next dissected 10 different tissues from adult
mouse: lens, heart, thymus, kidney, brain, spleen, pancreas, lung, liver
and testis, and analyzed the expression level of αA-crystallin in these
tissues. As shown in the top panel of Fig. 2, Western blot analysis
revealed that besides its robust expression in the ocular lens (lane 1
contains only 0.5 μg protein, the rest of the lanes 100 μg proteins),αA-
crystallin was detected in the thymus and pancreas at a relatively
strong level, then to a less degree in the brain. The αA-crystallin level
in the heart, kidney, spleen and liver was much lower than that in the
thymus and pancreas. Finally, a trace of αA-crystallin was also
observed in testis. No αA-crystallin was detected in the lung. As a
comparison, we also examined the tissue distribution of αB-crystallin
in mouse. Besides the strongest expression in lens, αB-crystallin was
highly expressed in the heart, thymus and brain, and moderately
expressed in the kidney and lung. However, different from the tissue-

specific expression patterns of αA-crystallin, αB-crystallin was barely
detectable in the pancreas and spleen, and absent in the liver and
testis examined. Thus, our results confirm that the pancreas expresses
a moderate level of αA-crystallin. In addition, we also show that
several other non-lenticular tissues also express a low level of αA-
crystallin. These results are slightly different from the pattern of αA-
crystallin detected in different tissues from rat [16,34].

3.3. Downregulation of αA-crystallin in pancreatic tumors

Since both Hsp27 andαB-crystallin are implicated in carcinogenesis
[6–8,15,33,36,37], we reason that αA-crystallin may be also involved in
regulation of carcinogenesis. To test this possibility, we compared the
expression pattern ofαA-crystallin in human normal pancreatic tissues
and various types of pancreatic carcinoma using the tissue array
samples. As shown in Fig. 3A, the expression of αA-crystallin in human
pancreatic cancer tissues was lower than that in human normal
pancreas. Among the 11 normal pancreas samples examined, 7 samples
displayed moderate expression level of αA-crystallin (normal pancreas
A in Fig. 3A) and4 samples relativelyweak expression (normal pancreas
B in Fig. 3A). In contrast, among the 60 cases of pancreatic cancer
samples, 4 had weak expression of αA-crystallin signal (shown as
pancreatic cancer #A of Fig. 3A), 17 displayed barely detectable αA-
crystallin signal and the remaining 39 samples displayed no detectable
signals (shown as pancreatic cancer #B of Fig. 3A).

To further characterize the expression of αA-crystallin in different
human pancreatic cancer, we divided the pancreatic cancer samples
into 4 different types: duct adenocarcinoma (n=48), mucinous
adenocarcinoma (n=3), islet adenocarcinoma (n=6) and acinic cell
carcinoma (n=3). The fluorescence signal in each individual sample
and the statistic data with the mean value of fluorescence intensity of
αA-crystallin expression in each type of pancreatic carcinoma were
presented in Fig. 3B. The expression level of each normal pancreas and
the statistical data derived from the normal pancreas were also
included for comparison (Fig. 3B). Together, our results reveal that
αA-crystallin is significantly downregulated in human pancreatic
carcinoma compared with normal pancreas.

3.4. Expression of αA-crystallin in MiaPaCa cells upregulates expression
of c-Jun and c-Fos

It is well established that the transcriptional factor complex,
activating protein-1 (AP-1) plays a significant role in tumorigenesis
[38–42]. AP-1 is either a homodimer containing two Jun family
members (c-Jun, Jun-B or Jun D) or a heterodimer containing one
member from the Jun family and another from the Fos family (C-Fos,
Fra-1 and Fra-2) [38,43]. To explore the possible function of αA-
crystallin in human pancreatic cancer, we overexpressed αA-crystal-
lin in both pancreatic cancer cells, MiaPaCa and non-cancer cells,
αTN4-1, a SV40 large-T-transformed mouse lens epithelial cell line
expressing very little endogenous αA-crystallin. Then, we examined
the AP-1 expression and activity in these transfected cells. As shown
in Fig. 4, expression and phosphorylation of c-Jun were significantly
upregulated in the nucleus of the MiaPaCa cells expressing αA-
crystallin than in the nucleus of the vector-transfected cells,
expression of c-Fos was also upregulated, though to a much less
degree, in both nucleus and cytoplasm of theMiaPaCa cells expressing
αA-crystallin than in the same fractions of the vector-transfected
cells. Similar results were also obtained in the nucleus of the αTN4-1
cells expressing αA-crystallin (Supplementary Fig. 1).

3.5. Expression of αA-crystallin in MiaPaCa cells upregulates AP-1 activity

To determinewhether the upregulated c-Jun and c-Fos actually led
to increased AP-1 activity, we first conducted DNA binding assays
using the oligos containing either the conserved AP-1 binding site
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(TGAGTCA) or the mutated site (ATCGGTA). As shown in Fig. 5A, the
nuclear extract prepared from either parentMiaPaCa cells (lane 13) or
vector pEGFP transfected MiaPaCa cells can bind to the wild type AP-1
oligo (lane 2) which was competed off by cold wild type oligo (lane 3)

but much less by the mutated oligo (lane 4). The nuclear extracts pre-
cleared by antibodies against c-Jun (lane 5), c-Fos (lane 6) or both
antibodies (lane 7) lost most of the AP-1 activity so that the formed
AP-1 complex was either lost or appeared very weak. In contrast, the

Fig. 1. Expression of αA-crystallin in human normal tissues. (A) Immunohistochemistry of αA-crystallin in the human lens, pancreas, liver, kidney, brain, heart, lung, esophagus,
testis, ovary, and lymph node. Hematoxylin–eosin staining (HE staining) results of various tissues were included for comparison (column 1). Nuclei were visualized by Hoechst
staining (blue color in column 2). αA-crystallin stained in green was derived from FITC (column 3). Merge showed combination of Hoechst in blue and αA-crystallin in green
(column 4). Mouse lens section from embryonic day 11.5 was stained as positive control for αA-crystallin expression. Primary antibody was replaced by normal IgG in negative
control (last row). Note that normal human pancreas displays moderate level of αA-crystallin signal. Liver also displays αA-crystallin signal but the intensity is less (see B for other
tissues). Scale bar: 200 µm. (B) Quantification of fluorescence intensity. The mean intensity of fluorescence was measured by Carl Zeiss Laser Scanning System LSM 510.
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nuclear extracts pre-cleared by normal IgG only slightly attenuated
the AP-1 complex (lane 8). These results suggest that the specific band
we detected between the nuclear extract from pEGFP-MiaPaCa cells
and the wild type oligo is the AP-1/DNA complex. Next, we compared
the AP-1 DNA binding activity in vector- and αA-crystallin-trans-
fected cells. As shown in lanes 9 and 11 of Fig. 5A, MiaPaCa cells
expressing αA-crystallin display significant upregulation of AP-1
activity. Similar results were obtained with the lens epithelial cells,
αTN4-1 expressing either only EGFP or EGFP-αA-crystallin (Supple-
mentary Fig. 2). As a control for the specific binding to the AP-1 site,
we conducted the reaction using purified p53 protein and AP-1 oligo,
lane 12 of Fig. 5A clearly showed that p53 did not bind to AP-1 oligo.
To further confirm that the transactivity of AP-1 was indeed
upregulated in MiaPaCa cells expressing αA-crystallin, we introduced
two reporter genes into the two types of stable transfectants: pEGFP-
MiaPaCa and pEGFP-αA-MiaPaCa. As shown in Fig. 5B, assayed with
either pJun-Luc (the luciferase gene was driven by the Jun promoter),
or pProlactin-1xAP-1-Luc (the luciferase gene was driven by a mini-
prolactin gene promoter containing a copy of AP-1 binding site), the
MiaPaCa cells expressingαA-crystallin showed statistically significant
upregulation of luciferase activity, indicating the upregulation of AP-1
activity in αA-crystallin expression MiaPaCa cells (Fig. 5B). Thus,

Fig. 2. Western blot analysis of αA- and αB-crystallins in 11 tissues from normal adult
mouse (4 weeks). Various tissues were dissected and total proteins were extracted
from the 11 tissues indicated. For the lens sample, 0.5 μg of total protein was used for
Western blot analysis. For other samples, 100 μg of total protein was used. The blot was
probed with specific antibodies against αA-crystallin, αB-crystallin antibody, β-tubulin
or β-Actin at a dilution of 1:1000 for the primary antibody and at a dilution of 1:1500 for
the secondary antibody. Note that the mouse pancreas expresses a distinct level of αA-
crystallin but only a trace of αB-crystallin. Both β-actin and β-tubulin are absent in lane
1 (lens) and lane 2 (heart) due to limited sample loaded (only 0.5 μg lens protein in lane
1) or due to tissue characteristics (lacking β-actin and β-tubulin).

Fig. 3. Expression of αA-crystallin in human pancreatic cancer tissues. (A) Immunohistochemistry results of αA-crystallin in human pancreatic cancer. As comparison,
immunohistochemistry results of αA-crystallin in two human normal pancreas samples were included. Hematoxylin–eosin staining (HE staining) results of two normal and two
cancerous pancreatic sections were included for comparison (column 1). Nuclei were visualized by Hoechst staining (blue color in column 2).αA-crystallin stained in green was derived
fromFITC (column3).Merge showedcombination ofHoechst inblue andαA-crystallin ingreen (column4).Mouse lens section fromembryonic day11.5was stainedas positive control for
αA-crystallin expression. Primary antibodywas replaced by normal IgG in negative control (last row). Scale bar: 200 µm. Note that normal human pancreas sample A displays moderate
level ofαA-crystallin signal, and normal human pancreas sample B showsweaker signals than the sample A. In the cancerous sample A, the level ofαA-crystallin signalwasmuchweaker
than that innormalhuman sampleAandalso slightlyweaker than that innormalhumansampleB. (B)Quantificationoffluorescence intensity. Thefluorescence intensitywasmeasuredby
Carl Zeiss Laser Scanning System LSM 510. Each spot indicates the value of fluorescence intensity from a single tissue sample. Each short solid line indicates mean value of fluorescence
intensity of one type of pancreatic cancer. Specifically, mean intensity of normal pancreas is 283±267 (n=11 among which 3 samples have a value less than 100 and 8 samples have a
value more than 200); mean intensity of pancreatic duct adenocarcinoma is 9±16 (n=48); mean intensity of pancreatic mucinous adenocarcinoma is 3±5 (n=3); mean intensity
of pancreatic islet adenocarcinoma is 56±69 (n=6) and mean intensity of pancreatic acinic cell carcinoma is 128±55 (n=3).
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expression of αA-crystallin in pancreatic cancer cells positively regulates
AP-1 activity.

3.6. αA-crystallin positively regulates ERK2 MAPK

It has been shown that AP-1 expression and activity can be enhanced
by MAP kinases [44–48]. To explore how might αA-crystallin regulate
AP-1, we examined the possible modulation of ERK kinase activity by
αA-crystallin since ERK is a major MAP kinase regulating AP-1
components in both expression and activation [44–48]. As shown in
Fig. 6A, we found that Elk was dose-dependently phosphorylated by
ERK2 in vitro. Moreover, in the presence of αA-crystallin, phosphory-
lation of Elk by 0.1 or 1 ng ERK2was significantly enhanced. Addition of
1 μg of αA-crystallin into the ERK2 kinase reaction with low level of
ERK2 (1 ng) enhanced more than 10-fold Elk phosphorylation, reflect-
ing the corresponding enhancement of ERK2 activity. Together, these
results reveal that αA-crystallin can positively regulate AP-1 activity
through modulation of ERK activity. To further confirm that αA-
crystallin enhances ERK2 kinase activity, we analyzed the ERK1/2
expression and activity in vector- and αA-crystallin-transfected stable
lines of cells. As shown in Fig. 6C, both expression and activity of ERK2
were clearly upregulated inMiaPaCa cells expressingαA-crystallin than
vector-transfected cells.

3.7. αA-crystallin regulates TGFβ signaling pathway

To determine whether αA-crystallin actively regulates TGFβ
signaling pathway which plays a key role in pancreatic carcinogenesis
[20], we first examined expression of several genes in the TGFβ
signaling pathway at the mRNA level. As shown in Fig. 7, TGFβ was
increased about 2-fold when αA-crystallin was overexpressed in
MiaPaCa (Fig. 7A and B, similar result was observed in αA-crystallin-
transfected Capan-1 cells, data not shown). For the receptor, TGFβ
receptors 1 and 2 are not detected and TGFβ receptor 3 displayed little
change in the three types of cells (Fig. 7A and C). To further confirm
the modulation of TGFβ signaling pathway by αA-crystallin, we
examined the protein expression levels of TGFβ and the downstream
smads, as well as the phosphorylation status of the smads. As shown

in Fig. 8, Western blot analysis revealed that TGFβwas also upregulated
at the protein level. In addition, expression and phosphorylation of
Smad 3 and Smad 5 were significantly upregulated. Thus, αA-crystallin
actively enhances TGFβ signaling pathway.

3.8. Retardation of cell migration in αA-crystallin-overexpressed cells

To explore how αA-crystallin may regulate carcinogenesis, we
conducted wound healing assay using the established stable cell lines:
pEGFP-MiaPaCa, pEGFP-αA-MiaPaCa and pEGFP-αB-MiaPaCa. When
these cells with similar expression levels were selected to conduct
wound healing assays (Fig. 9), it was found that MiaPaCa cells
expressing αA-crystallin displayed statistically significant retardation
in cell migration. In contrast, the same cells expressing either the
vector or αB-crystallin did not show such effect. Thus, αA-crystallin
retards migration of pancreatic cancer cells, which is consistent with
its downregulation in various types of pancreatic carcinoma (Fig. 3).

4. Discussion

In the present study, we have demonstrated the following: 1) αA-
crystallin is expressed at moderate level in pancreas from human and
mouse, a non-ocular tissue previously not documented; 2) αA-
crystallin is significantly downregulated in the pancreatic tumors than
in the normal human pancreas; 3) expression of αA-crystallin in
pancreatic carcinoma cells induces significant upregulation of the AP-
1 components and activity, 4) αA-crystallin can enhance activity of
ERK2 MAP kinase, through which it can regulate AP-1 expression and
activity; 5) expression of αA-crystallin in pancreatic carcinoma cells
significantly enhanced the TGFβ signaling pathways; and 6) expres-
sion of αA-crystallin in pancreatic cells led to obvious retardation of
the cell migration. Together, our results suggest that αA-crystallin
appears to negatively regulate pancreatic carcinogenesis, which is in
contrast to the function of αB-crystallin in breast cancer.

4.1. αA-crystallin is expressed in normal pancreas besides other
non-lenticular tissues

αA-crystallin is first known as a lens structural protein [10,11]. It
shares about 60% identity in amino acid sequence with αB-crystallin,
another lens structure protein [10,11]. Several lines of evidence have
shown that although the two genes encoding αA- and αB-crystallins
may arise from gene duplication, they have diverged significantly.
First, during murine development, the initial turning on of the two
genes occurs at different time. While αB mRNA is first becoming
detectable at E9.5, expression ofαAmRNA appears at E10.5 [10]. Such
differential turning on time reflects the different control mechanisms
in the promoters of the two α-crystallin genes. Second, the two genes
display distinct tissue-specific expression patterns. WhileαA is highly
restricted to lens during mouse embryonic developmental process,
αB-crystallin is expressed in the developing heart, nasal epithelium,
and retinal pigment epithelium [10]. In the adult vertebrates,
although both αA and αB are abundantly expressed in the lens,
they display significant difference in non-lenticular tissue expres-
sions. αB is strongly expressed in the heart, skeletal muscle, kidney
and brain [11–13]. In contrast,αA is reported to be expressed at a very
low level in some non-lenticular tissues including the spleen, thymus,
heart, brain and liver [16,34]. In the present study, our results not only
confirm the presence of a low level of αA-crystallin in the kidney and
liver, but also reveal a moderate level of αA-crystallin expression in a
novel non-lenticular tissue, the normal human pancreas. Among the
11 normal human pancreas samples examined, 7 samples display
consistently moderate level of αA-crystallin expression and the
remaining 4 samples also showed a low level of αA-crystallin
expression (Fig. 1). The pancreatic distribution of αA-crystallin is
further confirmed from analysis of mouse tissue samples (Fig. 2).

Fig. 4. Expression of αA-crystallin in pancreatic cancer cell line, MiaPaCa, upregulates
expression of c-Jun and c-Fos. The stable clones ofMiaPaCa cells expressing pEGFP, pEGFP-
HαA or pEGFP-HαB were grown to 95% confluence in MEM with 10% FBS and 400 μg/ml
G418, and then harvested for extraction of total proteinswhichwere subjected toWestern
blot analysis for AP-1 components, c-Jun and c-Fos, in two different cellular fractions:
cytoplasmic andnuclear portions.Note thatMiaPaCa cells expressingαA-crystallin display
upregulated levels of c-Jun and c-Fos protein. In addition, the phospho-c-Jun levelwas also
enhanced in pEGFP-HαA-MiaPaCa cells.
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In a previous study, Kato et al. [16] compared the relative
abundance αA-crystallin in both lens and non-lenticular tissues (ng
αA-crystallin/per mg total protein in organ). These authors found
that in the adult rat (8–16 weeks), the lens contains 244 μg αA-

crystallin/per mg total lens protein, and the spleen contains 16.6 ng
αA-crystallin/per mg total spleen protein, so the relative abundance
of lens αA-crystallin is about 14,698-fold. Using confocal fluores-
cence microscopy, we quantitated the relative abundance of αA-

Fig. 5. Expression ofαA-crystallin in pancreatic cancer cell line, MiaPaCa, upregulates AP-1 DNA binding activity (A) and transactivity (B). A. Gel mobility shifting assay demonstrates
the existence of AP-1 DNA binding activity in parent MiaPaCa cell nuclear extract (lane 13), pEGFP-MiaPaCa cell nuclear extracts (lanes 2 to 9), which was much lower than that in
MiaPaCa cell nuclear extracts expressing αA-crystallin (lane 11) or αB-crystallin (lane 10). Nuclear extracts prepared from three types of cells were incubated with γ-32P-ATP-
labeled oligos containing wild type AP-1 binding site (up panel of A left part) under various conditions shown in the figure. Lane 1, gel mobility shifting assay with labeled wild type
AP-1 oligo. Lane 2, gel mobility shifting assay with labeled wild type AP-1 oligo and pEGFP-MiaPaCa nuclear extract. Lane 3, the same assay as in lane 2 except that 50-fold of non-
labeled wild type AP-1 oligos was added into the reaction. Lane 4, the same assay as in lane 3 except that the non-labeled competing oligo contains a mutated AP-1 binding site
(bottom panel of Fig. 5A left part). Lane 5, gel mobility shifting assay with labeledwild type AP-1 oligo and pEGFP-MiaPaCa nuclear extract pre-cleared by anti-c-Jun antibody. Lane 6,
gel mobility shifting assay with labeled wild type AP-1 oligo and pEGFP-MiaPaCa nuclear extract pre-cleared by anti-c-Fos antibody. Lane 7, gel mobility shifting assay with labeled
wild type AP-1 oligo and pEGFP-MiaPaCa nuclear extract pre-cleared by anti-c-Jun antibody and anti-c-Fos antibody. Lane 8, gel mobility shifting assay with labeled wild type AP-1
oligo and pEGFP-MiaPaCa nuclear extract pre-cleared by normal IgG. Lane 9, the same assay as in lane 2. Lane 10, the same assay as in lane 2 except that the nuclear extracts were
from the pEGFP-HαB-MiaPaCa cells. Lane 11, the same assay as in lane 2 except that the nuclear extracts were from the pEGFP-HαA-MiaPaCa cells. Lane 12 (mock for AP-1 site
specificity), the same assay as in lane 2 except that the nuclear extract was replaced with in vitro synthesized p53 protein. Note that p53 does not bind to AP-1 site. B. Luciferase
assays to demonstrate that the AP-1 transactivity in pEGFP-HαA-MiaPaCa cells was significantly higher than that in pEGFP-MiaPaCa cells. The luciferase reporter gene driven by a
mini-prolactin gene promoter without enhancer (pProlactin-Luc), or with 1 copy of AP-1 binding site (pProlactin-1xAP-1-Luc), or driven by the c-Jun promoter (pJun-Luc), together
with a reference plasmid were separately transfected into pEGFP-MiaPaCa cells, pEGFP-HαA-MiaPaCa cells, or pEGFP-HαB-MiaPaCa cells. After 48 h, the transfected cells were
harvested for the assaying of luciferase activity. After calibration with the luciferase activity from the reference plasmid, the transactivity of AP-1 in each type of cells was presented.
Note that as assayed by both constructs, pProlactin-1xAP-1-Luc and pJun-Luc, the AP-1 activity in pEGFP-MiaPaCa cells were significantly lower than that in pEGFP-HαA-MiaPaCa
cells (pb0.005 for pJun-Luc construct, and pb0.05 for pProlactin-1xAP-1-Luc construct). In contrast, the AP-1 activity in pEGFP-MiaPaCa cells is only slightly lower than that in
pEGFP-HαB-MiaPaCa cells (pN0.05 in both cases).
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crystallin in the developingmouse lens and the pancreatic tissue, and
found that the corresponding values are 807±48 and 283±67,
respectively. Therefore, the human adult pancreatic signal of αA-
crystallin is about 1/3 of the developing mouse eye lens (Fig. 1). In
mouse tissue, we estimate thatαA-crystallin in lens is about 500-fold
higher than that in the pancreas (see Fig. 2, 200-fold difference in
sample load×2.5-fold difference in αA-crystallin band in the lens
versus in the pancreas). Together, our results demonstrate that the
pancreas expresses a moderate level of αA-crystallin.

4.2. αA-crystallin is implicated in carcinogenesis

It is well established that small heat shock proteins are
implicated in carcinogenesis [8]. One of the most studied members

is Hsp27, which is involved in carcinogenesis of many different
types of tissues [35,49–57]. Another member of the HSP family
implicated in carcinogenesis is αB-crystallin. Iwaki and Tateishi [58]
first demonstrated the existence of αB-crystallin in hamartomas of
tuberous sclerosis. Then, it was found that concentrations of αB-
crystallin in prostatic carcinoma tissues were significantly higher
than in benign prostatic hyperplasia [59]. In breast cancer cells, αB-
crystallin was found expressing constitutively in certain breast
carcinoma cell lines, and increased intensity of αB-crystallin
expression was correlated with shorter survival [33]. Moreover,
expression of αB-crystallin results in transformation of immortal-
ized human mammary epithelial cells, induction of EGF- and
anchorage-independent growth, and enhancement of cell migration

Fig. 6. αA-crystallin enhances MAPK (ERK2) activity in the in vitro kinase assay. A. The
substrate of Elk-1 protein was phosphorylated by ERK2 kinase in the in vitro assay in the
presenceofATP.PhosphorylationofElkwasdetectedbyWesternblot analysis asdescribed
above. Results of two different exposures were shown. The kinase reaction with GSK3β
was included as control for ERK2. B. Quantitative results of the Elk phosphorylation under
different conditions. The relative pixel of each band was quantitated using the software
from Silk Scientific Inc. Note that at the concentration of 0.1 and 1 ng ERK2 kinase
conditions, addition of 1 or 10 μg ofαA-crystallin significantly enhances the ERK2 activity
as reflected by the differential intensity of Elk phosphorylation. C.Western blot analysis of
expression and activities of ERK1/2 in vector- or αA-transfected MiaPaCa cells. Western
blot analysiswas conducted as described in Fig. 2. Note that both expression and activity of
ERK2 was upregulated in MiaPaCa cells expressing αA-crystallin than vector-transfected
cells.

Fig. 7.αA-crystallin modulates expression of TGFβ as demonstrated by RT-PCR analysis.
A. RT-PCR. Total cellular RNAs were extracted from vector-, HαA- or HαB-crystallin-
transfected cells, then were used for RT-PCR assays as described in the Materials and
methods. B. Quantitation of TGFβ mRNA level in vector-, HαA- or HαB-crystallin-
transfected MiaPaCa cells. C. Quantitation of TGFβ receptor 3 mRNA level in vector-,
αA- or αB-crystallin-transfected MiaPaCa cells. Note that αA-crystallin enhances
expression of TGFβ mRNA but has little effect on TGF receptors.
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and invasion [15]. Thus, αB-crystallin is considered as a novel
oncoprotein [15].

Both αA- and αB-crystallins belong to the heat shock protein
(Hsp) family [2]. Whether αA-crystallin is also in implicated in

carcinogenesis remains to be explored. ComparedwithαB-crystallin,
the limited distribution ofαA-crystallin in non-lenticular tissuesmay
restrict its function in carcinogenesis [10–14]. Nevertheless, several
recent studies suggest that αA-crystallin may be also implicated in
tumor development. First, in 4 cases of human sebaceous carcinoma
of the eyelid examined, both αA-crystallin and αB-crystallin were
found highly expressed [60]. Second, in the retinocytoma, αA-
crystallin was expressed in the cytoplasm of all tumor cells and the
apoptotic index was significantly higher in those cases with weak
signal of αA-crystallin than in those that were strongly positive [61].
These results suggest that αA-crystallin, acting like αB-crystallin,
seems to promote carcinogenesis. On the other hand, a recent study
revealed that in 6 cases of retinoblastoma, preoperative chemother-
apy induced strong expression of only Hsp27 and αB-crystallin but
notαA-crystallin [62]. Moreover, the viable tumor cells that survived
contained high levels of Hsp27 and αB-crystallin but not αA-
crystallin. Therefore, these results indicate that αA-crystallin does
not seem to act the same way as Hsp27 and αB-crystallin do in
promoting carcinogenesis. Our present finding that in 60 different
cases of pancreatic carcinoma, the expression level of αA-crystallin
was consistently downregulated than that in 11 normal human
pancreas samples also supports the negative regulation of carcino-
genesis byαA-crystallin. In addition, our results also suggest thatαA-
crystallin may be used as one of the biomarkers for pancreatic cancer
diagnosis.

Fig. 9. Demonstration that the pancreatic cancer cell line, MiaPaCa, expressing the exogenous HαA-crystallin display retarded cell migration. The stable transfected cell lines, pEGFP-
MiaPaCa, pEGFP-HαA-MiaPaCa or pEGFP-HαB-MiaPaCa cells were seeded in 6-well plates and grown until 95% confluent. Then, two straight scratches were made by using a 1 ml
blue pipette tip to simulate the wound healing in each well. After PBS washing for 2 times, new DMEM medium was added for a continuous growth of another 48 h. The wound
healing process was recorded daily using the Leica Inverted Phase Contrast Fluorescence Microscopy with a 10× objective. Note that the pEGFP-HαA-MiaPaCa cells display slower
healing process than pEGFP-MiaPaCa and pEGFP-HαB-MiaPaCa cells, suggesting both slower cell migration and proliferation of pEGFP-HαA-MiaPaCa cells.

Fig. 8. αA-crystallin modulates protein expression of TGFβ and Smad3/5, as well as the
phosphorylation status of Smad3/5. Western blot analysis was conducted as described
in Fig. 2. Note that αA-crystallin enhances expression of TGFβ, Smad3 and Smad5.
Moreover, αA-crystallin upregulates the phosphorylation status of Smad3/5.
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4.3. αA-crystallin may negatively regulate development of pancreatic
tumors

Pancreatic malignancy develops from intraepithelial neoplasia
(PanIN), progressing through PanIN-1a, PanIN-1b, PanIN-2, and
PanIN-3 to ductal adenocarcinomas (PDAC) [63,64]. During this process,
key oncogenes and tumor suppressors such as Ki-RAS, p16INK4a, P53,
DPC/SMAD4, and BRCA2 play very important roles [20–22,65–68]. The
carcinogenesis signals are mediated by major signaling pathways
including MAPK pathways, sonic hedgehog and notch signaling path-
ways, and also TGFβ signaling pathways [20–22,65–68]. In the present
study, we present several lines of evidence to show that αA-crystallin
seems to negatively regulate development of pancreatic tumors. First,
we demonstrate that compared with the physiological level in normal
human pancreas, αA-crystallin is significantly downregulated in 60
cases of pancreatic carcinomas of various types. Second, we show that
pancreatic cancer cells expressing αA-crystallin display retarded cell
migration. Finally, we show that pancreatic cancer cells expressing αA-
crystallin have enhanced expression levels of c-Jun and c-Fos, increased
phosphorylation of c-Jun oncoprotein, and elevated level of AP-1
activities in both DNA binding and transactivation, which is derived
from enhanced activity of the ERK2 kinase promoted by αA-crystallin
(Fig. 6). As a result, αA-crystallin positively regulates TGFβ signaling
pathway (Figs. 7 and 8) through MAP kinase, and thus negatively
regulate development of pancreatic malignancy.
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Protein phosphatase-1 regulates Akt1 signal
transduction pathway to control gene expression, cell
survival and differentiation

L Xiao1,2,4, L-L Gong1,4, D Yuan1,2,4, M Deng1,4, X-M Zeng2, L-L Chen2, L Zhang2, Qin Yan1, J-P Liu1, X-H Hu2, S-M Sun2, J Liu2,

H-L Ma2, C-B Zheng2, H Fu2, P-C Chen2, J-Q Zhao2, S-S Xie2, L-J Zou2, Y-M Xiao2, W-B Liu2, J Zhang*,2, Y Liu2 and DW-C Li*,1,2,3

AKT pathway has a critical role in mediating signaling transductions for cell proliferation, differentiation and survival. Previous studies
have shown that AKT activation is achieved through a series of phosphorylation steps: first, AKT is phosphorylated at Thr-450 by JNK
kinases to prime its activation; then, phosphoinositide-dependent kinase 1 phosphorylates AKT at Thr-308 to expose the Ser-473
residue; and finally, AKT is phosphorylated at Ser-473 by several kinases (PKD2 and others) to achieve its full activation. For its
inactivation, the PH-domain containing phosphatases dephosphorylate AKT at Ser-473, and protein serine/threonine phosphatase-2A
(PP-2A) dephosphorylates it at Thr-308. However, it remains unknown regarding which phosphatase dephosphorylates AKT at Thr-450
during its inactivation. In this study, we present both in vitro and in vivo evidence to show that protein serine/threonine phosphatase-1
(PP-1) is a major phosphatase that directly dephosphorylates AKT to modulate its activation. First, purified PP-1 directly
dephosphorylates AKT in vitro. Second, immunoprecipitation and immunocolocalization showed that PP-1 interacts with AKT.
Third, stable knock down of PP-1a or PP-1b but not PP-1c, PP-2Aa or PP-2Ab by shRNA leads to enhanced phosphorylation of
AKT at Thr-450. Finally, overexpression of PP-1a or PP-1b but not PP-1c, PP-2Aa or PP-2Ab results in attenuated phosphorylation
of AKT at Thr-450. Moreover, our results also show that dephosphorylation of AKT by PP-1 significantly modulates its functions in
regulating the expression of downstream genes, promoting cell survival and modulating differentiation. These results show that
PP-1 acts as a major phosphatase to dephosphorylate AKT at Thr-450 and thus modulate its functions.
Cell Death and Differentiation (2010) 17, 1448–1462; doi:10.1038/cdd.2010.16; published online 26 February 2010

Protein dephosphorylation at the serine and threonine
residues of various proteins, similar to their cognate phos-
phorylation, has important roles in regulating various cellular
processes, such as cell differentiation and apoptosis.1,2 In
eukaryotes, B98% of dephosphorylation occurs at the
serine/threonine residues and two major protein phospha-
tases, namely phosphatase-1 (PP-1) and phosphatase-2A
(PP-2A)3,4 contribute 490% of serine/threonine phosphatase
activity. In this regard, we have recently shown that both PP-1
and PP-2A have important roles in modulating apoptosis.5,6

PP-1 promotes survival through its negative regulation of p53,
which is a master regulator of apoptosis. It directly depho-
sphorylates p53 at Ser-15 and Ser-37 to attenuate its
transcriptional and apoptotic activities.5 PP-2A is also found
to modulate the phosphorylation status of p53 at these sites
to suppress stress-induced apoptosis.6,7 In this study, we
present the first evidence to show that PP-1 has a critical
role during the activation process of Akt1 signaling pathway.

The Akt/protein kinase B consists of three family members
(Akt1, Akt2 and Akt3) and has an important role in regulating
the survival of most cells.8,9 It does so through regulation of
the functions of various transcription factors that control both
proapoptotic and antiapoptotic genes.9,10 Examples of such
genes include the those encoding IKKb, BAD and GSK.8,9

Deregulation of the Akt signaling pathway leads to the
formation of cancer.11–14

In response to growth factors and various stimuli, Akt
becomes activated through a series of phosphorylation
events. Among the three members, activation of Akt1 is well
studied.8,14 First, a recent study has shown that Akt1 is primed
through phosphorylation at Thr-450 in the cytosol by the
stress-activated protein kinase, JNK1/2, under certain condi-
tions.15,16 Second, after activation by the ligand-regulated
receptor-tyrosine kinases, the phosphoinositide-3 kinase
(PI3K) generates phosphoinositol-3,4,5-triphosphate (PIP3),
the lipid secondary messenger that recruits phosphoinositide-
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dependent kinase 1 (PDK1) and Akt1 to the membrane
through its PH domain.8,9 PDK1 thus phosphorylates Akt1 at
Thr-308, causing a confirmation change of Akt1 to expose
its C-terminal hydrophobic motif.17,18 Finally, after the
configuration change, Akt1 may either undergo autopho-
sphorylation at Ser-473,19,20 or become phosphorylated by a
second kinase referred to as PDK221 or other kinases22,23 at
Ser-473 to achieve its full activation.

Akt signaling is terminated by the lipid phosphatase PTEN
through dephosphorylation of PIP3.24,25 The later event leads
to dephosphorylation of Akt1 by the PH-domain phosphatases
(PHLPPs) at Ser-473.26,27 Dephosphorylation of Akt1 at
Thr-308 is mediated by PP-2A.28,29 On the other hand,
dephosphorylation of Akt1 at Thr-450 remains unknown. In
this study, we present both in vitro and in vivo evidence to
show that PP-1 is a major phosphatase dephosphorylating
Akt1 at Thr-450. Through this action, PP-1 thus modulates
AKT signaling pathway functions in regulating gene expres-
sion, cell survival and differentiation.

Results

Inhibition of PP-1 but not PP-2A induces
hyperphosphorylation of Akt1 at Thr-450. Recent
studies have shown that JNK1/2 are involved in priming
Akt1 by phosphorylating Thr-450 for further activation by
PDK1 and other kinases during hypoxia/reoxygenation-
induced injury of cardiomyocytes under both in vitro and in
vivo conditions.15,16 To confirm that JNKs also phosphorylate
AKT1 at Thr-450, we treated human lens epithelial cells
(HLECs) with 1 mM of SP600125 to inhibit JNK-1, JNK-2 and
JNK-3.30 As shown in Supplementary Figure 1A, after
inhibition of JNKs for 48 h, the basic phosphorylation of
AKT1 at Thr-450 was significantly decreased. Next, to
explore which phosphatases may dephosphorylate Akt1 at
Thr-450, we treated HLECs with okadaic acid (OA) at 0, 10
and 200 nM to inhibit either PP-2A (10 nM) or PP-1 (200 nM).
PP-2A is 100 times more sensitive to OA than PP-1 because
of the unique structure of the catalytic subunit.31 At these OA
concentrations, the activities of JNKs showed little changes
(Supplementary Figure 1B). On the other hand, although the
inhibition of PP-2A by 10 nM OA did not lead to significant
change on Akt phosphorylation at Thr-450, inhibition of PP-1
by 200 nM OA led to more than two-fold increases in Akt
phosphorylation at Thr-450 (bottom diagram of Figure 1a).
The enhanced phosphorylation induced by 200 nM OA is not
derived from changed JNK activity as pretreatment of HLE with
1mM SP600125 did not show significant effect on Akt
phosphorylation at Thr-450 (Figure 1b). Similar results were
also obtained from another cell line, the human retina pigment
epithelial cells (ARPE-19) (Figure 1c and d). To further confirm
that inhibition of PP-1 but not PP-2A causes hyper-
phosphorylation of Akt1 at Thr-450, we treated the two types
of cells with calyculin A, which has the same IC50 to both PP-1
and PP-2A. As shown in Supplementary Figure 2, calyculin A
treatment led to dose-dependent hyperphosphorylation of Akt1
at Thr-450 in both types of cells. These results suggest that
PP-1 but not PP-2A seems to be the major phosphatase
responsible for dephosphorylation of Akt1 at Thr-450.

PP-1 can dephosphorylate Akt1 at Thr-450 in vitro. To show
that PP-1 is the major phosphatase that could dephosphorylate
Akt at Thr-450, we conducted in vitro dephosphorylation assays
using purified PP-1 (obtained from New England Biolabs,
Ipswich, MA, USA) and PP-2A (from Calbiochem, Gibbstown,
NJ, USA). To prepare the dephosphorylation substrates, the
GST full-length Akt1 protein and its mutant form (Akt1-T450A)
were prepared (Figure 2a), further purified by GST columns
(Figure 2b) and then cleaved with thrombin to yield purified Akt1
and Akt1-T450A proteins without GST, which were labeled with
JNK1/2 in the presence of 32P-g-ATP. The labeled proteins were
used as substrates for the in vitro dephosphorylation assays by
purified PP-1 and PP-2A. After dephosphorylation, the free 32P
released from substrate proteins by PP-1 or PP-2A was
measured in a scintillation counter. As shown in Figure 2c,
in vitro enzyme concentration-dependent assays showed that
PP-1 was more efficient than PP-2A in dephosphorylating the
labeled substrate with the same amount of enzyme (PP-1 and
PP-2A activities were calibrated as described previously5,6).
Similarly, time-dependent assays with 1 Unit of PP-1 or PP-2A
showed that the free 32P released by PP-1 was much more
prominent than PP-2A (Figure 2d). Dephosphorylation of the
labeled mutant Akt1-T450A by PP-1 or PP-2A produced just
background levels of free 32P (Figure 2c and d). Together, these
results suggest that although both PP-1 and PP-2A can
dephosphorylate Akt1 at Thr-450 in vitro, PP-1 is a more
efficient phosphatase to dephosphorylate Akt1 at Thr-450.

The catalytic subunits of PP-1 form a complex with
Akt1. To show that PP-1 dephosphorylates Akt1 at Thr-450
under physiological conditions, we first examined whether
the catalytic subunit for PP-1 could form an interacting
complex with Akt1. To do so, total proteins extracted from
HLECs were subjected to coimmunoprecipitation assays.
When the proteins coimmunoprecipitated (Co-IP) by goat
anti-PP-1a/b were probed with either the antibody against
Akt1 or PP-1a/b isoforms of the catalytic subunits, it
was found that a clear band of Akt1 was brought down
by anti-PP-1a/b (Figure 3a). In the reverse Co-IP assay,
it was also found that a clear band of PP-1a/b was bound
to Akt1 (Figure 3a). Thus, PP-1 and Akt1 form a strong
interacting complex in HLECs. Similar results were obtained
using ARPE-19 cells (Figure 3b). Together, immuno-
precipitation assays confirmed that in both HLECs and
ARPE-19, PP-1 and Akt1 can form an interacting complex.
Our results also showed that PP-2A interacts with Akt1 (data
not shown). This is not surprising as previous studies have
shown that PP-2A dephosphorylates Akt1 at Thr-308.28,29

Immunocytochemistry analysis showed that both PP-1 and
Akt1 displayed partial overlapping in both the cytoplasm
and the nucleus within the HLECs (Figure 3c–f) and
ARPE-19 cells (Figure 3g–j). In summary, our results
showed that PP-1 can dephosphorylate Akt1 at Thr-450.

Knockdown of PP-1a/b but not PP-1c or PP-2Aa/b leads
to significant hyperphosphorylation of Akt1 at Thr-450.
To confirm that PP-1 is the major phosphatase
dephosphorylating Akt1 at Thr-450 under physiological
conditions, we established stable clones to knock down
each of the 3 PP-1 catalytic subunits (a, b and g) and two
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PP-2A catalytic subunits (a and b) using shRNA expression
constructs obtained from Open Biosystems Inc., Huntsville,
AL, USA (see section ‘Experimental Procedures’ for details).
As shown in Figure 4a and c, knockdown of PP-1a/b in
HLECs leads to substantial hyperphosphorylation of Akt1
at Thr-450. However, knockdown of PP-1g or PP-2Aa/b
only caused barely detectable or no enhancement of
Akt1 phosphorylation at Thr-450 (Supplementary Figure 3).
The dephosphorylation pattern under knockdown of
each catalytic subunit of PP-1 or PP-2A displayed no

significant change after inhibition of JNK1/2/3 by 1 mM
of SP600125 (Figure 4b and d). Although establishment
of the stable knockdown clones with ARPE-19 cells was
unsuccessful (all cells died through apoptosis), transient
transfection with knockdown shRNA plasmids for various
catalytic subunits of PP-1 and PP-2A showed similar results
(data not shown). Together, these results clearly show
that PP-1a/b but not PP-1g and PP-2Aa/b are the major
phosphatase isoforms that dephosphorylate Akt1 at Thr-450
in HLECs and ARPE-19 cells.

Figure 1 Inhibition of PP-1 but not PP-2A by okadaic acid induces hyperphosphorylation of Akt1 at Thr-450. (a, b) Human lens epithelial cells (HLECs) or (c, d) retinal
pigment epithelial cells (ARPE-19) were grown to 95% confluence, then pretreated with 0.01% DMSO (panels a and c) or with 1 mM SP600125 (IC50¼ 40 nM for inhibition of
JNK1/2) (panels b and d), followed by treatment with 0, 10 or 200 nM okadaic acid for 3 h. By the end of the treatment, the cells were harvested for extraction of total proteins
that were separated by SDS-PAGE. The blots were then probed with antibodies against either total Akt1 or specific phospho-Akt1 at Thr-450 (Cell Signaling Inc.) overnight.
After washing three times with TBST, the blots were further blotted with donkey anti-rabbit IgG for 45 min. After washing, the blots were visualized using GE Healthcare
(GE Healthcare, Piscataway, NJ, USA) reagents. The western blots were scanned, and the relative level of pixel density between phospho-Akt1 at T450 and total Akt1 was
quantitated. The results are shown in the bottom of the a–d panels. It must be noted that inhibition of PP-1 (by 200 nM okadaic acid) but not PP-2A (by 10 nM okadaic acid)
as previously determined5 induces hyperphosphorylation of Akt1 at Thr-450, which is hardly affected by the inhibition of JNK1/2 with SP600125. These results suggest that
PP-1 but not PP-2A seems to be involved in dephosphorylation of Akt1 at Thr-450. The P-value was calculated by comparing the pixel density value from each okadaic
acid-treated sample with that from the mock-treated sample
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Overexpression of PP-1a/b but not PP-2Aa/b attenuates
Akt1 phosphorylation at Thr-450. To further confirm that
PP-1a/b are the major isoform phosphatases that
dephosphorylate Akt1 at Thr-450, we overexpressed each
of the five catalytic subunits of PP-1 and PP-2A in HLECs. As
shown in Figure 5a and c, overexpression of PP-1a/b caused
clear hypophosphorylation of Akt1 at Thr-450. In contrast,
overexpression of PP-1g or PP-2Aa/b caused little or no
change in the Akt1 phosphorylation status (Supplementary
Figure 4). Inhibition of JNK1/2/3 activity by 1 mM of SP600125
had little effect on the Akt1 phosphorylation status at Thr-450
after PP-1 overexpression (Figure 5b and d, Supplementary
Figure 4). Similar results were obtained in ARPE-19 cells
with transient overexpression of the same catalytic subunits.
Together, our results further confirm that that PP-1a/b

isoforms act as major phosphatases dephosphorylating
Akt1 at Thr-450.

PP-1 dephosphorylation of Akt1 at Thr-450 modulates its
regulation of gene expression. Previous studies have
shown that Akt1 can indirectly activate NF-kB through
activation of IKKs to phosphorylate IkB for its
degradation.8,9 In addition, Akt1 also modulates GSK to
regulate downstream genes (Figure 6a). To explore whether
PP-1 dephosphorylation of Akt1 at Thr-450 may affect its
function, we first examined the modulation of Akt1 regulation
of gene expression when PP-1 or PP-2A was inhibited under
different OA concentrations. As shown in Figure 6b, when the
reporter gene, pNF-kB-Luc and pCI-Akt1 were cotransfected
into HLECs, and then treated with either 10 or 100 nM OA,

Figure 2 Demonstration that PP-1 dephosphorylates Akt1 at Thr-450 more efficiently than PP-2A does in vitro. (a) Coomassie staining of total GST, GST-Akt1 and
GST-Akt1-T450A fusion proteins. (b) Coomassie staining of purified GST, GST-Akt1 and GST-Akt1-T450A fusion proteins. The GST-Akt1 and GST-Akt1-T450A fusion
proteins were cleaved with thrombin protease, and Akt1 and Akt1-T450A were further purified and then labeled with JNK1/2, which were used as substrates for the
dephosphorylation assays described in c and d. (panel c) Phosphatase concentration-dependent dephosphorylation by PP-1 and PP-2A. The labeled wild-type Akt-1 (1mg)
and mutant Akt1 (Akt1-T450A, 1 mg) were incubated with 0.1, 1 or 5 Units of PP-1 (New England Biolabs) or PP-2A (Calbiochem) at 301C in 1� dephosphorylation buffer for
30 min. By the end of dephosphorylation, the released free 32P was recovered and measured in a scintillation counter as described previously.5,54 It must be noted that the
amount of free 32P released from labeled Akt1 at each enzyme concentration point by PP-1 was significantly more than that by PP-2A. However, the amount of free 32P
released from labeled Akt1-T450A at each enzyme concentration point was similar by PP-1 and PP-2A, which is equal to the blank background level (the blank data were not
shown). (Panel d) Time-dependent dephosphorylation assays by PP-1 and PP-2A using 1 mg substrate and 1 Unit of PP-1 or PP-2A. The dephosphorylation reactions lasted
for 1, 5 or 30 min. By the end of dephosphorylation, the released free 32P was recovered and measured in a scintillation counter. It must be noted that the amount of free 32P
released from labeled Akt1 at each time point by PP-1 was significantly more than that by PP-2A. However, the amount of free 32P released from labeled Akt1-T450A at each
time by PP-1 or PP-2A was similar to that from the blank background level (the blank data were not shown). The P-value was calculated by comparing the free 32P-value from
each PP-1 or PP-2A reaction with the input
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reporter gene activity assays showed that inhibition of PP-1
(by 100 nM OA) but not PP-2A (by 10 nM OA) substantially
increased luciferase activity, indicating enhancement of Akt1
activity. To further confirm this result, we cotransfected the
pNF-kB-Luc reporter gene with the empty vector pCI-Neo, or
the construct expressing wild-type Akt1, or its mutants,
imitating either constant dephosphorylation (Akt1-T450A) or
constant phosphorylation (Akt1-T450D) in HLECs. The
different Akt1 constructs were all expressed in HLECs with
similar mRNA levels (data not shown) and protein levels (top
panel of Figure 6c). When the luciferase activity was
analyzed in each case, it was found that overexpression of
either Akt1 or Akt1-T450D doubled the luciferase activity
(Figure 6d). However, Akt1 mutation at Thr-450 from
threonine to alanine abolished exogenous Akt1 function
(Figure 6d). The phosphorylation status of the downstream
target, GSK-3b at Ser-9, also confirmed a similar conclusion

(Figure 6c). These results indirectly show that
dephosphorylation of Akt1 at Thr-450 by PP-1 significantly
modulates Akt1 function in regulating gene expression.

Overexpression of PP-1 blocks the positive regulation of
gene expression by Akt1. To further confirm that PP-1
modulates Akt1 ability in regulating expression of the
downstream genes, we established stable lines expressing
Akt1, Akt1-T450A and Akt1-T450D in ARPE-19 cells. We
then cotransfected pNF-kB-Luc with pCI-Neo, pCI-PP-1a or
pCI-PP2Aa into the stable clones of ARPE-19 cells.
As shown in Figure 7a, overexpression of PP-1a leads to
hypophosphorylation of Akt1 at Thr-450, and also negatively
affected the phosphorylation of Akt1 at T-308 and S-473.
As a result, phosphorylation of GSK-3b is significantly
downregulated. In contrast, overexpression of PP-2A
caused a slight decrease in the phosphorylation of Akt1 at

Figure 3 PP-1 interacts with Akt1 within (a, and c–f) human lens epithelial cells (HLECs) and (b, and g–j) retinal pigment epithelial cells (ARPE-19). (Panel a)
Coimmunoprecipitation between Akt1 and PP-1 in HLECs. (Panel b) Coimmunoprecipitation between Akt1 and PP-1 in ARPE-19 cells. (Panel c–f) Confocal
immunocytochemistry to detect colocalization of Akt1 and PP-1 in HLECs. (Panel c) FITC from anti-Akt1. (Panel d) Texas Red from anti-PP-1a. (Panel e) Merged image from
both FITC and Texas Red signals. (Panel f) The stroked region in Figure 3e shows the overlapping of Akt1 and PP-1a (yellow color, arrows). (Panels g–j) Colocalization of Akt1
and PP-1 in ARPE-19 cells. (Panel g) FITC from anti-Akt1. (Panel h) Texas Red from anti-PP-1a. (Panel i) Merged image from both FITC and Texas Red signals. (Panel j) The
stroked region in Figure 3i showing the overlapping of Akt1 and PP-1a (yellow color, arrows)
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Figure 4 (a, b) Silence of PP-1a and (c, d) PP-1b by specific shRNAs enhances hyperphosphorylation of Akt1 at Thr-450 in HLECs without (panels a, c) or with (panels b,
d) inhibition of JNK1/2 by 1 mM SP600125 (IC50¼ 40 nM for both JNK1 and JNK2). Two clones (C1 and C2) from each catalytic subunit silence group were selected for
comparison with the mock knockdown. The different silence constructs were obtained from Open Biosystems Inc. and amplified. The different constructs were then transfected
into HLEC cells, and stable clones expressing shRNA for each catalytic subunit of PP-1 and PP-2A were established under screening by puromycin (250 ng/ml) for 4–6 weeks.
The stable clones were first verified by RT-PCR and western blot. It must be noted that knockdown of PP-1a (panels a, b) and PP-1b (panels c, d) leads to
hyperphosphorylation of Akt1 at Thr-450, which was not affected by SP600125 treatment. The relative silence of PP-1a and PP-1b, as well as the relative enhancement
of Akt1 phosphorylation at Thr-450 under each silence condition, was quantitated by determining the relative levels of pixel density. The results are shown at the bottom
of a–d panels
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Thr-450. However, its role in dephosphorylating Akt1 at
T-30829 also leads to hypophosphorylation of Akt1 at S-473
in comparison with vector-transfected cells. When the
luciferase activity was measured (Figure 7b), it was found
that in the Akt1 stable clone expressing PP-1a transiently, a

450% decrease in luciferase activity was observed. In the
Akt1 stable clone expressing PP-2Aa transiently, B30%
decrease in luciferase activity (Figure 7b) was also observed
owing to the fact that PP-2A dephosphorylates Akt1 at T-308
and thus negatively affects the full activation of Akt1 at S-473
(Figure 7a).

Mutation imitating constant dephosphorylation of Akt1
at Thr-450 changes its ability to promote cell survival. It
is a well-established fact that the Akt signaling pathway has a
very important role in promoting cell survival.8,9,32–34 Active
Akt1 phosphorylates a panel of antiapoptotic and
proapoptotic regulators.8–10 To show that PP-1-mediated
dephosphorylation of Akt1 at Thr-450 modulates its survival-
promotion ability, we treated Akt1-, Akt1-T450A- and
Akt1-T450D-transfected HLECs and ARPE-19 cells with
100 nM staurosporine and examined the viability of the
different types of cells (Supplementary Figure 5). As shown
in Figure 8a, expression of the exogenous Akt1 enhanced
B30% viability in HLECs. Expression of the mutant Akt1
imitating constant dephosphorylation, Akt1-T450A, signi-
ficantly abolished the survival-promotion ability of Akt1. In
contrast, expression of the mutant Akt1 imitating constant
phosphorylation at Thr-450 (Akt1-T450D) enhanced an
additional 24% more survival than Akt1 expression cells.
Similar results were observed with ARPE-19 cells
(Figure 8b). Together, these results showed that
dephosphorylation of Akt1 by PP-1 at Thr-450 negatively
regulates its survival-promotion ability.

Differential Akt1 expression and activity were observed
during mouse eye development. To examine the possible
role of active Akt1 in regulating eye development, we
examined the expression levels of total Akt1 and phospho-
Akt1 at Thr-450, Thr-308 and Ser-473. As shown in
Figure 9 (the red fluorescence in row 3), confocal
immunofluorescence showed that during mouse eye
development, expression of Akt1 was clearly detected in
the retina, lens and cornea from 14.5 to 19.5 ED. The
expression level became slightly increased in the
corresponding eye tissues as development moved from
14.5 to 19.5 ED. Phosphorylation of Akt1 at Thr-450 (green
fluorescence in row 5 of Figure 9), Thr-308 (green
fluorescence in row 6 of Figure 9) and Ser-473 (green
fluorescence in row 7 of Figure 9) is the highest at 14.5 ED
and became slightly decreased from 14.5 to 17.5 ED. At
19.5 ED, although phosphorylation of Akt1 at Thr-450 was
still detectable, the signals of phosphorylation fluorescence
at Thr-308 and Ser-473 became much weaker (Figure 9).
Together, our results showed that both the expression and
phosphorylation status of Akt1 are developmentally
regulated, suggesting its role in regulating eye tissue
differentiation.

Akt1 mutation imitating constant dephosphorylation at
Thr-450 (Akt1-T450A) abolishes FGF-induced
differentiation. Previous studies have shown that bFGF
induces lens differentiation under both in vitro and in vivo
conditions.35–40 To show that PP-1-mediated dephos-
phorylation may modulate the differentiation-promotion

Figure 5 (a, b) Overexpression of PP-1a and (c, d) PP-1b in HLECs without
(panels a, c) or with (panels b, d) treatment by 1 mM of SP600125 (IC50¼ 40 nM for
JNK1/2) causes hypophosphorylation of Akt1 at Thr-450. One clone from each
catalytic subunit overexpression was selected for comparison with the vector-
transfected clone. The overexpression constructs were prepared as described in the
section ‘Experimental Procedures’. Different constructs were then transfected into
HLECs, and stable clones expressing each catalytic subunit of PP-1 and PP-2A
were established under screening by G418 (400mg/ml) for 4–6 weeks. The stable
clones were first verified by RT-PCR and western blot before experimentation. It
must be noted that overexpression of PP-1a (panels a, b) and PP-1b (panels c, d)
leads to hypophosphorylation of Akt1 at Thr-450, which was not affected by
SP600125 treatment. The relative level of overexpression of PP-1a and PP-1b, or
the relative decrease in Akt1 phosphorylation at Thr-450 under each overexpression
condition was quantitated by scanning the relative pixel level of each band. The
quantitative results are shown at the bottom of panels a–d
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ability of Akt1, we treated Akt1-, Akt1-T450A- and Akt1-
T450D-transfected HLECs with 50 ng/ml bFGF for 0, 2 and 5
days, respectively. As shown in Figure 10a, bFGF induced
lentoid formation in both Akt1- and Akt1-T450D-transfected
cells but not in T450A-transfected cells. Western blot
analysis further showed that T450A mutation suppressed
bFGF-induced activation of Akt1 (Figure 10b), and
also abolished expression of the differentiation marker,
b-crystallin, or significantly attenuated expression of
N-cadherin, another differentiation marker in lens. Thus, a
mutant imitating constant dephosphorylation of Akt1 at
Thr-450 by PP-1 abolishes its role of promoting differentiation.

PP-1 modulates Akt1-mediated FGF regulation of lens
cell differentiation. To further confirm that the PP-1
dephosphorylation of Akt1 at Thr-450 modulates cell
differentiation in the Akt1 stable clone, we transiently
expressed PP-1a and then explored the PP-1a effect on
FGF-induced differentiation. To do so, both pCI-AKT1/
pCI-Neo-aTN4-1 and pCI-AKT1/pCI-PP-1a-aTN4-1 cells
were treated with 50 ng/ml bFGF for 0–5 days and the
differentiation status was examined. As shown in Figure 11c,
FGF induced lentoid formation of the Akt1-expressing cells
within 5 days; however, in both Akt1 and PP-1a coexpression
cells, bFGF treatment did not induce lentoid formation

Figure 6 Inhibition of PP-1 by (b) okadaic acid or (c and d) overexpression of Akt1 or Akt1 mutant imitating constant phosphorylation at Thr-450 in HLECs positively
modulates Akt1 function in regulating gene expression. (a) Diagram showing two downstream pathways subjected to Akt1 regulation. (Panel b) Treatment of HLECs with
100 nM okadaic acid (inhibiting PP-1 and PP-2A) substantially enhances the reporter gene activity driven by a mini-promoter containing an NF-kB binding site. In contrast,
inhibition of PP-2A alone by 10 nM okadaic acid only slightly enhances the luciferase reporter gene activity. Inhibition of PP-1 caused hyperphosphorylation of Akt1 at Thr-450,
priming Akt1 for further activation by PDK1 and other kinases. Activated Akt1 activates IKKb to phosphorylate IkB and thus releases NF-kB for translocation into the nucleus
to activate the reporter gene expression. (Panel c) Western blot analysis of the expression levels of pCI-Neo vector, pCI-Akt1, pCI-Akt1-T450A and pCI-Akt1-T450D and also
the phospho-GSK-3b at Ser-9 in HLECs. It must be noted that the overexpression of wild-type Akt1 or Akt1-T450D enhanced phosphorylation of GSK-3b at Ser-9. (Panel d)
Overexpression of Akt1 distinctly enhanced the reporter gene activity compared with expression of the empty vector. Overexpression of the mutant Akt1, Akt1-T450A, imitating
constant dephosphorylation of Akt1 at Thr-450, abolished Akt1 function in positively regulating gene expression because of the absence of exogenous Akt1 activation. In
contrast, overexpression of Akt1-T450D, imitating constant phosphorylation of Akt1 at Thr-450, also upregulates the luciferase reporter gene activity as did the wild-type Akt1.
P-value was calculated by comparing the luciferase activity from okadaic acid-treated samples with the DMSO-treated sample (panel b), or that from Akt1, Akt1-T450A or
Akt1-T450D overexpression samples with the pCI-neo vector-transfected sample (panel d)
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(Figure 11d). Western blot analysis of the proteins extracted
from the two types of cells treated by bFGF for 0, 1, 24, 48
and 120 h showed consistent results. As shown in Figure
11e, bFGF induced Akt1 activation and a relatively constant
level of aB-crystallin expression during the whole treat-
ment period and also b-crystallin expression on days 4 and 5
in pCI-AKT1/pCI-Neo-aTN4-1 cells, confirming the differen-
tiation status induced by bFGF. In contrast, in pCI-AKT1/pCI-
PP-1a-aTN4-1 cells, expression of PP-1a blocked Akt1
activation and also suppressed expression of b-crystallin.
These results suggest that by negatively regulating Akt1
activation, PP-1 prevents bFGF-induced lens cell
differentiation.

Discussion

In this study, we showed the following: (1) PP-1 is more
efficient than PP-2A in dephosphorylating Akt1 at Thr-450 in
the in vitro dephosphorylation assays; (2) PP-1 and Akt1 can
form an interacting complex within HLECs and ARTPE-19
cells; (3) Inhibition of PP-1 but not PP-2A leads to hyperphos-
phorylation of Akt1 at Thr-450; (4) knockdown of PP-1a/b but
not PP-1g or PP-2Aa/b results in hyperphosphorylation of Akt1
at Thr-450; (5) Overexpression of PP-1a/b but not PP-1g or
PP-2Aa/b causes hypophosphorylation of Akt1 at Thr-450;
(6) Mutation imitating constant dephosphorylation of Akt1 at
Thr-450 or coexpression of PP-1 and Akt1 leads to down-
regulation of Akt1 function in promoting gene expression, cell
survival and differentiation. These results confirm that PP-1
but not PP-2A directly dephosphorylates Akt1 at Thr-450 in both
HLECs and retinal pigment epithelial cells. Dephosphorylation

of Akt1 by PP-1 modulates its functions in regulating gene
expression, cell survival and differentiation (Figure 12).

PP-1 is a major phosphatase that dephosphorylates
Akt1 at Thr-450. The Akt/PKB signaling pathway has a very
important role in promoting cell proliferation, survival and
differentiation.8,9,14 On action by various growth factors, the
receptor-tyrosine kinase becomes activated and then
activates two important pathways. First, the JNK kinase
pathway is activated,41 which can prime the Akt1 kinase by
phosphorylating Thr-450.15,16 At the same time, the PI3K
kinase pathway is activated that converts PIP2 into PIP3.8,9

PIP3 recruits both Akt1 and PDK1 to the plasma membrane
through the PH domain. PDK1 then phosphorylates Akt1 at
Thr-308 to partially activate Akt1. After phosphorylation, the
C terminal of the Akt1 kinase becomes unfolded and exposes
the Ser-473 residue of Akt1, which can be phosphorylated by
the putative PDK2 kinase or several other kinases21,23 to
achieve its full activation. When the growth factors are
withdrawn, inactivation of the Akt pathway occurs at two

Figure 7 PP-1 dephosphorylation of Akt1 also affects its ability to regulate gene
expression in ARPE-19 cells. Coexpression of wild-type Akt1 with pCI-Neo or
pCI-PP-1a or pCI-PP-2Aa changes the phosphorylation patterns of Akt1 at Thr-450,
Thr-308 and Ser-473, and (a) the downstream target GSK-3b phosphorylation
status at Ser-9 residue and (b) the profile of the luciferase reporter gene activity. In
the case of coexpression of wild-type Akt1 with pCI-Neo, pCI-PP1a or pCI-PP2Aa,
both PP-1 and PP-2A downregulate GSK-3b phosphorylation status and also
reporter gene activity with differential mechanisms. Expression of PP-1 attenuates
Akt1 phosphorylation at Thr-450 and thus negatively regulates Akt1 activation by
PDK1 and other kinases. However, expression of PP-2A inactivates Akt1 through
dephosphorylation at Thr-308. The P-value was calculated by comparing the
luciferase activity from cotransfection of Akt1 and PP-1a, or Akt1 and PP-2Aa with
that from the cotransfection of Akt1 plus the pCI-neo vector (panel b)

Figure 8 Mutant Akt1, Akt1-T450A, imitating constant dephosphorylation by
PP-1 lost most of the survival-promotion ability of wild-type Akt1. (a) Stable HLECs
and (b) ARPE-19 clones expressing pCI-Neo vector, pCI-AKT1, pCI-AKT1-T450A
or pCI-AKT1-T450D were treated with a single dose of 100 nM staurosporine for 6 h
and then harvested for cell flow cytometry analysis as described previously (also see
Supplementary Figure 4).6,63 It must be noted that AKT1-T450D-transfected cells
showed the highest level of survival. In contrast, the AKT1-T450A-transfected cells
displayed a level of apoptosis similar to vector-transfected cells, suggesting that
Akt1-T450A lost most of the survival-promotion functions of AKT1. P-value was
calculated by comparing the viability of wild-type Akt1 or mutant Akt1(T450A or
T450D)-transfected cells with that of vector-transfected cells
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levels. First, the PTEN tyrosine phosphatase will convert
PIP3 into PIP2 to prevent further activation of the PDK
kinases.24,25 Second, the PH domain phosphatases will
dephosphorylate Akt1 at Ser-473 and possibly at Thr-
308.26,27 In addition, recent studies have shown that PP-2A
directly dephosphorylates Akt1 at Thr-308 to further
inactivate Akt1.16,28,29 For Akt1 to become completely
inactivated, the Thr-450 of Akt1 needs to be de-
phosphorylated. In this study, we have presented both in
vitro and physiological evidence to show that PP-1 is the
major phosphatase that dephosphorylates Akt1 at Thr-450.
First, PP-1 and Akt1 form a complex and are colocalized in
both the cytoplasm and the nucleus. Second, inhibition or
knockdown of PP-1 but not PP-2A leads to hyper-
phosphorylation of Akt1 at Thr-450. Third, overexpression
of PP-1a/b but not PP-2Aa/b causes hypophosphorylation of
Akt1 at Thr-450. Thus, in both lens epithelial cells and retina
pigment epithelial cells, PP-1 is the major phosphatase that
dephosphorylates Akt1 at Thr-450 to completely inactivate it.
Among the three different catalytic subunits, our data also
showed that the a- and b-isoforms but not the g-isoform are
mainly involved in dephosphorylation of Akt1at Thr-450
(Figures 4 and 5). Dephosphorylation of Akt1 at Thr-450 by
PP-1 has significant effects on Akt1 functions that are
discussed below.

PP-1 dephosphorylation of Akt1 at Thr-450 modulates
the functions of the Akt1 signaling pathway. Previous
studies have shown that the Akt signaling pathway has an
important role in regulating gene expression.8,9 Akt1 does so
through modulation of the functions of multiple transcription
factors, including FKHR, AFX and NF-kB, etc.8 For example,
by activating IKKb through phosphorylation, Akt1 indirectly
removes the inhibitory subunit IkB from the nuclear factor
NF-kB complex and thus allows its nuclear translocation to
positively regulate the expression of target genes. In this
study, we used a luciferase reporter gene driven by a mini-
promoter containing an NF-kB binding site to explore
modulation of Akt1-regulated gene expression by PP-1. We
show that inhibition of PP-1 activity by OA or mutation of Akt1
imitating constant phosphorylation at Thr-450 significantly
enhanced the luciferase reporter gene activity (Figures 6
and 7). In contrast, overexpression of PP-1a or the mutation
imitating constant dephosphorylation of Akt1 at Thr-450
significantly downregulates activity of the luciferase reporter
gene (Figures 6 and 7). In addition, expression of the mutant
imitating constant dephosphorylation (pCI-AKT1-T450A)
also distinctly attenuates Ser-9 phosphorylation of GSK-3b
(Figure 6c). Together, these results show that de-
phosphorylation of Akt1 at Thr-450 by PP-1 significantly
modulates its function in regulating gene expression. In this

Figure 9 Confocal immunocytochemistry analysis of total and phospho-AKT1 during the development of mouse eye. The mouse eye tissues were fixed and sectioned as
described in the section ‘Experimental Procedures’. The sections were washed and blocked with 500ml of 5% normal goat serum (Sigma) in PBS for 1 h at room temperature
and then incubated overnight in 400ml of diluted antibodies (1 : 100) in a humidified chamber at 41C. The sections were then washed, followed by incubation in 400ml of
secondary antibodies linked to Texas Red (total Akt1, panel 3) or FITC (phospho-Akt1 at Thr-450 (panel 5), phospho-Akt1 at Thr-308 (panel 6), and phospho-Akt1 at Ser-473
(panel 7)) from Vector Laboratories at 1 : 1000 dilution in blocking solution for 1 h in the absence of visible light. After incubation, sections were washed and then observed
under a Zeiss confocal fluorescence microscope. For negative controls, the sections were treated in the same manner, except that the primary antibody was replaced by
normal serum (row 4, control for total Akt1; or row 8, control for phospho-Akt1). Row 1 shows morphology of bright field image; row 2 displays nuclei from Hoechst staining.
It must be noted that from 14.5 to 19.5 ED, the signal for total Akt1 was slightly increased. The phospho-Akt1 signals, regardless at T450, T308 or Ser-473, were gradually
decreased from 14.5 to 17.5 ED. At 19.5 ED, however, the signal for phospho-Akt1 at Thr-450 is relatively stronger than that at Thr-308 and Ser-473; consistent with this,
phosphorylation of Akt1 at Thr-450 is important for its further activation through phosphorylation at Thr-308 and Ser-473 by PDK1 and other kinases15,16,21–23
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study, we also observed that although overexpression of
PP-2A does not contribute much to the phosphorylation
status of Akt1 at Thr-450 (Figure 5), it also downregulates the
reporter gene activity to some degree as PP-1 does. The
downregulations observed in both cases are derived from
different mechanisms. In the case of PP-1a overexpression,
it dephosphorylates Akt1 at Thr-450 to block Akt1 activation.
In contrast, overexpression of PP-2A dephosphorylates Akt1
at Thr-308 to inactivate it.16,28,29

The Akt signaling pathway has a key role in promoting cell
survival.8,9,16,32–34 Dephosphorylation of Akt1 at Thr-450
by PP-1 also affects its survival-promotion ability. In this
study, we show that in both lens epithelial cells and
retinal pigment epithelial cells, Akt1 mutation imitating

constant dephosphorylation at Thr-450 significantly attenu-
ated its ability to resist on staurosporine-induced apoptosis
(Supplementary Figure 5 and Figure 8). On the other hand, in
these cells, Akt1 mutation imitating constant phosphorylation
at Thr-450 enhances its ability to prevent staurosporine-
induced apoptosis. Our results are consistent with those of
earlier studies.16 Thus, dephosphorylation of Akt1 at Thr-450
by PP-1 negatively regulates its survival-promotion activity.

The Akt1 signaling pathway is known to mediate cell
differentiation.35,36,42–45 In this study, we also show that
during mouse eye development, both the expression and
phosphorylation of Akt1 at Thr-450, Thr-308 and Ser-473 are
clearly detected at 14.5 and 17.5 ED. At 19.5 ED, although
expression and phosphorylation of Akt1 at Thr-450 are still

Figure 10 Mutant Akt1, Akt1-T450A, imitating constant dephosphorylation by
PP-1 suppresses Akt1-mediated cell differentiation. Stable HLEC clones expressing
pCI-AKT1, pCI-AKT1-T450A or pCI-AKT1-T450D were treated with 50 ng/ml bFGF
for 0, 2 and 5 days, and the morphology of each group of cells was monitored with
light microscopy. At the same time, the treated cells at different stages were
harvested for extraction of total proteins that were used for analysis of Akt
expression level and phosphorylation status, and also expression of the
differentiation markers b-crystallin and N-cadherin. It must be noted that both
AKT1- and AKT1-T450D-transfected cells can form lentoid after bFGF induction.
(a) This is suppressed in the AKT1-T450A-transfected cells. (b) Western blot
analysis showed that in AKT1 and AKT1-T450D-transfected cells, Akt1 was fully
activated and the differentiation markers b-crystallin and N-cadherin were clearly
detected. In contrast, in AKT1-T450A-transfected cells, activation of AKT1 was
largely suppressed and expression of the differentiation markers was also inhibited.
These results suggest that mutation imitating constant dephosphorylation by PP-1
interferes with Akt1-mediated promotion of differentiation

Figure 11 PP-1 modulates Akt1 function in mediating bFGF-induced cell
differentiation. The pCI-AKT1/pCI-neo or pCI-AKT1/pCI-PP-1a co-transfected
stable clones were treated with 50 ng/ml bFGF for 0–5 days. (a) Confluent
pCI-Akt1/pCI-Neo-aTN4-1 cells after bFGF treatment for 0 day. (b) Confluent pCI-
Akt1/pCI-PP-1a-aTN4-1 cells after bFGF treatment for 0 day. (c) Confluent pCI-
Akt1/pCI-Neo-aTN4-1 cells after bFGF treatment for 5 days. (d) Confluent pCI-Akt1/
pCI-PP-1a-aTN4-1 cells after bFGF treatment for 5 days. (e) pCI-Akt1/pCI-Neo-
aTN4-1 cells (left panels) and pCI-Akt1/pCI-PP-1a-aTN4-1 cells (right panels) were
treated with 50 ng/ml bFGF for 0, 1, 24, 48 and 120 h and then harvested for
extraction of total proteins that were then subjected to western blot analysis as
described in the section ‘Experimental Procedures’. It must be noted that in pCI-
Akt1/pCI-Neo-aTN4-1 cells, bFGF induced lentoid formation within 5 days of
treatment (panel c), and the differentiation nature was confirmed by expression of
the lens differentiation marker, b-crystallin (left panels of e). However, expression of
PP-1a suppressed bFGF-induced lentoid formation (panel d) and b-crystallin
expression because of the lack of Akt1 activation (right panels of e)
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clearly detectable, phosphorylation of Akt1 at Thr-308 and
Ser-473 at 19.5 ED becomes less obvious. This is not
surprising considering that the Akt pathway is important for
protecting tissue cells during rapid growth of the embryonic
eye. Consistent with the role of Akt1 mediating ocular tissue
differentiation is our in vitro results that FGF-induced
differentiation of mouse lens epithelial cells requires Akt1
signaling (Figures 10 and 11). Overexpression of the
mutant Akt1, Akt1-T450A in HLECs or overexpression of
PP-1a in Akt1-expressing mouse lens epithelial cells prevents
both Akt1 activation and also lens cell differentiation induced
by FGF (Figures 10 and 11). Thus, through dephosphorylation
of Akt1 at Thr-450, PP-1 also modulates Akt1 function in
mediating cell differentiation.

Together, our results show that PP-1 negatively modulates
Akt1 functions in regulating gene expression, cell survival and
differentiation through dephosphorylation at Thr-450.

PP-1 can regulate multiple signaling pathways to control
cell death and differentiation. As discussed earlier,
accumulated evidence shows that protein dephos-
phorylation at the serine and threonine residues on proteins
has important roles in regulating both cell death and cell
differentiation.1,2 PP-1 regulates these cellular processes
through the regulation of several major signaling transduction
pathways. First, as we have shown in this study, PP-1,
through its engagement in dephosphorylation of Akt at
Thr-450, can regulate Akt activity and also its downstream
targets, both GSK-3b and IKK, to suppress differentiation but
promote apoptosis (Figure 12). Second, the Wnt/b-catenin
signaling pathway has a pivotal role in modulating cellular
proliferation, differentiation, tissue organization and embry-
onic development. A recent study has shown that PP-1 is
involved in modulating the Wnt/b-catenin pathway.46 PP-1 is
found to interact with Axin and thus dephosphorylates it to
activate the Wnt/b-catenin pathway. This activation can be
blocked by the endocytic adaptor disabled (Dab2) protein
through direct interaction between PP-1 and Dab2.46 Third,
PP-1 can regulate the TGFb signaling pathway. PP-1
negatively regulates this pathway through the direct dephos-
phorylation of TGFb type I receptor (TGFbRI). Under stress
conditions such as UV irradiation, Smad7 is induced to
interact with growth arrest and DNA damage protein,
GADD34, which recruits PP-1 to TGFbRI and dephos-
phorylates the latter to inhibit TGFb-induced cell-cycle
arrest and mediate TGFb resistance.47 Fourth, PP-1 can
directly modulate NF-kB activation pathway, a major
pathway mediating survival and differentiation in both
immune and other systems. PP-1 regulates this pathway
through interactions with the CUE domain-containing 2
(CUED2) protein through GADD34, recruits PP-1 to
dephosphorylate IKK and thus inactivates the NF-kB
pathway.48 Finally, PP-1 modulates the unfolded protein
response (UPR) pathway. Endoplasmic reticulum stress
such as the protein misfolding activates UPR, which
includes dephosphorylation of the eukaryotic initiation factor
2a (eIF2a) and inhibition of overall protein synthesis. On the
other hand, UPR leads to the translation of a subset of
mRNAs including those coding ATF4, CHOP and BiP.49–52

The upregulation of ATF4 induces transcription of

downstream genes such as GADD34, which recruits PP-1
to dephosphorylated eIF2a and thus attenuates the UPR
response.49–52

Besides the regulation of the above-mentioned major
signaling pathway, PP-1 also modulates differentiation and
cell death through dephosphorylation of individual molecules.
For example, during myogenic differentiation of embryonic
muscle cells, PP-1 has an important role. The myristoylated
alanine-rich C kinase substrate (MARCKS) translocates from
the cytosol to the plasma membrane when mononucleated
myoblasts fuse to form multinucleated myotubes. Dephos-
phorylation of MARCKS by PP-1 is important for myogenic cell
fusion. A mutation preventing MARCKS phosphorylation
facilitates its translocation and results in the promotion of cell
fusion.53 Pax-6 is an important transcriptional factor that
mediates control on both brain and eye development. Our
recent study shows that PP-1 directly dephosphorylates
Pax-6 to attenuate its transcriptional activity in HLECs.54

The two major tumor suppressors, p53 and Rb, are
important in regulating cell death. p53 regulates apoptosis
either through direct interaction with antiapoptotic regulators
or through control of a panel of downstream apoptosis
genes.55–58 We have recently shown that PP-1 can dephos-
phorylate p53 at multiple sites to attenuate its transcriptional

Figure 12 Diagram showing PP-1 negatively regulating Akt-1 activation. Akt1 is
first primed through phosphorylation at Thr-450 in the cytosol by the stress-activated
protein kinase, JNK1/2, under certain conditions. After activation by the ligand-
regulated receptor-tyrosine kinases, the phosphoinositide-3-kinase (PI3K) generates
phosphoinositol-3,4,5-triphosphate (PIP3), which recruits phosphoinositide-dependent
kinase 1 (PDK1) and Akt1 to the membrane through its PH domain to allow
PDK1 phosphorylating Akt1 at Thr-308, thus causing a confirmation change of
Akt1 to expose its C-terminal hydrophobic motif. Finally, after the configuration
change, Akt1 may either undergo auto-phosphorylation at Ser-473 or become
phosphorylated by a second kinase referred to as PDK2 or other kinases at Ser-473
to achieve its full activation. Activated Akt1 can phosphorylate GSK-3b to inactivate
its activity, and at the same time, activate IKKb to phosphorylate IkB and release
NF-kB into the nucleus. As a result of these actions, Akt1 can suppress apoptosis
and promoter cell differentiation. On the other hand, Akt1 is first dephosphorylated
by PHLPP at Ser-473, and later by PP-2A at Thr-308. We show here that PP-1
specifically dephosphorylates Akt1 at Thr-450 to completely inactivate Akt1

PP-1 modulates AKT activation
L Xiao et al

1459

Cell Death and Differentiation



activity and also its proapoptotic activity in both lens and
non-lens cells.5 On the other hand, dephosphorylation of Rb
by PP-1 promotes its ability to bind to members of the E2F
family and thus negatively regulates apoptosis.59 Together,
these results point to the conclusion that PP-1 regulates
multiple signaling pathways and targets to control cell
differentiation and apoptosis.

Experimental Procedures
Cell culture. The hTERT-transfected HLECs60 and ARPE-19 cells61 were grown
in Dulbecco’s modified Eagle’s minimal essential medium (DMEM) (Invitrogen Life
Technologies, Carlsbad, CA, USA) containing 10% fetal bovine serum and 50 Units/ml
penicillin and streptomycin. All cells were kept at 371C and 5% CO2 gas phase.
HLECs stably transfected with pCI-neo vector, pCI-AKT, pCI-AKT-T450A, pCI-AKT-
T450D, pCI-PP-1a, pCI-PP-1b, pCI-PP-1g, pCI-PP-2Aa and pCI-PP-2Ab were
grown in DMEM containing 400mg/ml G418, 10% fetal bovine serum and 50 Units/ml
penicillin and streptomycin. Similarly, ARPE-19 cells stably transfected with
pCI-neo vector, pCI-AKT, pCI-AKT-T450A and pCI-AKT-T450D were also grown
in DMEM containing 400mg/ml G418, 10% fetal bovine serum and 50 Units/ml
penicillin and streptomycin.

Preparation of expression constructs. The human Akt1 cDNA was obtained
from ATCC (Manassas, VA, USA). The complete coding sequence for Akt1 was excised
and inserted into the BamHI/SalI sites of pGEX 4T-1 vector to generate the GST
fusion protein using the following primer pairs: 50-TCCGGATCCATGAGCGACG-TG
GCTATTGTGA-30 (forward, F) and 50-gacgtcgacTCAGGCCGTGCCG-CTGGC-30

(reverse, R). For mutant Akt1-T450A, two primers, 50-ATGATCACCATCGC
ACCACCTGACC-30 (F) and 50-GGTCAGGTGGTGCG-ATGGTGATCAT-30 (R),
were used, and for mutant Akt1-T450D, 50-ATGATCA-CCATCGACCCACC
TGACC-30 (F) and 50-TTGGTCAGGTGGGTCGATG-GTGATC-30 (R) were used.
The mutant Akt1 expression constructs, pCI-neo-AKT-T450A and pCI-AKT-T450D
were generated using PCR-linked in vitro mutagenesis as described previously.5,6,61

Both wild-type and mutant constructs were cloned into pCI-neo vector at the EcoRI (50)
and SalI (30) sites.

The human PP-1a, PP-1b, PP-1g, PP-2Aa and PP-2Ab catalytic subunits were
purchased from ATCC. The coding sequence was excised and inserted into the
pCI-neo vector as described previously.6,54 The luciferase reporter gene driven by a
mini-promoter containing a NF-kB binding site was purchased from Panomics
(Fremont, CA, USA).

Stable and transient transfection. pCI-neo, pCI-AKT, pCI-AKT-T450A,
pCI-AKT-T450D, pCI-PP-1a, pCI-PP-1b, pCI-PP-1g, pCI-PP-2Aa and pCI-PP-2Ab
were amplified in DH-5a and purified using Qiagen kits (Qiagen, Valencia, CA, USA)
or cesium chloride ultracentrifugation as described previously.5,6,60,61 After treatment
with RNase and extraction by phenol/chloroform, the plasmids were transfected into
HLECs,60 ARPE-19 cells61 or aTN4-1 cells62 using Lipofectamine 2000 (Invitrogen
Life Technologies). The transfected cells were either used for experimentation or
subjected to G418 (400mg/ml) selection for 4–6 weeks. In the latter case, the
individual clones for the stably transfected cell lines were established and confirmed
with RT-PCR and western blot analysis.

Pretreatment by JNK1/2 inhibitor, SP600125. Parental or various
silence constructs-transfected or overexpression HLEC clones were grown to 95%
confluence, then pretreated with 1 mM SP600125, JNK1/2 inhibitor (IC50¼ 40 nM
for JNK1/2 and 90 nM for JNK3) or 0.01% DMSO (mock) for 0, 6, 24 or 48 h, as
described previously,30,63 followed by treatment with 0–100 or 200 nM OA for 3 h in
DMEM (for HLECs) or no further treatment (for detection of basic AKT-Thr-450
phosphorylation level, or for various PP-1 and PP-2A knockdown or overexpression
clones). After treatment, cells of different samples were harvested and then the total
proteins were isolated for western blot analysis as described below.

Treatment by staurosporin, OA and calyculin A. Parental or various
plasmid-transfected HLECs or ARPE-19 cells were grown to 95% confluence
subjected to pretreatment or without pretreatment. A volume of 10 ml of DMEM
medium containing 0.01% DMSO (control) or different concentrations of OA,
calyculin A or 100 nM staurosporin was then used to replace the culture medium and
the treatment was continued for 3 h. After treatment, cells of different samples were

harvested and then the total proteins were isolated for western blot analysis as
described below.

Silence of the five catalytic subunits of PP-1 and PP-2A. Various
human shRNA expression constructs targeting the knockdown of PP-1a, PP-1b,
PP-1g, PP-2Aa and PP-2Ab (Cat no. RHS3979-1022 to RHS3979-1080), as well as
the control construct (RHS4078), were purchased from Open Biosystems Inc.
Knockdown clones of stable transfection were established under screening with
0.25mg/ml puromycin for a period of 4 weeks.

Flow cytometry analysis. The apoptosis rate of the pCI-neo-, pCI-AKT-,
pCI-AKT-T450A- and pCI-AKT-T450D-transfected stable clones were determined
using an Annexin V-FITC Apoptosis Detection kit (BD Biosciences, San Jose, CA,
USA) as described previously.63 Briefly, the treated cells were trypsinized, washed
twice with ice-cold Dulbecco’s phosphate-buffered saline and incubated at room
temperature for 15 min in the dark with Annexin V-conjugated FITC and propidium
iodide in the binding buffer provided. Stained cells were analyzed by flow cytometry
using FACSCalibur (BD Biosciences, San Jose, CA, USA).

Protein preparation and western blot analysis. Total proteins from
either treated or non-treated cells were extracted as described previously.5,6 Total
proteins were extracted from various types of cells as specified in the figure legends.
The protein concentration was determined as described previously.5,6 In all, 50 or
100mg of total proteins were used for each lane of loaded sample. The protein blots
were blocked with 5% milk in TBS buffer overnight at 41C and then incubated for 1 h
or overnight with antibodies against total Akt1, phospho-Akt1 at Thr-308, Thr-450
and Ser-473 (Cell Signaling Inc., Danvers, MA, USA), a-crystallin (a kind gift from
Dr. Joseph Horvitz, UCLA), PP-1a/b/g, PP-2Aa/b, b-crystallin and N-cadherin
(Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) and b-actin antibody
(Sigma, St. Louis, MO, USA) at a dilution of 1 : 200–3000. The secondary antibody
was anti-mouse IgG, anti-rabbit IgG or anti-goat IgG (Habersham Biosciences,
Piscataway, NJ, USA) or anti-goat IgG (Santa Cruz Biotechnology Inc.) at a dilution
of 1 : 1000–3000. Immunoreactivity was detected as described previously.60–63

Immunoprecipitation. Immunoprecipitation of total proteins from normal
HLECs and ARPE-19 cells was conducted as described previously.5,6

In vitro phosphorylation of the purified Akt1 and Akt1-T450A
proteins. The fusion proteins of GST-Akt1, GST-Akt1-T450A were prepared as
described previously.5,6,54 The fusion protein was further purified by GST column
and then cleaved by thrombin protease. Finally, purified Akt1 or Akt1-T450A without
GST was used as substrate for the in vitro phosphorylation by JNK1/2. To prepare
active JNK1/2 kinases, 10mg of mouse anti-JNK antibody was added to 1 mg of
total proteins extracted from HLECs or ARPE-19 cells. After vortexing for 10 s, the
mixtures were incubated on ice for 1 h. A volume of 100 ml of protein A/G plus
agarose beads was then added to each protein solution, and the protein solutions
were subjected to rotation at 41C overnight. Pellets were collected by centrifugation
and washed four times with washing buffer as described previously.5,6,54 After
washing, the pellets of the precipitated HLECs or ARPE-19 proteins were left in
50ml of 1� kinase buffer (50 mM Tris 7.5, 10 mM MgCl2, 1 mM EGTA, 2 mM DTT,
0.01% Brij35, 0.02% BSA) and used for labeling the purified Akt1 and Akt1-T450A,
which were used as dephosphorylation substrates.

In vitro dephosphorylation assays. The in vitro dephosphorylation assays
were conducted as described previously.5,6,54

Basic FGF induction of differentiation. The pCI-AKT1-aTN4-1,
pCI-AKT1-T450A-aTN4-1, pCI-AKT1-T450D-aTN4-1, pCI-AKT1/pCI-aTN4-1 and
pCI-AKT1/pCI-PP1a-aTN4-1 cells were starved of serum overnight, followed by
50mg/ml bFGF (Sigma) treatment from 0 to 5 days without changing the medium.

Analysis of transient gene expression. The Promega dual-luciferase
reporter assay system (Promega, Madison, WI, USA) was used in our analysis. For
transient luciferase assays, 2.5mg luciferase reporter gene (pNF-kB-Luc) together with
3.5mg pCI-AKT1, pCI-AKT1-T450A, pCI-AKT1-T450D alone or 3.5mg each plus
1.5mg pCI-PP-1a, or 1.5mg pCI-PP-2Aa and 0.2mg control plasmid Renilla luciferase
pRL-SV40-Luc (Cat. no. E2231) were cotransfected into HLECs or ARPE-19 cells
using the Lipofectamine 2000 kit from Invitrogen Life Technologies. After 36 h, the
transfected cells were harvested for luciferase assays according to the company
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instruction manual. The luciferase activity was determined using the Luminoskan
RS microplate reader from Thermo Labsystems Corporation (Waltham, MA, USA).

Confocal immunohistochemistry analysis of the total and active
AKT1 in developing mouse eye. The mouse eye tissues were fixed with 4%
paraformaldehyde in PBS, pH 7.4 and embedded in O.C.T. component (Tissue-Tek,
Sakura Finetek USA Inc., Torrance, CA, USA, Cat no. 4583) on dry ice. Sections of 5-mm
thickness were cut in a Leica CM1950 Cyrostate (Leica, Allendale, NJ, USA) and adhered
to the Superfrost/plus microscope slides (Fisher Scientific, Pittsburgh, PA, USA). The
sections were washed three times with PBS. For nonspecific blocking, each section was
incubated in 500ml of 5% normal goat serum (Sigma) in PBS for 1 h at room temperature
and then incubated overnight in 400ml of diluted antibodies (1 : 100) in a humidified
chamber at 41C. The sections were then washed three times (5 min each) with PBS,
followed by incubation in 400ml of secondary antibodies linked to FITC or Texas Red
(Vector Laboratories, Barlingame, CA, USA) of 1 : 1000 dilution in blocking solution for 1 h
in the absence of visible light. After incubation, sections were washed six times (5 min each)
with PBS at room temperature and then observed under a Zeiss confocal fluorescence
microscope (Zeiss, Thornwood, NY, USA). For negative controls, the sections were treated
in the same manner, except that the primary antibody was replaced by normal serum.

Quantitation and statistical analysis. The western blot gels were analyzed
using the UN-SCAN-IT software from Silk Scientific Corporation (Orem, UT, USA).
Total pixel data were averaged from three or more different groups of samples of each
species after normalization against the background. The total pixels from the target
band were divided by the total pixels from the corresponding b-actin or total Akt1
(the reference band as specified in each figure legend).

In this study, all data presented are derived from at least three experiments. During
data analysis, statistical analysis was conducted for all sets of data when necessary.
The means, S.D. and P-value were calculated and included in the figures.
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ABSTRACT

α-Crystallins are major lens structural proteins, belonging to the family of the small
heat shock proteins (HSPs). α-Crystallins consist of two polypeptides, αA and αB that
share 55% amino acid sequence identity. The two 20-kDa subunits form soluble
aggregates with an average molecular mass of 600-800 kDa and can be isolated from lens
fiber cells as a heteroaggregate containing αA- and αB-peptides in a ratio of 3 to 1. αA-
crystallin (HspB4) is predominantly expressed in the ocular lens with small amounts
present in spleen and thymus. In contrast, αB-crystallin (HspB5) is expressed mainly in
the lens but also expressed outside of the lens in a number of tissues such as skeletal and
cardiac muscle and to lesser extent in skin, brain, and kidney. Besides their structural
role, α-crystallins are important chaperones in the ocular lens, act as autokinases, and
also play important roles in suppressing both developmental and stress-induced apoptosis
to guard the lens differentiation and prevent pathogenesis in the lens as well as several
other tissues. In this chapter, we will focus the current knowledge regarding the
molecular mechanisms by which αA- and αB-crystallins suppress apoptosis in both lens
and non-lens tissues.

INTRODUCTION
αCrystallins are major lens proteins which have structural roles in maintaining lens

transparency [1]. Various mutations identified in α-crystallins have been shown to cause
congenital cataracts and also other human diseases (Table 1) [2-11]. α-Crystallins consist of
two isoforms: αA and αB, which share 55% amino acid sequence identity [12]. While αA-
crystallin is largely expressed in the lens with a small amount in the pancrease and spleen
[13], αB-crystallin has been found in the lens and heart with relatively abundant level, and
also in several other tissues including spinal chord, skin, muscle, brain and kidney in
relatively small amount [14-16]. The two α-crystallins share a homologous C-terminal
domain of about 80 amino acid residues with numerous other proteins and this feature
characterizes them into a special group named small heat shock protein family [17-18].
Besides their structural roles in the lens, studies in the past two decades have revealed that α-
crystallins have extraordinary non-structural functions.
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Table 1. Mutations in the two α-crystallins causing cataracts and other human diseases

Crystallin Mutations Diseases References
  
αA W9X Cataract 2
 R49C Cataract 3
 R116C Cataract 4
 R116H Cataract 5
 G98R Cataract 6
  
αB R120G Desmin-Related Myopathy 7

 450delAa Cataract 8
 Q151X Myofibrillar myopathy 9

 464delCTXb Myofibrillar myopathy 9
 D140N Cataract 10
 P20S Cataract 11

a450delA: nucleotide deletion at position 450 that resulted in a framshift in codon 150
and produced an  _Berrant protein consisting 184 residues.
b464CTX, 2bp nucleotide deletion at position 464 (464delCT) that generates eight
missense codons (RAHHSHHP) followed by a stop codon.

The first non-structural role of α-crystallins was demonstrated by Horwitz in 1992 [19].
Using a simple light scattering assay at 360 nm to measure interactions between α-crystallins
and other proteins, he demonstrated that the purified bovine α-crystallins can prevent heat-
induced protein aggregation of numerous substrates that include alcohol dehydrogenase, βL-
crystallin and total lens soluble proteins. Since his pioneering study, the chaperone function
of α-crystallins has been extensively studied by many laboratories [20-26] and several
chapters in this book address this subject.

Soon after the discovery of the chaperone function, Kantorow and Piatigorsky [27]
showed that both αA- and αB-crystallins can act as autokinases to phosphorylate themselves.
Autophosphorylation of α-crystallins may have important effects in their functions, which
wait to be further elucidated.

Ubiquitin/proteasome-mediated protein degradation plays essential roles in many cellular
processes [28-29]. αB-Crystallin is found playing a critical role in regulating protein
degradation. It binds to certain components of the 20S proteasome both in vitro and in vivo
[30-34]. For example, αB-crystallin binds to an F-box containing protein, FBX-4, a
component of the ubiquitin-protein isopeptide ligase SCF (SKP1/CUL1/F-box), translocates
FBX-4 to the detergent-insoluble faction and stimulates the ubiquitin/proteasome pathway,
which is required for cyclinD1 degradation [31].

Another important function of α-crystallins is their ability to regulate cell death in
different systems through various mechanisms. This chapter will summarize the current
knowledge on the anti-apoptotic function of α-crystallins with the emphasis on the
mechanistic aspects. Before we discuss the anti-apoptotic role of α-crystallins and the related
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molecular mechanisms, we will briefly describe the biology of the ocular lens and the role of
apoptosis in lens development and pathology (involvement of sHsps in cataracts is also
treated in chapter 2-2).

1. THE BIOLOGY OF THE OCULAR LENS

The lens of the vertebrate eye is a nonvascularized, noninnervated transparent organ. It
contains only a single layer of epithelial cells covering its anterior surface. The remainder of
the lens is principally composed of enucleated and non-organelle fiber cells [35-36]. The
single layer of epithelial cells is primarily responsible for maintenance of the homeostasis of
the entire lens and detoxification of noxious components in the ocular lens environment
throughout life [37]. During embryonic development, the ectoderm cells destined to become
the ocular lens are determined through multiple steps, initiated in the gastrula and early
neurula, and completed when the cells make contact with the optic vesicle [38-39]. These
ectoderm cells located in the forebrain region are further induced by the optic vesicle and
become thickened into lens placodes [38-39]. The lens placode cells invaginate into a lens
vesicle and finally they become separated from the neighboring ectoderm and form a
complete lens vesicle [35-36, 38-39]. In the developing human lens, it takes about 8 days to
form a complete lens vesicle [40]. Lens differentiation begins when the posterior cells of the
lens vesicle become elongated, filling the lumen of the lens vesicle and moving towards the
anterior epithelium. During mouse embryonic development, α-crystallin genes are turned on
at very early stage and αB-crystallin is detected in the lens placode at E9.5, and αA-crystallin
detected in the lens cup at E10 and E10.5 [41]. The elongated cells form the primary lens
fiber cells through an extensive differentiation process, which culminates by denucleation, a
process called pycnosis [42-43]. At the same time, the anterior lens epithelial cells divide,
migrate, and differentiate into secondary lens fiber cells in the equatorial region [35-36, 38-
39]. Both growth and differentiation of the ocular lens are regulated by different growth
factors [44]. The lens continues to grow throughout life, building up layers of new fiber cells
from the equatorial region [45]. During lens development and morphogenesis, controlled cell
death through apoptosis is an important aspect, which is described in the next section.

2. APOPTOSIS AND CATARACTOGENESIS IN THE OCULAR LENS

Apoptosis is programmed cellular suicide and differs from necrotic cell death [46-47].
Necrotic cell death is a pathological form of cell death resulting from acute cellular injury,
which is typified by rapid cell swelling and lysis, leading to the release of cytoplasmic
materials, which often trigger an inflammatory response [47]. In contrast, apoptotic cell death
is characterized by controlled autodigestion of the dying cell [46-47]. The apoptotic cells
often break into small fragments called apoptotic bodies, which are phagocytosed and
digested by macrophages or neighboring cells. The genetic control of apoptotic death was
initially explored in C. elegans. Horvitz and his associates have now elucidated the genetic
program and discovered that more than a dozen of regulators mediate the apoptotic death of
129 cells in C. elegans [48]. In mammals, apoptosis is controlled by several different families
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of genes including those coding for members of death-domain-containing protein family, the
Bcl-2 family, and the caspase family. The regulators of these families are assembled into two
major death pathways: the extrinsic death pathway and intrinsic death pathway [49-51].

Apoptosis is a fundamental feature of animal development and occurs in many different
tissues [49-50]. Apoptosis is also closely associated with diseases, which are derived from
either increased apoptosis (such as AIDS) or inhibited apoptosis (such as cancer) [52].

Apoptosis plays an important role in lens development. In the developing rat lens,
Gluckmann [53] documented cell death in two prominent regions: the lens vesicle ectoderm
connecting to the determined corneal ectoderm and the lens stalk region. About two-decade
later, Silver and Hughes reported in more details the cell death in the lens and other
compartments of the rat eye [54]. Using Hoechst staining, Ishizaki et al. [55] confirmed that
apoptotic cells were frequently observed in rat embryonic lens and also in postnatal rat lenses.
These studies have recently been further confirmed during development of murine and human
lenses [56-58].

Cataract, referring to any opacification in the ocular lens, is a disease that accounts for
22% of all cases of blindness and thus causes an important health problem. Cataract can
develop at any time in life due to inherited mutations (congenital cataracts such as α-
crystallin gene mutations described in table 1) or non-inherited conditions (non-congenital
cataracts) [59].

Several line of evidence points to the conclusion that stress-induced apoptosis of lens
epithelial cells leads to non-congenital cataractogenesis in animal and human. First, during
development, apoptosis induced by gene mutations, expression of exogenous genes, stress
factors, or mechanical damage all causes microphthalmia or cataractogenesis (see Ref. 60 for
a detail summary). One of the most striking examples came from the study of CREB-2
knockout mice [61]. Normal lens development occurs between EDs 12.5 and 14.5 in CREB-
2(-/-) mice. These mice displayed normal formation of the early lens vesicle, normal
elongation of posterior primary fiber cells, and normal formation of the anterior lens epithelial
cells. However, the anterior lens epithelial cells and their direct descendants at the equatorial
poles of the lens underwent massive and synchronous p53-dependent apoptosis between
EDs14.5 and 16.5. The complete loss of these cells accounts directly for the embryonic lens
degeneration seen in these animals [61]. Mutation of the FoxE3 gene also induced abnormal
lens epithelial cell apoptosis in the anterior epithelium of the lens vesicle and led to absence
of secondary lens fibers and formation of a dysplastic, cataractous lens [62]. Introduction of a
number of exogenous genes into lenses also causes lens cell apoptosis followed by
cataractogenesis [63-70]. Suppression of the lens stalk cell apoptosis at the lens vesicle stage
by hyaluronic acid led to faulty separation of the lens vesicle, resulting in abnormal lens
formation [56]. Second, we previously demonstrated that in the in vitro rat lens organ culture,
stress factors such as hydrogen peroxide, calcimycin, and UVB all induce lens epithelial cell
apoptosis followed by development of lens opacification [71-73]. In vitro organ culture study
by Menko and her associates demonstrated that inhibition of Src kinase pathway led to
cataract formation which was initiated by apoptosis of lens epithelial cells in the treated lens
[74-75]. Third, in the in vivo animal model studies with rat and rabbit, several laboratories
have demonstrated that UV irradiation [76-78], diabetic condition [79-80], selenite [81], and
N-methyl-N-nitrosourea [82] all induced early apoptosis of lens epithelial cells followed by
cataractogenesis. In a recent report, Wolf and his associates demonstrated that death of lens
epithelial cells is directly related to aging-related cataractogenesis [83]. Fourth, in human
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cataractous lenses, we have previously observed that varying levels of apoptotic cells were
present in the capsular epithelia from cataractous patients [71]. These results have been
confirmed by numerous laboratories [84-87] but in contrast to one report [88]. In a recent
study [87], Charakidas A et al. reported that TUNEL staining was observed in 25 (92.6%)
specimens of cataractous lenses, whereas cells undergoing apoptosis were identified only in 2
(8%) of the epithelia from non-cataractous lenses. This group concluded that the
accumulation of small-scale epithelial cell losses during lifetime may induce alterations in
lens fiber formation and homeostasis and result in loss of lens transparency. Apoptosis is also
closely associated with human polar cataracts [89-90]. Finally, recent studies have revealed
that ER stresses cause cataractogenesis. In exploring the mechanism, it was found that
apoptosis induced by ER stress plays an important role in ER stress-induced cataractgenesis
[91].

The ocular lens is immersed in the aqueous humor and constantly faces the challenges
from various stress conditions. To avoid stress-induced death of the single layer of lens
epithelial cells through apoptosis and thus cataractogenesis, the lens must carry the strong
defense system to guard the apoptotic process. Two of the most important guardians in the
ocular lens are the lens structural proteins, αA- and αB-crystallins. We now turn to the
discussion of the anti-apoptotic function of these two crystallins.

3. DISCOVERY OF THE ANTI-APOPTOTIC ROLE OF α-CRYSTALLINS

The protective role of α-crystallin was initially explored in NIH 3T3 fibroblast by
Klemenz group who found that ectopic expression of αB-crystallin cDNA or induced
expression of αB-crystallin by the synthetic glucocorticoid hormone dexamethasone renders
NIH 3T3 cells thermoresistant [92]. Around the same time, Arrigo and his associates used a
murine fibrosarcoma cell line L929 to express various members of the small heat shock
proteins including Drosophila hsp27, human hsp27, and human αB-crystallin and then tested
their functions in conferring the transfected stable lines of L929 clones the ability to resist on
different stress conditions such as heat, oxidative stress, tumor necrosis factor and kinase
inhibitor treatments [93-94]. During these studies, they elegantly demonstrated that αB-
crystallin, like hsp27, displays strong  ability to resist apoptosis induced by Fas/Fas ligand,
TNF-α and staurosporine [95]. This pioneering work was soon followed by numerous
laboratories and the anti-apoptotic role of α-crystallins in development and stress-induced
pathology has been vigorously explored in different systems [96-124].

4. α-CRYSTALLINS PREVENTS DEVELOPMENTAL AND STRESS-
INDUCED APOPTOSIS

The direct evidence that α-crystallins prevent developmental apoptosis came from the
study by Moorozov and Waurousek [114]. These authors demonstrated that knockout of the
αA- and αB-crystallins caused elevated apoptosis of the cortical lens fiber cells, leading to
microphthalmia and cataractogenesis. Ousman et al. [118] reported that the αB(-/-) astrocytes
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showed more cleaved caspase-3 and more TUNEL staining, and thus increased apoptosis. In
addition, αB-crystallin is an important regulator of tubular morphogenesis and survival of
endothelial cell during tumor angiogenesis [119]. Tumor grown in αB(-/-) mice are
significantly less vascularized than wild-type tumors and displayed increased areas of
apoptosis/necrosis [119].

In the in vitro cultured epithelial cells derived from human and rabbit lenses, we have
shown that the two α-crystallins can prevent apoptosis induced by staurosporine (a general
kinase inhibitor), okadaic acid and calyculin A (the protein serine/threonine phosphatases-1
and 2A inhibitors) or oxidative stress [101-102, 108]. Andley et al. [97] demonstrated that the
αA(-/-) lens epithelial cells are 40 times more sensitive to UVA damage than the wild type
mouse lens epithelial cells. Introduction of the exogenous αA-crystallin into cultured lens
epithelial cells enhanced the resistance of the transfected cells against UVA-induced
apoptosis. The same group also compared the relative antiapoptotic abilities of the αA- and
αB-crystallins under treatment of UVA irradiation, TNFα and staurosporine, and concluded
that αA-crystallin is a stronger antiapoptotic regulator than αB-crystallin does [98]. However,
when the two α-crystallins were overexpressed in E. coli and tested for their ability against
cold or other stress conditions, an opposite conclusion was obtained [99]. We also tested the
possible differential anti-apoptotic abilities of the two α-crystallins against stress-induced
apoptosis in three different cell lines: the human lens epithelial cell line (HLE) which contains
virtually undetectable endogenous crystallins; the human retina pigment epithelial cells
(ARPE-19) and the rat embryonic myocardium cell line (H9c2), both of which expresses
endogenous αB-crystallin [108]. The expression of the endogenous αB-crystallin in ARPE-
19 and H9c2 cells makes them much more resistant to staurosporine-induced apoptosis in the
absence of exogenous α-crystallin expression. Regardless absence or presence of the
endogenous α-crystallin, expression of HαA and HαB in these cells provides additional
protections. Under treatment of 100 nM staurosporine, 10 µM etoposide or 400 mM sorbitol
(generating osmotic stress), HαA and HαB consistently show similar protections against a
given stress condition in HLE, ARPE-19 or H9c2 cells. The inconsistence of the results from
different laboratories may reflect the difference of the physiological conditions of the
transfected cells used for the comparative analysis. On the other hand, αA and αB-crystallins,
as we will discuss below, can regulate different signaling pathways, and thus provide the
possibility of differential antiapoptotic abilities depending upon the physiological
environment of the tested cells.

As mentioned above, α-crystallins are expressed in retinal pigment epithelial cells [108].
Recent studies have shown that the protection conferred by α-crystallins in this tissue is very
important for retinal functions [117, 120].

Outside the ocular tissues, Martin et al. [96] first reported that αB-crystallin can protect
cardiac myocytes from ischemic injury soon after Arrigo’s pioneering study in L929 cells
[95]. This in vitro work was soon followed by the in vivo studies carried out by Das’s group
who showed that overexpression of αB-crystallin confers simultaneous protection against
cardiomyocyte apoptosis and necrosis during myocardial ischemia and reperfusion [100].

The dominant mutant, R116C in αA-crystallin and R120G in αB-crystallin displayed
diminished antiapoptotic functions as tested in both lens epithelial cells [105,108] and
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cardiomyocytes [112]. The possible explanation for this phenomenon is discussed later is this
chapter.

5.  α-CRYSTALLINS SUPPRESS APOPTOSIS THROUGH REGULATION

OF MEMBERS OF THE CASPASE FAMILY

To explore the possible mechanism by which α-crystallins prevent apoptosis, we initially
made an expression construct in which the mouse αB-crystallin cDNA was inserted into the
green fluorescence expression vector, pEGFPC3 and then this construct, pEGFP-mαB and the
corresponding vector were introduced into rabbit lens epithelial cells, N/N1003A. When the
two types of cells were treated with okadaic acid (inhibitor of protein phosphatase-1 and –2A)
or DMSO (mock), it was found that mouse αB-crystallin protects the transfected N/N1003A
cells from okadaic acid-induced apoptosis. To determine the possible mechanism by which
mouse αB-crystallin inhibits apoptosis, we examined the caspase-3 activity in both types of
cells after okadaic acid treatment. It was found that caspase-3 activity was up-regulated by
okadaic acid about 5-fold in non-transfected and vector-transfected N/N1003A cells. In
contrast, only 1.5-fold up-regulation of caspase-3 activity was observed in mouse αB-
crystallin-transfected N/N1003A cells after okadaic acid treatment. Thus, the protection
against okadaic acid-induced apoptosis by mouse αB-crystallin is associated with its ability to
suppress caspase-3 activation. This is the initial discovery that αB-crystallin regulates
caspase-3 activity [101]. To explore how αB-crystallin suppresses caspase-3 activation, we
then conducted immunoprecipitation-linked Western blot analysis [102]. Our results
demonstrated that mouse αB-crystallin can interact with procaspase-3 and partially processed
procaspase-3 to prevent stress-induced apoptosis [102].

Our discovery, that αB-crystallin interacts with procaspase-3 and partially processed
caspase-3 to prevent caspase-3 activation, has been confirmed in several other types of cells.
DePinho and his associates [122-123] recently found that the Bcl-2 like 12 gene (bcl2L12) is
universally overexpressed in the primary glioblastoma multiforme (GBM) and functions to
block post-mitochondrial apoptosis signaling by neutralizing effector caspase-3 and caspase-7
maturation. They found that while Bcl2L12 can prevent caspase-7 maturation through direct
interaction between Bcl2L12 and procaspase-7, neutralization of caspase-3 maturation by
Bcl2L12 occurs through an indirect mechanism in which Bcl2L12 induces transcriptional
upregulation of the small heat shock protein, αB-crystallin, which binds to procaspase-3 and
its cleavage intermediates in vitro and in vivo. In rat cardiomyocyte H9c2 cells, Aggeli et al. [
121] reported that in responding to oxidative stress insult, αB-crystallin became
phosphorylated by p38-MAPK/MSK1 in the presence of intracellular free calcium and the
phosphorylated αB-crystallin interacted with procaspase-3 to block its cleavage and
subsequent activation.

Around the same time when we used co-immunoprecipitation to reveal the interaction
between αB-crystallin and procaspase/partially processed procaspase-3, Cryns’ group [103]
demonstrated that αB-crystallin interacted with the cleavage intermediate of the procaspase-3
using in vitro interaction-linked cleavage assays.
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The importance of the interactions between αB-crystallin and the procaspase-3/partially
processed caspase-3 is recently demonstrated in vivo by Waurousek’s group [114], who found
that knockout of both α-crystallins leads to upregulation of caspase-3 and caspase-6 activities
in the fiber cell zone of mouse lens where secondary lens fiber cell disintegration occurs,
suggesting that the elevated levels of caspase-3 and caspase-6 activities are probably causing
the observed fiber cell disintegration, and the eventual cataractogenesis. The same group also
demonstrated that αA-crystallin directly interacts with caspase-6 through co-
immunoprecipitation-linked western blot analysis [114].

Using surface plasmon resonance (SPR) analysis, we have recently found that both αA-
and αB-crystallins can interact with caspase-3 (Gong et al., in preparation). We found that
caspase-3 exhibited a stronger binding to αB-crystallin (KD=155 nM) than that to αA-
crystallin (KD=240 nM). These results are somewhat different from a recent report [125]
where a protein pin array was used to explore the interactions between αB-crystallin and
other proteins. The oligo peptide with a few amino acids from αB-crystallin had little affinity
to caspase-3. The plausible explanation for the difference is that the oligos in protein pin array
assay chops αB-crystallin into small fragments with a few amino acids and thus break down
the binding domain or binding site in αB-crystallin response for the interaction with
procaspase-3/caspase-3.

6. α-CRYSTALLINS PREVENT APOPTOSIS THROUGH CONTROL OF

MEMBERS OF THE BCL-2 FAMILY

To explore whether αA- and αB-crystallins are able to prevent apoptosis at the
mitochondrial level, upstream of caspase-3 activation, we cloned human αA- and αB-
crystallin cDNAs from human eye lenses and generated the in frame constructs expressing
fusion proteins of human αA- and αB-crystallins (HαA and HαB) with green fluorescence
protein (GFP). These expression constructs (pEGFP-HαA and pEGFP-HαB) and the vector
(pEGFP-neo) were transfected into the human lens epithelial cells and the st _Ble clones
expressing only GFP from the vector (pEGFP-HLE), GFP-HαA (pEGFP-HαA-HLE) or
GFP-HαB (pEGFP-H_B-HLE) were establish in the presence of G418 selection.

Using these stable cell lines, we demonstrated that both αA- and αB-crystallins can
prevent staurosporine-induced apoptosis. Staurosporine, a potent apoptosis inducer
demonstrated in a broad spectrum of cells activates apoptosis through the mitochondrial death
pathway [126-130]. The pro-apoptotic members of the Bcl-2 family play a critical role in
staurosporine-induced apoptosis [129-130]. Cells lacking both Bax and Bak are known to be
completely resistant to multiple apoptotic stimuli including staurosporine [131-132]. Analysis
of cell death in Bax- or Bak-deficient cell lines indicates that both regulators are necessary for
staurosporine-induced apoptosis [133-134]. Consistent with these studies, we found that in
human lens epithelial cells staurosporine regulates both Bak and Bax at different ways.

Staurosporine was found to upregulate Bak expression up to 5-fold in vector-transfected
human lens epithelial cells, and the upregulated Bak was accumulated into mitochondria of
the vector-transfected cells. In the GFP-HαA- and GFP-HαB-transfected cells, however, Bak
upregulation was different. First, expression of HαA and HαB slightly enhanced Bak
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expression in unknown mechanism. On the other hand, expression of HαA- and HαB
prevented staurosporine-induced additional Bak upregulation [108]. Since cells lacking both
Bax and Bak are completely resistant to staurosporine [132-133], inhibition of additional Bak
upregulation by HαA and HαB, to some degree, contributed to their antiapoptotic abilities
against staurosporine-induced apoptosis. Bak upregulation is also observed in human colonic
adenoma AA/C1 cells during butyrate-induced apoptosis [135], and in human stomach
epithelial cells during bacterium–induced apoptosis [136].

Staurosporine did not induce Bax upregulation in the vector or α-crystallin-transfected
cells. This kinase inhibitor, however, promoted Bax translocation from cytosol into
mitochondria in vector-transfected cells. The death signal-induced Bax conformation change
followed by its insertion into mitochondrial membrane is an important step for Bax to
promote apoptosis [137-140]. Thus, staurosporine-induced translocation of Bax turned on the
death program in human lens epithelial cells. This process was largely abrogated in cells
expressing either GFP-HαA or GFP-HαB. Both αA- and αB-crystallins can directly bind to
Bax as demonstrated by GST pulldown assay and co-immunoprecipitation [108].

 In addition, our results also demonstrated the regulation of another proapoptotic member
of the Bcl-2 family by the two alpha-crystallins. Staurosporine stimulated translocation of
Bcl-XS from cytosol into mitochondria in vector-transfected pEGFP-HLE cells. Again, HαA
and HαB directly bind to Bcl-XS and prevent its translocation into mitochondria [108].

The two major mutants, R116C in HαA and R120G in HαB, cause cataractogenesis in
the lens [4, 7]. Consistent with these observations, the chaperone-like ability of R116C and
R120G was found substantially decreased [141-142]. These mutants apparently displayed
much weaker antiapoptotic ability [105, 108, 112]. The attenuated antiapoptotic abilities were
derived from their weak interactions with Bax and Bcl-XS and thus decreased abilities to
sequester translocation of Bax and Bcl-XS from cytosol into mitochondria induced by
staurosporine treatment [108].

In vector-transfected cells, once the pro-apoptotic members, Bax and Bcl-XS, were
mobilized into mitochondria, the integrity of mitochondria was interrupted as evidenced by
the release of cytochrome c, followed by activation of executioner caspase, caspase-3 and
degradation of PARP. These downstream events induced by staurosporine in vector-
transfected human lens epithelial cells were similar to those reported in other cell lines [127-
129]. In either HαA- or HαB-transfected cells, the staurosporine-induced downstream events
were largely turned off [108]. Thus, these results demonstrate that the two α-crystallins can
regulate Bcl-2 family members to prevent stress-induced apoptosis.

Besides the two α-crystallins, Hsp60 has also been shown to directly bind to Bax to halt
its pro-apoptotic role [143].

7. α-CRYSTALLIN ACTIVATES AKT PATHWAY TO RESIST ON

STRESS-INDUCED APOPTOSIS

c-Akt is the cellular homolog of the transforming oncogene of the AKT retrovirus [144-
147]. Simultaneous with the identification of c-Akt, the protein kinase B and a kinase related
to A- and C-Protein kinases were cloned [148-149]. c-Akt1, PKB and RAC-PK were found to
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be encoded by the same gene (herein referred to as Akt). The Akt family contains two other
members: c-Akt2 and c-Akt3 [150-153]. Akt family proteins contain a central kinase domain
with specificity for serine or threonine residues in substrate proteins. In addition, the amino
terminus of Akt includes a pleckstrin homology (PH) domain, which mediates lipid-protein
and/or protein-protein interactions [154-156]. Phosphorylation of Akt at Thr-450 is
sometimes necessary to prime it for activation [157]. Growth factor stimulation of PI3K leads
to increased intracellular level of IP3. Binding of IP3 to the Akt PH domain results in Akt
translocation from the cytoplasm to the plasma membrane. In addition, the interaction of the
PH domain with the lipid products of PI3K causes a conformational change in Akt, allowing
its activation through phosphorylation at Thr-308 and Ser-473 by PDK-1 and other kinases
[158-162].

AKT signaling pathway components are highly expressed in the ocular tissues [Lan
Zhang et al. in preparation]. Our recent results also demonstrated that at both mRNA and
protein levels, AKT-1 are a major surviving kinase in all the four ocular tissues examined.
Compared with AKT-1, AKT-2 is much reduced in all the tissues examined and AKT-3 is
only expressed in the retina [Zhang et al. in preparation].

AKT signaling pathway plays an important role in lens differentiation and survival [163-
168]. In our previous study of the UVA-induced apoptosis, we found that irradiation of both
vector- and human αA-transfected HLE cells with a dose of 150 KJ/m2 induced activation of
both ERK1 and ERK2 [109]. In contrast, UVA-induced activation of ERK1/2 was suppressed
in human αB-crystallin-transfected cells [109]. Thus, UVA-induced apoptosis was associated
with activation of ERK1/2 and human αB but not αA suppresses UVA-induced activation of
ERK1/2 and apoptosis of HLE. Since HαA was unable to suppress UVA-induced activation
of the RAF/MEK/ERK pathway, one possibility would be that human αA may be involved in
regulation of other pathways. The possible activation of Akt kinase in the three types of stably
transfected cells was examined. As expected, UVA-irradiation with a dose of 150 KJ/m2

induced exclusive activation of Akt-1 in human αA-transfected cells but not observed in the
vector- and human αB-transfected cells. In addition, UVA irradiation led to some down-
regulation of Akt-1 protein in the vector- and human αB-transfected cells but visible up-
regulation in the human αA-transfected cells [109]. Thus, under UVA irradiation, human αA
upregulates and activates Akt to counteract UVA-induced apoptosis. To further confirm that
activation of AKT is important for human αA-crystallin to prevent UVA-induced apoptosis,
we inhibited AKT-1 activation. When αA-crystallin-regulated AKT-1 activation by UVA was
blocked, the protection against UVA-induced apoptosis by αA-crystallin was significantly
attenuated [109].

To explore how αA-crystallin may activate Akt pathway, we examined its possible
interaction with Akt-1. First, we performed the surface plasmon resonance (SPR) analysis
between αA, or αB and Akt-1 using BIACORE 3000 with research grade CM5 sensor chips
and purified Akt-1, αA and αB crystallins [Gong et al., submitted]. αA- and αB-crystallins
were covalently coupled to individual flow cell surfaces of a carboxymethyldextran-coated
BIAcore sensor chip CM5 using amine-coupling chemistry. To determine the kinetics of the
interactions between Akt-1 and αA-/αB-crystallins, Akt-1 with five different concentrations
(50, 100, 250, 500, 1000 nM) was passed over the surfaces of both αA- and αB-crystallin
chips at 30 µl/min. A buffer injection was used as a negative control. The association rates,
dissociation rates, and affinity constants were calculated with BIA evaluation 4.1 software
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(Biacore αB, Uppsala, Sweden). Our results suggest that Akt-1 only binds to αA-crystallin
(Kd=5.6 µM) but not αB-crystallin [Gong et al., submitted].

To further explore the interaction between αA and Atk-1, co-immunoprecipitation was
conducted and the obtained results showed that αA and Akt-1 form in vivo interacting
complex in mouse lens [Gong et al., submitted]. Immunocytochemistry revealed that Akt1
and αA-crystallin were co-localized in both epithelium and fiber cells of mouse eye lens
[Gong et al., submitted]

Activation of Akt pathway by αA-crystallin was further confirmed by in vivo studies
[Gong et al., submitted]. An examination of the phosphorylation status of Akt-1 at Ser-473 in
normal, αA-/-, and αA-/αB- DKO mice revealed that the normal Akt-1 activity detected in
wild type mouse was dropped more than 50% in both αA-/-, and αA-/αB- DKO mice. These
results clearly indicate that αA-crystallin displays strong regulation on Akt-1 activity.

While the details regarding how αA-crystallin activates Akt-1 remains to be worked out,
the regulation of Akt activation by Hsp27 provides important hint. Hsp 27 is found in the
same signaling complex with p38 MAPK, MAPK-activated protein kinase 2 (MAPKAPK-2),
and Akt [161, 169-171]. Moreover, in polymorphonuclear leukocyte, Hsp27 activates Akt by
scaffolding MAPKAPK-2 to Akt signal complex [171]. Deletion of the Hsp27 binding site in
Akt (amino acids 117-128) results in loss of its interactions with Hsp27 and MAPKAPK-2
but not with Hsp90 as demonstrated by co-immunoprecipitation and GST pulldown studies
[171]. On the other hand, phosphorylation of Hsp27 at Ser-82 by Akt induces dissociation of
Hsp27 from Akt1 [171]. In addition, Hsp 90 can directly interact with Akt and help it to stay
in its active status [172].

8. αB-CRYSTALLIN SUPPRESSES ERK PATHWAY TO INHIBIT

STRESS-INDUCED APOPTOSIS

The mitogen-activated protein kinases (MAPKs) are actively involved in mediation of
stress-induced apoptosis [173-174]. In the ocular lens, all of the three types of MAP kinases
are expressed [175]. These kinases play important role in lens development and pathogenesis
[176-186]. During stress-induced apoptosis of lens epithelial cells, activation of ERK1/2 is
necessary for calcimycin-induced apoptosis [110] and for UVA-induced apoptosis [109]. This
property distinguishes lens epithelial cells from most other tissue cells and also explains why
the ocular lens never develops natural tumor [110]. Considering that the ERK pathway is
normally involved in promotion of surviving in most other tissues and that oncogenic RAS
persistently activates the ERK1 and ERK2 pathways, which contributes to the increased
proliferative rate of tumor cells [187], lack of natural tumor in the ocular lens may partially be
due to the fact that in the lens epithelial cells (the only cells that have complete sets of cellular
organelles including nuclei in the lens organ), the RAF/MEK/ERK pathway mediates stress-
induced apoptosis. Upon DNA damages induced by various stress factors, activation of the
RAF/MEK/ERK pathway, instead of promoting survival of the cells with genetic lesions,
signals apoptosis of the damaged cells. In this way, the cells bearing the genetic damages are
removed in a timely manner and thus tumor development is avoided [110].
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αB-crystallin can prevent both calcimycin- and UVA-induced apoptosis [109-110]. To
understand the possible mechanism, we tested whether αB-crystallin could abrogate
calcimycin-induced activation of ERK1/2. Western blot analysis revealed that ERK1/2
activity became downregulated during calcimycin treatment in pEGFP-mαB-N/N1003A cells
[110]. Similarly, the activity of the p38 kinase became steady downregulated during
calcimycin treatment. αB-crystallin also prevented the calcimycin-induced transient
activation of JNK2 [110]. These results indicate that the mechanism for αB-crystallin to
prevent calcimycin-induced apoptosis is derived from its suppression of calcimycin-induced
activation of ERK1/2. The fact that in αB-crystallin expression cells, calcimycin-induced
activation of ERK1/2, p38 and JNK2 (Figure 4) was all inhibited indicates that αB-crystallin
may act on the initial steps of RAS/RAF/MEK/ERK signaling pathway. For this reason, we
investigated the effect of αB-crystallin on Ras activation.

Both pEGFP-N/N1003A and pEGFP-mαB-N/N1003A cells were labelled with 32P-
orthophosphate and then treated with DMSO and 5µM calcimycin. Cell extracts were
prepared from labeled and treated cells, and the RAS protein in each sample was
immunoprecipitated. After that, the levels of GTP-bound RAS and GDP-bound RAS were
determined with thin-layer chromatography. While DMSO treatment of both vector and αB-
crystallin expression cells only induced background levels of RAS activation [110], treatment
of the vector-transfected cells with 5 µM calcimycin induced substantially activation of RAS.
However, such activation of RAS was not observed in the αB-crystallin expression cells.
Thus, αB-crystallin blocks Ras activation to suppress activation of the downstream MAP
kinases after treatment by calcimycin [110]. To explore how αB-crystallin may block the
activation of RAS, we examined the upstream regulators of RAS. The RAS small GTPases
are normally activated by the quanine nucleotide exchange factors (GEFs), which induce the
dissociation of GDP to allow association of GTP [188]. Upon response to growth factor
stimulation, two common RAS GEFs, son-of-sevenless 1 (Sos 1) and 2 (Sos 2), are activated
to transfer from cytosol to the plasma membrane and there they activate RAS [189].
However, under calcium treatment, RAS is activated by other factors, the RAS-guanine-
nucleotide-releasing factor 1 (RAS-GRF1) and 2 (RAS-GRF2) [188]. Because RAS-GRF1 is
mainly expressed in the nerve system and RAS-GRF2 is widely expressed in many tissues
[190-191], we therefore examined the activation of RAS by RAS-GRF2 after calcimycin
treatment. After calcimycin treatment, the 135 kd RAS-GRF2 was transferred from cytosol to
plasma membrane. In the αB-crystallin expression cells, however, the translocation of the
RAS-GRF2 from cytosol to plasma membrane was largely inhibited [110]. These results and
also the cross-linking experiments demonstrated that in N/N1003A cells, calcimycin activated
RAS mainly through RAS-GRF2 and αB-crystallin negatively regulates activation of RAS
through suppression of RAS-GRF2 translocation [110].

A recent study reported that the total and phospho-ERK1/2 and p38 were much enhanced
in the astrocytes of the αB(-/-) mice than in those from normal mice with the same genetic
background [119]. These results are consistent with our observation that αB-crystallin
negatively regulates RAS/RAF/MEK/ERK signaling pathway. On the other hand, in breast
cancer cells, Cryns et al [192] reported that overexpression of αB-crystallin constitutively
activated the MEK/EKR signaling pathway and transformed the immortalized human
mammary epithelial cells. The mechanism underlining this function of αB-crystallin remains
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to be elucidated. Thus, depending upon the types of cells, αB-crystallin may have differential
effects on the MAPK pathway.

9. α CRYSTALLINS REGULATE DNA DAMAGING PATHWAY TO

CONTROL STRESS-INDUCED APOPTOSIS

In eukaryotes, DNA damage induces rapid response of the damaging signaling
transduction pathway. The major components of this pathway include the upstream kinases,
ATM and ATR, the intermediate kinases CHK1 and CHK2, and the G1 checkpoint
substrates, p53 and Mdm2; S phase and G2/M checkpoint substrates [193-194]. UV or
ionizing radiation (IR) induces activation of ATM through autophosphorylation, and the
activated ATM then regulate the downstream G1 checkpoint substrates p53, Mdm2 and
CHK2 [195]. Recent studies have revealed that α-crystallins can regulated the DNA
damaging pathway components. Andley and her associates first reported that the primary
cultures of the lens epithelial cells derived from αB-/- mice display genomic instability and
undergo hyperproliferation. This property is at least partially related to the upregulated
expression of the functionally impaired p53 [196]. Xiao and his associates [197]
demonstrated that in mouse myogenic C2C12 cells, hydrogen peroxide induced apoptosis of
the treated cells. During hydrogen peroxide treatment, p53 in the C2C12 cells was found
translocated from cytoplasm into mitochondria. Overexpression of αB-crystallin in the
C2C12 cells prevented hydrogen peroxide-induced apoptosis. The mechanism mediating this
protection was largely related to the interaction between αB-crystallin and p53, which
blocked p53 translocation from cytosol into mitochondria. We recently found that UVA
irradiation induced hyperphosphorylation of p53 at several residues in human lens epithelial
cells. Both αA- and αB-crystallins distinctly attenuated p53 hyperphosphorylation at these
sites (Liu et al., in preparation). Furthermore, the two α-crystallins seemed to interfere with
the activation of several p53 upstream kinases (Liu et al., in preparation).

10. MODULATION OF THE ANTI-APOPTOTIC  ABILITY OF αB-
CRYSTALLIN BY PHOSPHORYLATION

Early studies have shown that α-crystallins are phosphoproteins [198]. Phosphorylation
of αB-crystallin at Ser-59 is important for its function against apoptosis in cardiac myocytes.
Hoover et al. [99] demonstrated that MKK6-activated p38 MAP kinase can phosphorylate
αB-crystallin at Ser-59, which seems to provide maximal protection of cardiac myocytes
from apoptosis [99, 199]. A recent study [200] demonstrated that phosphorylation of αB-
crystallin occurred after its translocation from cytosol into mitochondria. Once αB-crystallin
is phosphorylated at Ser-59 in mitochondria, it stabilizes mitochondrial membrane potential
and thus inhibits apoptosis.

Although it has not be examined weather phosphorylation of αB-crystallin at Ser-19 has
a role in modulating its antiapoptotic ability, analysis of the P20S mutant αB-crystallin
provides some hint. The immunofluorescence confocal microscopy revealed that wild-type
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αB-crystallin was localized mainly in the cytoplasm and surrounded the cell nucleus, whereas
mutant P20S αB-crystallin was present in both the cytoplasm and nucleus. To investigate
whether mutation P20S of αB-crystallin acquires any detrimental function to cellular
homeostasis, we examined the cytotoxic effect of mutation P20S. HLE cells with stable
expression of wild-type αB-crystallin or mutant P20S αB-crystallin were stained using
Hoechst 33342 in order to study the changes in nuclear morphology. The stable expression of
P20S αB-crystallin increased chromatin condensation and fragmentation compared with cells
with stable expression of wild-type αB-crystallin or cells transfected with empty vector only
[124]. These results demonstrate that the P20S mutation increases apoptosis of human lens
epithelial cells. Thus, phosphorylation modulates the antiapoptotic function of α-crystallins.

CONCLUSION

Both in vitro and in vivo studies have shown that α-crystallins act as strong anti-apoptotic
regulators. In lens and retina of the eye, cardiac myocytes of the heart, and neuron and glial
cells of the brain, α-crystallins are important guardians preventing apoptosis triggered by
stress factors and pathological conditions and thus protect these tissues from running into
various diseases such as cataract, retina degeneration, heart failure, and various brain
diseases. α-crystallins prevent stress-induced apoptosis through regulating members of the
Bcl-2 and caspase families. In addition, αA-crystallin can help to activate the Akt survival
pathway to suppress apoptosis, while αB-crystallin can intervened the Ras/Raf/MEK/ERK
signaling pathway to inhibit apoptosis, displaying differential anti-apoptotic mechanisms
dependent upon the stress conditions implicated. The two α-crystallins can also modulate the
DNA damaging pathway to halt apoptosis. Together, these results demonstrate that the two α-
crystallins can regulate multiple signaling transduction pathways to regulate apoptosis (Figure
1). It is expected that in the near future, the detail mechanisms regarding how α-crystallins
regulate these different signaling transduction pathways to halt apoptosis will be elucidated.
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Abstract
aA- and aB-crystallins are distinct antiapoptotic regulators.
Regarding the antiapoptotic mechanisms, we have recently
demonstrated that aB-crystallin interacts with the procaspase-3
and partially processed procaspase-3 to repress caspase-3
activation. Here, we demonstrate that human aA- and aB-
crystallins prevent staurosporine-induced apoptosis through
interactions with members of the Bcl-2 family. Using GST
pulldown assays and coimmunoprecipitations, we demonstrated
that a-crystallins bind to Bax and Bcl-XS both in vitro and in vivo.
Human aA- and aB-crystallins display similar affinity to both
proapoptotic regulators, and so are true with their antiapoptotic
ability tested in human lens epithelial cells, human retina pigment
epithelial cells (ARPE-19) and rat embryonic myocardium cells
(H9c2) under treatment of staurosporine, etoposide or sorbitol.
Two prominent mutants, R116C in aA-crystallin and R120G, in
aB-crystallin display much weaker affinity to Bax and Bcl-XS.
Through the interaction, a-crystallins prevent the translocation of
Bax and Bcl-XS from cytosol into mitochondria during
staurosporine-induced apoptosis. As a result, a-crystallins
preserve the integrity of mitochondria, restrict release of
cytochrome c, repress activation of caspase-3 and block
degradation of PARP. Thus, our results demonstrate a novel
antiapoptotic mechanism for a-crystallins.
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doi:10.1038/sj.cdd.4401384
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Introduction

Apoptosis is one of the major causes for ocular diseases. 1–3

In lens system, our previous work4–6 has suggested that
induced lens epithelial cell apoptosis appears to be a common
cellular mechanism mediating stress-induced, noncongenital
cataractogenesis. Subsequently, several laboratories have
reported that lens epithelial cell apoptosis is indeed actively
involved in lens pathogenesis as demonstrated from in vivo
animal model studies.7–12 In addition, both overexpression of
various exogenous genes and disruption of certain endogen-
ous genes also lead to lens cell apoptosis followed by
abnormal lens formation during lens development.13–18

Apoptosis is regulated by a series of positive and negative
regulators. The balance of these regulators controls the
determination of apoptosis. Among these various apoptotic
regulators, members of Bcl-2 family and heat-shock proteins
play an important role.19–21

So far, members of the Bcl-2 family are the most well-
characterized apoptotic regulators and are generally classi-
fied into two functional groups.21 Members of the first group,
including Bcl-2 and Bcl-XL, possess antiapoptotic ability, while
members of the second group such as Bak, Bax and Bcl-XS

have been shown to promote apoptosis.21 The functions of
Bcl-2 family members could be regulated by their subcellular
localization. Bcl-2 and Bcl-XL are localized on the mitochon-
drial membrane, endoplasmic reticulum (ER) and nuclear
membrane.21,22 In contrast, a substantial fraction of Bax is
found in the cytosol and loosely attached to the mitochondrial
membrane prior to induction of cell death.23 In the absence of
death stimuli, the N-terminus of Bax helps to maintain the
inactive status of Bax by restraining the C-terminal transmem-
brane (TM) domain in the cytosol.24 Lack of the N-terminus of
Bax or replacement of the TM domain of Bax with the
corresponding domain of Bcl-2 permits the integration of Bax
into the mitochondrial membrane.25 The C-terminal TM
domain of Bax is critical for its targeting to mitochondrial
membrane. Deletion and point mutations of the C-terminal
hydrophobic region severely damage the ability of Bax to
integrate into the mitochondrial membrane and kill cells.26

During apoptosis, Bax undergoes a conformational change
that enables it to insert into the mitochondrial outer mem-
brane.24 Stimulated by death signals, the C-terminal domain
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of Bax changes its conformation and the C-terminal a-helix is
removed from the BH3 domain, which allows the BH3 domain
to interact with other antiapoptotic Bcl-2 family members.27,28

Caspase25 and p38 MAP kinase29 may stimulate the
translocation of Bax upon apoptotic stimulus. After Bax
inserts into the mitochondrial membrane, Bax can directly
induce the release of cytochrome c30,31 or form permeability
transition pore.32

Bcl-XS is a proapoptotic regulator with only the BH3, BH4
and TM domains.33 Several reports have demonstrated that
overexpression of Bcl-XS selectively induces tumor cells to
undergo apoptosis.34–35 Moreover, overexpression of Bcl-XS

in the skin of transgenic mice results in extreme sensitivity to
UV-induced cell death.36 Bcl-XS has been suggested to
stimulate apoptosis through inactivation of antiapoptotic Bcl-2
family members, such as Bcl-2 and Bcl-XL,33 or repression of
the binding of Bcl-XL to cytochrome c.37 The endogenous Bcl-
XS is distributed in the cytosol, but is translocated to the
mitochondrial membrane upon overexpression. Its proapop-
totic ability can be inhibited by Bcl-2 and Bcl-XL.38

Another important group of apoptosis regulators are heat-
shock proteins that include alpha-crystallins (a-crystallins),39–

46 Hsp27,39–40, 47–52 Hsp70,53–57 Hsp9058 and Hsp60.59–60

While Hsp60 appears to enhance apoptosis by promoting
maturation of procaspase-3,59,60 the majority of these factors
seems to protect cells from induced apoptosis through
different mechanisms. Hsp90 is able to inhibit apoptosome
formation.58 Hsp70 can interact with BAG-157,58 and inhibit
apoptosis by preventing recruitment of procaspase-9 to the
Apaf-1 apoptosome complex.53 Hsp70 is also capable of
functioning downstream of caspase activation.54 Hsp27
prevents cell death at multiple signaling steps. First, it
interacts with cytochrome c to prevent activation of procas-
pase-9.47,48 It also binds to caspase-3 and modulates the
activity of caspase-3.49 Finally, Hsp27 can abrogate apoptotic
pathway through regulation of Bid intracellular distribution and
protection of F-actin integrity.52

Both a-crystallins and Hsp27 are closely related family
members.19–20,61 aA/B-crystallins are initially known as major
lens structural proteins that play an essential role in maintain-
ing the transparency of the ocular lens.62 Later, a-crystallins
are found to act as molecular chaperones63–67 and also
display autokinase activity.68,69 As antiapoptotic regulators, a-
crystallins are initially shown to protect cells from thermal,70

osmotic71 and oxidative insult.72 More recently, a-crystallins
have been shown to prevent induced apoptosis by various
factors including staurosporine,39–40,43 TNF,39,43 UVA irradia-
tion,43 okadaic acid44 and hydrogen peroxide.45 Regarding
the antiapoptotic mechanism, recent studies from our
laboratory and another group have demonstrated that aB-
crystallin can directly interact with the precursors of caspase-3
to suppress its activation.45,46

In the present study, we have explored the interactions
between a-crystallins and members of the Bcl-2 family. Our
results demonstrated that human aA- and aB-crystallins (HaA
and HaB) can directly bind to Bax and Bcl-XS in vitro and in
vivo. The two crystallins display almost close affinity to both
proapoptotic regulators, and so are true with their antiapopto-
tic ability tested in three different cell lines under treatment of
different stress conditions. The two prominent mutants,

R116C in aA-crystallin and R120G in aB-crystallin, displayed
much weaker affinity to Bax and Bcl-XS. The two crystallins
markedly sequestered Bax and Bcl-XS in the cytosol and
prevented their translocation into mitochondria during staur-
osporine-induced apoptosis. In contrast, the two mutants only
weakly sequestered Bax and Bcl-XS in the cytoplasm. As a
result of this interaction, the two crystallins preserve the
integrity of mitochondria and turn off the downstream
apoptotic events. Thus, our results provide a novel antiapop-
totic mechanism for aA/B-crystallins.

Results

Expression of human a-crystallins in human lens
epithelial (HLE) cells

To study the mechanisms by which a-crystallins protect lens
epithelial cells from stress-induced apoptosis, we cloned both
aA- and aB-crystallin cDNAs from human eye lenses (National
Disease Research Interchange). Then, we generated the in
frame constructs expressing fusion proteins of HaA and HaB
with green fluorescence protein (GFP). These expression
constructs (pEGFP-HaA and pEGFP-HaB) and the vector
(pEGFP-neo) were transfected into the HLE cells using
electroporation.44,45 The stable expression clones of
pEGFP-HLE (expressing only GFP from the vector),
pEGFP-HaA-HLE (expressing GFP-HaA) and pEGFP-HaB-
HLE (expressing GFP-HaB) were obtained after a 6-week
selection with G418 (600 mg/ml). As shown in Figure 1,
expression of GFP, green fluorescence and human aA-
crystallin fusion protein (GFP-HaA) and green fluorescence
and human aB-crystallin fusion protein (GFP-HaB) can be
detected by fluorescence microscopy. The GFP was dis-
tributed homogeneously throughout the nucleus and cyto-
plasm (Figure 1a). In contrast, the GFP-HaA (Figure 1b) and
GFP-HaB (Figure 1c) were localized in the cytoplasm only.
Western blot analysis was conducted to further confirm the
expression of these proteins. As shown in Figure 1d (top
panel), the anti-aA/B-crystallin antibody recognized the GFP-
HaA in pEGFP-HaA-HLE cells and GFP-HaB in pEGFP-HaB-
HLE cells, respectively. Expression of the endogenous HaA or
HaB was hardly detectable in all three types of cells (data not
shown). When anti-GFP antibody was used to probe the same
blot (the second panel from the top of Figure 1d), the same
GFP-HaA and GFP-HaB were detected in pEGFP-HaA-HLE
and pEGFP-HaB-HLE cells, respectively. In pEGFP-HLE
cells, however, anti-GFP antibody recognized only the 27 kDa
GFP protein. As a control for equal loading, the anti-b-actin
antibody was used to probe the same blot and the results are
shown in the third panel from the top of Figure 1d. Thus, the
three different cell lines, pEGPF-HLE, pEGFP-HaA-HLE and
pEGFP-HaB-HLE, were successfully established. To quanti-
tate the expression of GFP, GFP-HaA and GFP-HaB in
pEGFP-HLE, pEGFP-HaA-HLE and pEGFP-HaB-HLE cells,
respectively, purified GFP protein of different concentrations
was loaded into the same gel for comparison (bottom panel).
After probing with anti-GFP antibody, it was determined that
the clone of pEGFP-HLE cells contained about 0.5 ng GFP/mg
total proteins, that the clone of pEGFP-HaA-HLE cells
expressed about 0.48 ng GFP-HaA/mg total proteins and that
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the clone of pEGFP-HaB-HLE cells had about 0.42 ng GFP-
HaB/mg total proteins.

HaA- and HaB-crystallins prevent staurosporine-
induced apoptosis in HLE cells

Our previous studies44,45 have demonstrated that mouse aB-
crystallin can block okadaic acid and H2O2-induced apoptosis
in the immortalized rabbit lens epithelial cells, N/N1003A. To
delineate the antiapoptotic mechanisms of aA- and aB-
crystallins, we utilized our established stable clones,
pEGFP-HLE, pEGFP-HaA-HLE and pEGFP-HaB-HLE. After
grown to 100% confluence, these cells were subjected to
treatment with 100 nM staurosporine for 3, 6, 12 and 17 h. The
percentage of apoptotic cells in these samples was analyzed
with a viability assay described before.44,45 As shown in
Figure 2a, after a 3 h treatment, about 30% vector-transfected
cell underwent apoptosis. In contrast, less than 20% of either
HaA- or HaB-transfected cells were apoptotic. A 6 h treatment
led to apoptosis of more than 60% of the vector-transfected
cells. However, less than 30% of pEGFP-HaA-HLE cells and
25% of pEGFP-HaB-HLE cells were found apoptotic under the
same conditions. The apoptotic nature of cell death was
verified by DNA fragmentation (Figure 2b). After a 6 h
treatment, the DNA from vector-transfected cells displayed
a clear pattern of fragmentation (Lane 3 of Figure 2b).
However, the DNA samples from either HaA- or HaB-

transfected cells displayed a much weak fragmentation (lanes
5 and 7 of Figure 2b). Thus, HaA- and HaB provide marked
protection against staurosporine-induced apoptosis.

Figure 2 Analysis of the antiapoptotic ability of HaA and HaB in HLE cells. (a)
Viability assays. pEGFP-HLE, pEGFP-HaA-HLE and pEGFP-HaB-HLE cells
were grown to 100% confluence, then treated with 100 nM staurosporine for 3, 6,
12 and 17 h. Viability of the three types of cells was determined as described
previously.99 (b) DNA fragmentation assay. pEGFP-HLE, pEGFP-HaA-HLE and
pEGFP-HaB-HLE cells were grown to 100% confluence, then treated with
100 nM staurosporine or 0.01% DMSO (control) for 6 h. Then, the cells were
harvested for isolation of genomic DNA and the isolated DNA samples were
analyzed with 2.0% agarose gel as described previously.4 The 123 bp marker
from Gibco BRL was shown on the left. STS: staurosporine

Figure 1 Overexpression of HaA or HaB in HLE cells. (a-c) Direct visualization
of the pEGFP-HLE, pEGFP-HaA-HLE and pEGFP-HaB-HLE cells by
fluorescence microscopy. Note that in the vector-transfected cells (a), the GFP
protein is homogeneously expressed in both cytoplasm and nucleus. In contrast,
in either HaA (b)- or HaB (c)-transfected cells, the fusion protein of GFP-HaA or
GFP-HaB was only detected in the cytoplasm. (d) Western blot analysis of HaA
and HaB in parental, pEGFP-HLE, pEGFP-HaA-HLE and pEGFP-HaB-HLE.
Total proteins (100 mg) from the four types of cells were separated by 10% SDS
polyacrylamide gel and transferred to nitrocellulose membrane. Then the
membrane was blotted sequentially with anti-aA/B-crystallin antibody (top panel),
anti-GFP antibody (middle panel) and anti-b-actin antibody (bottom panel) and
visualized with the ECM Kit (Amersham). The purified GFP (bottom panel, from
Clontech) was loaded in the same gel and used for reference to measure the
concentrations of GFP, GFP-HaA and GFP-HaB in pEGFP-HLE, pEGFP-HaA-
HLE and pEGFP-HaB-HLE cells, respectively. Note that the endogenous
a-crystallin was hardly detectable in any of the four types of cells (top panel)
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HaA- and HaB-crystallins prevent staurosporine-
induced upregulation of Bak in human lens
epithelial cells

As overexpression of a-crystallins significantly protected HLE
cells from staurosporine-induced apoptosis, we first examined
whether the antiapoptotic ability of a-crystallins was derived
from their regulation of expression of Bcl-2 family members.
The pEGFP-HLE, pEGFP-HaA-HLE and pEGFP-HaB-HLE
cells were incubated with either 0.01% DMSO or 100 nM
staurosporine for 3 h. The total proteins were extracted for
Western blot analysis and the results are shown in Figure 3.
The relative expression levels of GFP-aA/B-crystallin fusion
proteins, Bcl-2, Bcl-XL, Bcl-XS, Bax and Bak, were further
quantitated using an automated digitizing system from the Silk
Scientific Corporation. While expression of Bcl-2, Bcl-XL, Bcl-
XS and Bax showed only slight variations in vector- and a-
crystallin-transfected cells with or without staurosporine
treatment (Figure 3 and data not shown), expression of Bak
was upregulated about five-fold in vector-transfected cells by
staurosporine treatment. In HaA- and HaB-transfected cells,
expression of either HaA or HaB enhanced expression of Bak
for about 2.5-fold. However, staurosporine-induced additional
upregulation was not observed in HaA- and HaB-transfected
cells. Thus, HaA and HaB were able to suppress staurospor-
ine-induced upregulation of Bak in HLE cells.

HaA- and HaB-crystallins can interact with Bcl-XS

and Bax in vitro and in vivo

To explore whether aA- and aB-crystallins are able to prevent
apoptosis at the mitochondrial level, upstream of caspase-3
activation, as part of the antiapoptotic mechanism, we
conducted GST pulldown assays to identify possible interac-
tions between HaA-crystallin as well as HaB-crystallin with
members of the Bcl-2 family. The cDNAs for HaA- and HaB-
crystallins were subcloned into pGEX-4T-1 vector to establish
(in frame) GST-HaA- and GST-HaB-crystallin fusion protein
constructs. The purified GST-HaA- and GST-HaB-crystallin
fusion proteins from Escerichia coli BL21 were used to pull
down the HaA- and HaB-crystallins-associated proteins from
HLE cells. The proteins pulled down were further analyzed
with antibodies against various members of the Bcl-2 family.
As shown in Figure 4, both Bax (the third panel from top) and
Bcl-XS (the fourth panel from the top) were found bound to
GST-HaA- and GST-HaB-crystallins, but not to the GST
protein control. In contrast, the anti-Bcl-2 and anti-Bak
antibodies did not crossreact with any proteins eluted from
either GST-HaA or GST-HaB columns (the top two panels of
Figure 4). To confirm that the interaction actually occurs in
vivo, coimmunoprecipitates from the pEGFP-HLE, pEGFP-
HaA-HLE and pEGFP-HaB-HLE cells using anti-aA/B-crystal-
lin antibody were further probed with anti-Bcl-2, anti-Bak, anti-
Bax, anti-Bcl-XS and anti-GFP antibodies (Figure 5a). As
expected, anti-Bcl-2 and anti-Bak antibodies did not cross-

Figure 3 Expression of different Bcl-2 family members during staurosporine-
induced apoptosis. The pEGFP-HLE, pEGFP-HaA-HLE and pEGFP-HaB-HLE
cells were treated with either 0.01% DMSO (�STS) or 100 nM staurosporine
(þ STS) for 3 h. The total proteins from the differentially treated cells were
extracted and analyzed by Western blot analysis with anti-aA/B-crystallin, anti-
Bcl-2, anti-Bcl-XS/L, anti-Bax, anti-Bak and anti-b-actin antibodies as described in
the Material and Methods

Figure 4 GST pulldown assays to demonstrate that HaA and HaB can interact
with Bax and Bcl-XS in vitro. The purified GST, GST-HaA and GST-HaB fusion
proteins immobilized on glutathione–Sepharose beads were incubated with cell
extracts from the HLE cells. After removal of nonspecific proteins by tris-buffered
saline with tween-20 (TBS-T) washes, the associated proteins were eluted and
separated by 10% SDS polyacrylamide gel electrophoresis (PAGE). The
immunoblots were probed with the antibodies against different members of the
Bcl-2 family as indicated in the figure. Only Bax and Bcl-XS were found bound to
HaA and HaB. The lower panel shows equal input of GST, GST-HaA and
GST-HaB
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react with any proteins precipitated down by anti-aA/B-
crystallin antibody (the top two panels of Figure 5a). In
contrast, both Bax and Bcl-XS were coimmunoprecipitated
from pEGFP-HaA-HLE and pEGFP-HaB-HLE cells but not
from pEGFP-HLE cells using anti-aA/B-crystallin antibody.
HaB seemed to have slightly better affinity to Bax and Bcl-XS

than HaA did (the middle two panels of Figure 5a). Since these
experiments were semiquantitative, such difference may not
be significant. Analysis of Bax and Bcl-XS left in the super-
natant fraction after immunoprecipitation revealed that more
than 60% of total Bax and more than 80% of total Bcl-XS were
precipitated down by the anti-aA/B-crystallin antibody (data
not shown). Next, we performed the immunoprecipitations

with the antibodies against Bcl-2, Bak, Bax and Bcl-XS and the
cell extract from the three types of cells. While anti-Bcl-2 and
anti-Bak antibodies did not bring down either GFP-HaA or
GFP-HaB (Figure 5b), anti-Bax (Figure 5c) and anti-Bcl-XS

(Figure 5d) antibodies were able to coimmunoprecipitate with
GFP-HaA in pEGFP-HaA-HLE cell and GFP-HaB in pEGFP-
HaB-HLE cells. In pEGFP-HLE cells, neither HaA nor HaB
was detected in the immunoprecipitated proteins by anti-Bax
and anti-Bcl-XS antibodies (left lane of Figure 5c and d). These
results indicate that HaA- and HaB can specifically bind to Bax
and Bcl-XS both in vitro and in vivo.

The N-terminal fragments of HaA and HaB fused
with GFP did not protect the transfected cells from
apoptosis and displayed no interaction with Bcl-XS

and Bax

To demonstrate that the observed protection against staur-
osporine-induced apoptosis of pEGFP-HaA-HLE and
pEGFP-HaB-HLE cells was not derived from the action of
GFP, we have created two fusion protein constructs using
PCR cloning strategy. A fragment of 89 amino acids from the
N-terminal of HaA was fused with GFP in frame to generate
the first construct. Similarly, a fragment of 74 amino acids from
the N-terminal of HaB was fused with GFP in frame to create
the second construct (Figure 6a). The two constructs were
introduced into HLE cells and their expressions were verified
by Western blot analysis (Figure 6b) and fluorescence
microscopy (Figure 6d and e). Like GFP-HaA and GFP-
HaB, the two new fusion proteins, GFP-HaA-89 and GFP-
HaB-74, were also distributed in the cytoplasm (Figures 6d
and e). Treatment of the cells expressing these new fusion
proteins with 100 nM staurosporine induced apoptosis of
similar rate as found in vector-transfected cells (Figure 6f),
indicating the absence of protection by these new fusion
proteins. Immunoprecipitation with anti-GFP, anti-Bax and
anti-Bcl-XS antibodies on the total proteins extracted from
vector- and the new constructs-transfected cells demon-
strated that the two new fusion proteins did not bind to Bax and
Bcl-XS (Figure 6g). Thus, it is the HaA and HaB but not GFP
that interacts with Bax and Bcl-XS.

HaA[R116C] and HaB[R120G] showed much less
protection on staurosporine-induced apoptosis
and also displayed much weak interactions with
Bcl-XS and Bax

Two major mutants found in a-crystallin are R116C in HaA and
R120G in HaB. Previous studies73,74 have shown that both
mutants displayed decreased protection against apoptosis
induced by staurosporine and other stress conditions. To
explore the possible mechanisms for the decreased protec-
tion, we have created the two mutants using wild-type HaA
and HaB cDNAs and PCR amplification procedure. The two
mutants were fused into the GFP expression vector to
generate pEGFP-HaA[R116C] and pEGFP-HaB[R120G],
which were introduced into HLE cells. Expressions of
HaA[R116C] and HaB[R120G] were confirmed with Western
blot analysis (Figure 7a). Their protections against stauro-

Figure 5 Coimmunoprecipitations to demonstrate that HaA and HaB can
interact with Bax and Bcl-XS in vivo. (a) The total proteins extracted from pEGFP-
HLE, pEGFP-HaA-HLE and pEGFP-HaB-HLE cells were immunoprecipitated
with anti-aA/B-crystallin antibody. The precipitated samples were then
sequentially blotted with anti-Bcl-2, anti-Bak, anti-Bax, anti-Bcl-XS and anti-
GFP antibodies. Only Bax and Bcl-XS were found to be brought down by anti-aA/
B-crystallin antibody. (b) The total proteins extracted from pEGFP-HLE, pEGFP-
HaA-HLE and pEGFP-HaB-HLE cells were immuoprecipitated by anti-Bcl-2 and
anti-Bak antibodies. The precipitated samples were then probed with both anti-
aA/B-crystallin antibody and anti-Bcl-2 (top two panels) or anti-aA/B-crystallin
antibody and anti-Bax antibodies (bottom two panels). Note that there was no
crossreacting protein detected with anti-aA/B-crystallin antibody in both samples
brought down either by anti-Bcl-2 or by anti-Bak antibodies. (c) The total proteins
extracted from pEGFP-HLE, pEGFP-HaA-HLE and pEGFP-HaB-HLE cells were
immunoprecipitated using anti-Bax antibody. The precipitated samples were then
sequentially probed with anti-aA/B-crystallin and anti-Bax antibodies. (d) The
total proteins extracted from pEGFP-HLE, pEGFP-HaA-HLE and pEGFP-HaB-
HLE cells were immuoprecipitated using anti-Bcl-XS antibody. The precipitated
samples were then sequentially blotted with anti-aA/B-crystallin and anti-Bcl-XS

antibodies
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sporine-induced apoptosis were analyzed. As shown in
Figure 7b, both HaA[R116C] and HaB[R120G] displayed less
protection against staurosporine-induced apoptosis as com-
pared with wild-type HaA and HaB (Figure 2a). To explore the
possible mechanism for this decreased antiapoptotic ability,
we examined their interactions with Bax and Bcl-XS. Recipro-
cal immunoprecipitation with anti-aA/B-crystallin, anti-Bax
and anti-Bcl-XS antibodies revealed that HaA[R116C] and
HaB[R120G] had much weaker interactions with both Bax and
Bcl-XS in comparison with the corresponding wild-type
proteins, HaA and HaB (Figure 7c). Thus, part of the
mechanisms responsible for the decreased protection by
HaA[R116C] and HaB[R120G] are derived from their aberrant
interactions with the two proapoptotic members of the Bcl-2
family.

Staurosporine-induced mitochondrial
translocations of Bax and Bcl-XS in pEGFP-HLE
cells were blocked in pEGFP-HaA-HLE and pEGFP-
HaB-HLE cells

Bcl-2 family members are the major apoptotic regulators that
control the homeostasis of mitochondria. Proapoptotic Bcl-2
family members such as Bax and Bcl-XS have been shown to
be activated and translocated from the cytosol into mitochon-
dria after apoptotic stimulation.24,38 Since human a-crystallins
were able to interact with Bax and Bcl-XS in vitro and in vivo,
we predicted that the translocation of Bax and Bcl-XS could be
affected in the presence of HaA and HaB. To test this
possibility, the pEGFP-HLE, pEGFP-HaA-HLE and pEGFP-
HaB-HLE cells were treated with either 0.01% DMSO or
100 nM staurosporine for 3 h and the mitochondrial-asso-
ciated (M) and soluble (S) proteins were isolated from the
three types of cells as described in Materials and Methods.
Then, the same amounts of mitochondrial (M) and cytosolic
proteins (S) were immunoblotted using the antibodies against
superoxide dismutase (Mn2þ ), Bcl-2, Bcl-XL, Bak, Bax and
Bcl-XS. The purity of mitochondrial fraction was shown by the
exclusive distribution of a mitochondria-specific protein,
superoxide dismutase (Mn2þ ) (Figure 8a). Bcl-2, Bcl-XL and
Bak were found to be associated with the mitochondrial
membrane even after staurosporine treatment (Figure 8b–d).
The upregulated Bak found in pEGFP-HLE cells was also
accumulated in the mitochondria (Figure 8d). Bax was
distributed in cytosol before staurosporine treatment in all

Figure 7 Demonstration that R116C and R120G, the two major mutant
proteins found in HaA and HaB, have decreased ability against staurosporine-
induced apoptosis and also displayed much less affinity for binding to Bax and
Bcl-XS. (a) Western blot analysis to detect expressions of GFP, R116C and
R120G in pEGFP-HLE, pEGFP-HaA[R116C]-HLE and pEGFP-HaB[R120G]-
HLE cells. Western blot analysis was conducted as described in Figure 1. (b)
Viability assays to show the relative antiapoptotic ability of GFP-R116C and GFP-
R120G. Viability assay was conducted as described in Figure 2a. (c)
Coimmunoprecipitations to demonstrate that R116C and R120G have much
lower affinity to Bax and Bcl-XS in comparison with their wild-type proteins, HaA
and HaB. Coimmunoprecipitation was conducted as described in Figure 5

Figure 6 Demonstration that the N-terminal fragments of either HaA or HaB,
when fused with GFP, was also localized in the cytoplasm but displayed no
protection against staurosporine-induced apoptosis. (a) Diagram of the structures
of pEGFP-neo, pEGFP-HaA-Del and pEGFP-HaB-Del. (b) Western blot analysis
of expression of GFP, GFP-HaA-Del and GFP-HaB-Del. Western blot analysis
was carried out as described in Figure 1. (c–e) Detection of GFP, GFP-HaA-Del
and GFP-HaB-Del by fluorescence microscopy as described in Figure 1. (f).
HaA-Del- and HaB-Del-transfected cells displayed similar apoptosis rate as
vector-transfected cells. Viability was assayed as described in Figure 2a. (g)
Coimmunoprecipitations revealed that these deletion mutants of HaA and HaB
do not interact with Bax and Bcl-XS. Coimmunoprecipitation was conducted as
described in Figure 5.
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three types of cells. However, after staurosporine treatment,
Bax was translocated into mitochondria in pEGFP-HLE cells
but retained in cytosol of pEGFP-HaA-HLE and pEGFP-HaA-
HLE cells (Figure 8e). Bcl-XS was equally distributed in both
the soluble fraction (S) and the mitochondria-associated
fraction (M) before staurosporine treatment. After treatment
with 100 nM staurosporine, more than 90% of Bcl-XS was
translocated into mitochondria, leading to its dominant
distribution in mitochondria and much less amount in the
cytosolic fraction in pEGFP-HLE cells (top panel of Figure 8f).
In contrast, in pEGFP-HaA-HLE cells (middle panel of
Figure 8f) and pEGFP-HaB-HLE cells (bottom panel of
Figure 8f), the staurosporine-induced translocation of Bcl-XS

was largely blocked as reflected by the even distribution of
Bcl-XS in both cytosolic fraction and mitochondria with or
without 100 nM staurosporine treatment. In contrast, the two
prominent mutants, R116C and R120G, displayed much
weaker abilities to sequester Bax (Figure 8g) and Bcl-XS

(Figure 8h) in the cytosol. These results demonstrated that
HaA and HaB can prevent the translocation of Bcl-XS and Bax
into mitochondria after staurosporine stimulation.

HaA and HaB prevent staurosporine-induced
cytochrome c release, caspase-3 activation and
PARP cleavage

Earlier studies have shown that translocation of Bax directly
induces release of cytochrome c from mitochondria and
activation of caspase-3.30–31 As HaA and HaB can interact
with Bax and Bcl-XS and prevent their translocation from the
cytosol to mitochondria, we tested whether this sequestration

could inhibit release of cytochrome c and suppress activation
of caspase-3. Total proteins from both the cytosolic fraction
and mitochondria of the three types of cells treated with 0.01%
DMSO or 100 nM staurosporine for 0.5, 3 and 6 h were
analyzed with Western blot analysis using an anti-cytochrome
c antibody. As shown in Figure 9a, after 30-min treatment by
staurosporine, no cytochrome c was released from either
vector- or HaA- or HaB-transfected cells. As the treatment
time increased to 3 h, staurosporine induced a substantial
amount of cytochrome c released from mitochondria (M) into
cytosol (S) in pEGFP-HLE cells (Figure 9b, top panel).
However, the release of cytochrome c was hardly observed
in either HaA- or HaB-transfected HLE cells (Figure 9b, middle
and bottom panels). By 6 h treatment, a majority of cyto-
chrome c was released into cytoplasm in vector-transfected
cells (Figure 9c, top panel). In contrast, only a small amount of
cytochrome c was released in HaA- and HaB-transfected HLE
cells (Figure 9c, middle and bottom panels). Since differential
release of cytochrome c was observed in the three types of
cells, we predicted that activation of caspase-3 and down-
stream apoptotic events may also be different in these cells.
To test this possibility, total proteins from these cells treated
with either 0.01% DMSO or 100 nM staurosporine for 6 h were
extracted for analysis of caspase-3 activity and cleavage of
poly (ADP-ribose) polymerase (PARP), a substrate of
caspase-3. As shown in Figure 10a, staurosporine treatment
of pEGFP-HLE cells induced more than 17-fold activation of
caspase-3 compared with DMSO treatment. In contrast, only
two- to three-fold activation induced by staurosporine was
observed in pEGFP-HaA-HLE and pEGFP-HaB-HLE cells in
comparison with DMSO treatment. Consistent with differential
caspase-3 activation, a large amount of PARP p116 was

Figure 8 Demonstration that HaA and HaB prevent staurosporine-induced translocation of Bax and Bcl-XS from the cytosol into mitochondria (a–f) and that the two
mutants, R116C in HaA and R120 in HaB, display much weaker ability to sequester the staurosporine-induced translocation of Bax and Bcl-XS from the cytosol into
mitochondria (g–h). The pEGFP-HLE, pEGFP-HaA-HLE and pEGFP-HaB-HLE cells were grown to 100% confluence and then treated with 0.01% DMSO (DMSO) or
100 nM staurosporine (STS) for 3 h. These samples were then used for isolation of mitochondrial (M) and cytosolic (S) fractions. Total proteins were then extracted from
the two fractions and subjected to Western blot analysis. Briefly, 50 mg of the mitochondrial protein (M) and cytosolic protein (S) from both control and treated cells were
separated by 10% SDS-PAGE. The distributions of Mn-superoxide dismutase (marker for mitochondria-specific protein) (a), Bcl-2 (b), Bcl-XL (c), Bak (d), Bax (e) and
Bcl-XS (f) were determined by Western blot analysis using the corresponding antibodies. Similarly, the pEGFP-HLE, pEGFP-HaA[R116C]-HLE and pEGFP-
HaB[R120G]-HLE cells were grown to 100% confluence and then treated with 0.01% DMSO (DMSO) or 100 nM staurosporine (STS) for 3 h. These samples were then
used for isolation of mitochondrial (M) and cytosolic (S) fractions. Total proteins were then extracted from the two fractions and subjected to Western blot analysis using
antibody against Bax (g) and Bcl-XS (h) as described above. Note that R116C and R120G display much weaker ability to sequester Bax (g) and Bcl-XS (h) in the cytosol
compared with the sequestration of Bax (e) and Bcl-XS (f) by wild-type HaA and HaB
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cleaved by caspase-3 to p85 in pEGFP-HLE cells after 6 h
treatment by staurosporine. On the other hand, the degraded
PARP (p85) was barely detectable in pEGFP-HaA-HLE and
pEGFP-HaB-HLE cells (Figure 10b). Thus, both HaA and HaB
were able to block downstream apoptotic events through
interactions with Bax and Bcl-XS.

HaA and HaB-crystallins display similar protection
against apoptosis induced by different stress
conditions in both lens and nonlens cells

Our results with HLE cells under treatment of 100 nM
staurosporine suggest that HaA and HaB display similar
protection against induced apoptosis. To further confirm these

results, we introduced both HaA and HaB into a retina pigment
epithelial cell line, ARPE-19,75 and a rat embryonic myocar-
dium cell line, H9c2.76 Different from the SV40 large T-
transformed HLE cells that lack endogenous a-crystallin, both
ARPE-19 and H9c2 express endogenous aB-crystallin.
ARPE-19 cells expressed about 0.4 ng aB-crystallin/mg total
proteins using purified aB-crystallin (Stressgen) as standard.
The rat embryonic myocardium, H9c2 cells, expressed
0.21 ng aB-crystallin/mg total proteins, half of that found in
ARPE-19 cells (data not shown). Accordingly, both ARPE-19
and H9c2 have much stronger resistance to staurosporine-
apoptosis in comparison with HLE cells in the absence of the
exogenous a-crystallin expression (see the vector-transfected
cells in Figure 11a, c and e). We suggest that different
expression levels of the endogenous aB-crystallin levels likely
contribute to their differential antiapoptotic abilities of ARPE-
19 and H9c2 cells (see the vector-transfected cells in Figure
11c and e). Expression of the exogenous GFP-HaA or GFP-
HaB fusion protein in both ARPE-19 and H9c2 cells provides
additional protection (Figure 11c–f). When the established
stable clones of vector or human a-crystallin-transfected
ARPE and H9c2 cells (those clones expressing similar levels
of GFP, GFP-HaA or GFP-HaB were used) were subjected to
treatment of 100 nM staurosporine (Figure 11c and e), 10 mM
etoposide (Figure 11d) or 400 mM sorbitol (Figure 11f), it was

Figure 10 Demonstration that HaA and HaB prevent staurosporine-induced
activation of caspase-3 and cleavage of PARP. (a) Caspase-3 activity in pEGFP-
HLE, pEGFP-HaA-HLE and pEGFP-HaB-HLE cells after treatment with 0.01%
DMSO (DMSO) or 100 nM staurosporine (STS). Caspase-3 activity was analyzed
as described previously.44,45 Note that staurosporine induced more than 17-fold
increase in caspase-3 activity compared to the DMSO control in vector-
transfected cells. The activation of caspase-3 in HaA- and HaB-transfected cells
was substantially repressed. (b) Western blot analysis of the caspase-3
substrate, PARP. Nuclear proteins (100 mg) from the pEGFP-HLE, pEGFP-HaA-
HLE and pEGFP-HaB-HLE cells after treatment with 0.01% DMSO (control) or
100 nM staurosporine(STS) for 6 h were separated in an 8% SDS polyacrylamide
gel. The PARP cleavage was detected with an anti-PARP antibody. Note that the
p85 subunit was prominent in vector-transfected cells but barely detectable in
HaA- and HaB-transfected cells after 100 nM staurosporine treatment

Figure 9 Demonstration that HaA and HaB prevent staurosporine-induced
release of cytochrome c. The pEGFP-HLE, pEGFP-HaA-HLE and pEGFP-HaB-
HLE cells were grown to 100% confluence and then treated with 0.01% DMSO
(control) or 100 nM staurosporine (STS) for 30 min (a), 3 h (b) and 6 h (c). These
samples were then used for isolation of mitochondrial (M) and cytosolic (S)
fractions. Total proteins were then extracted from the two fractions and subjected
to Western blot analysis. Briefly, 50 mg of the mitochondrial fraction (M) and
cytosolic fraction (S) from the control and treated cells were separated by 10%
SDS-PAGE and the immunoblots were detected with an anti-cytochrome c
antibody
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found that both HaA and HaB displayed similar protection
against all stress conditions tested (Figure 11).

Discussion

In the present study, we have demonstrated the following: (1)
both GST pulldown assay and coimmunoprecipitation demon-
strate that HaA and HaB binds to Bax and Bcl-XS; (2) the two
prominent mutants, R116C in HaA and R120G in HaB, display
much weaker affinity to Bax and Bcl-XS; (3) the interactions

between a-crystallin and Bax as well as Bcl-XS prevent their
translocation into mitochondria during staurosporine-induced
apoptosis; (4) the two prominent mutants, R116C and R120G,
exhibit much attenuated sequestration of Bax and Bcl-XS in
the cytosol; (5) both HaA and HaB display similar antiapoptotic
ability as tested in three different cell lines under various
stress conditions; (6) through inhibition of Bax and Bcl-XS

translocation and repression of Bak upregulation, HaA and
HaB prevent staurosporine-induced apoptosis. Thus, our
results reveal a novel antiapoptotic mechanism for a-crystallin
(Figure 12).

Figure 11 Comparison of the relative antiapoptotic ability of HaA and HaB in three different types of cells. pEGFP-neo, pEGFP-HaA and pEGFP-HaB were introduced
into HLE (a, b), human retina pigment epithelial cells, ARPE-19 (c, d) and rat embryonic myocardium cells, H9c2 (e, f). After selection with G418 medium, stable clones
expressing GFP, GFP-HaA or GFP-HaB were isolated. Their expression levels were determined by Western blot analysis. For all cells (HLE or ARPE-19 or H9c2), the
clones with similar expression levels were used for analysis of the relative ability against induced apoptosis. Each stable clone was grown to 100% confluence and then
subjected to treatment by 100 nM staurosporine (a, c, e), or 10 mM etoposide (b, d), or 400 mM sorbitol (f) for different length of time as indicated, the viability was then
assayed as described in Figure 2a
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Antiapoptotic mechanisms of a-crystallins

The small heat-shock proteins have multiple functions.39–46,

62–74 One of the most important functions is the ability to
protect cell from induced apoptosis.39–46 a-Crystallin and
Hsp27 are closely related family members and protect cells
from apoptosis induced by a large numbers of stress
factors.39–46 Both of them prevent stress-induced apoptosis
at multiple signaling steps. However, the exact mechanism or
regulating targets seem to be different. Hsp27 prevents
apoptosis by interacting with caspase-3 to modulate its
activity,47–48 by interacting with cytochrome c to prevent
procaspase-9 activation,49 or by regulating Bid intracellular
distribution and F actin integrity to block mitochondrial death
pathway.52 In contrast, a-crystallin utilizes a different mechan-
ism to negatively regulate caspase-3 activity. Our recent study
shows that aB-crystallin prevents H2O2-induced apoptosis
through interaction with procaspase-3 and partially processed
procaspase-3 to prevent caspase-3 activation.45 Secondly,
instead of regulating Bid distribution, our results presented
here demonstrate that a-crystallin binds to Bax and Bcl-XS to
prevent their translocation into mitochondria induced by
staurosporine, thus maintaining the integrity of mitochondria.
The differential antiapoptotic mechanism was further illu-
strated in a recent study in which aB-crystallin but not Hsp27
was found capable of repressing differentiation-induced
caspase-3 activation.74

The results from both GST pulldown assay (Figure 4) and
coimmunoprecipication-linked Western blot analysis with
antibodies against aA/B-crystallin and Bcl-XS (Figure 5a and
d) suggest that HaB seems to have slightly stronger affinity to
Bax and Bcl-XS than HaA does. However, this is not
consistent with the coimmunoprecipitation-linked Western

blot analysis with anti-Bax antibody (Figure 5c). Such
discrepancy may be partially derived from the difference in
the antibody affinity to the complexes precipitated and also
partially resulted from variation from experiments to experi-
ments (Figure 5c and Figure 7c). Since both assays are
semiquantitative, the observed differential affinity to Bax and
Bcl-XS displayed by HaA and HaB need to be further explored.
Nevertheless, our observation that both HaA and HaB bind to
these proapoptotic regulators and sequester their transloca-
tion into mitochondria during staurosporine-induced apoptosis
is important for understanding the antiapoptotic mechanisms
of HaA and HaB.

The two major mutants, R116C in HaA and R120G in HaB,
cause cataractogenesis in the lens.77,78 Consistent with these
observations, the chaperone-like ability of R116C and R120G
was found substantially decreased.79,80 The results reported
here and also from earlier studies73–74 reveal that the two
mutants apparently display much weaker antiapoptotic ability.
Our demonstration that the mutants have much less affinity to
Bax and Bcl-XS provides an explanation. Part of their
attenuated antiapoptotic ability is derived from their weak
interactions with Bax and Bcl-XS and thus decreased ability to
sequester translocation of Bax and Bcl-XS from cytosol into
mitochondria induced by staurosporine treatment. Why
R116C and R120G display deceased affinities to Bax and
Bcl-XS remains to be further studied.

An early study43 has suggested that aA-crystallin is more
competent than aB-crystallin in preventing apoptosis induced
by staurosporine, TNF-a and UVA. In the present study, we
have compared the antiapoptotic ability of the two crystallins
in three different cell lines: the human lens epithelial cell line
(HLE) which contains virtually undetectable endogenous
crystallins; the human retina pigment epithelial cells (ARPE-
19) and the rat embryonic myocardium cell line (H9c2), both of
which expresses endogenous aB-crystallin. The expression of
the endogenous aB-crystallin in ARPE-19 and H9c2 cells
makes them much more resistant to staurosporine-induced
apoptosis in the absence of exogenous a-crystallin expression
(Figure 11). Regardless absence or presence of the en-
dogenous a-crystallin, expression of HaA and HaB in these
cells provides additional protections. Under treatment of
100 nM staurosporine, 10 mM etoposide or 400 mM sorbitol
(generating osmotic stress), HaA and HaB consistently show
similar protections against a given stress condition in HLE,
ARPE-19 or H9c2 cells.

Signaling pathway mediating staurosporine-
induced apoptosis

Apoptosis occurs through two major signaling pathways:
extrinsic or intrinsic.81 The extrinsic pathway initiated from
activation of death domain containing cell surface receptors of
the tumor necrosis factor (TNF) super family leads to the
recruitment and proteolytic activation of caspase-8, which
results in the cleavage and activation of downstream effector
caspases.82–83 The intrinsic apoptotic signaling pathway
involves mitochondria and results in the release of proapop-
totic factors from mitochondria, such as cytochrome c. The
released cytochrome c binds to the apoptotic protease-

Figure 12 Diagram to show the apoptotic pathway for staurosporine-induced
apoptosis in HLE cells and the protective mechanisms of HaA and HaB against
staurosporine-induced apoptosis. Staurosporine induces upregulation of Bak and
translocation of Bax and Bcl-XS, leading to alteration in the permeability of
mitochondria as reflected by release of cytochrome c, which causes activation of
caspase-3 and cleavage of PARP, and eventually execution of the apoptotic
program. HaA and HaB block upregulation of Bak and translocation of Bax and
Bcl-XS, and consequently suppress downstream apoptotic events
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activating factor-1(Apaf-1), subsequently turns on the down-
stream executioner caspases such as caspase-3.84–86

Staurosporine, a potent apoptosis inducer demonstrated in
a broad spectrum of cells activate apoptosis through the
mitochondrial death pathway.87–91 The proapoptotic mem-
bers of the Bcl-2 family play a critical role in staurosporine-
induced apoptosis. Cells lacking both Bax and Bak are known
to be completely resistant to multiple apoptotic stimuli
including staurosporine.92–93 Analysis of cell death in
Bax- or Bak-deficient cell lines indicates that both regulators
are necessary for staurosporine-induced apoptosis.94,95

Consistent with these studies, here we show that in HLE
cells staurosporine regulates both Bak and Bax at different
ways.

Staurosporine was found to upregulate Bak expression up
to five-fold (Figure 3) and the upregulated Bak was accumu-
lated into mitochondria (Figure 8) in vector-transfected cells.
In the HaA- and HaB-transfected cells, Bak upregulation is
different. First, expression of HaA and HaB enhances Bak
expression in unknown mechanism. On the other hand,
expression of HaA- and HaB prevents staurosporine-induced
additional Bak upregulation (Figure 3). Since cells lacking
both Bax and Bak are completely resistant to staurospor-
ine,92,93 inhibition of additional Bak upregulation by HaA- and
HaB, to some degree, contributes to their antiapoptotic
abilities against staurosporine-induced apoptosis. Bak upre-
gulation is also observed in human colonic adenoma AA/C1
cells during butyrate-induced apoptosis,96 and in human
stomach epithelial cells during bacterium-induced apopto-
sis.97

It is well established that death signal induced conformation
change followed by insertion into mitochondrial membrane is
an important step for Bax to promote apoptosis.25–28 Although
staurosporine does not induce Bax upregulation, this kinase
inhibitor promotes Bax translocation from cytosol into mito-
chondria in vector-transfected cells, thus turning on the
mitochondrial death pathway. This process is largely abro-
gated in cells expressing either HaA or HaB (Figure 8e).

In addition, our results demonstrate that staurosporine
also regulates Bcl-XS. It also stimulates translocation of
Bcl-XS from cytosol into mitochondria in vector-transfected
pEGFP-HLE cells. To our knowledge, this is the first evidence
that Bcl-XS translocation is stimulated by staurosporine.
Again, HaA and HaB prevent translocation of Bcl-XS

(Figure 8f).
In vector-transfected cells, once the proapoptotic members,

Bax and Bcl-XS, were mobilized into mitochondria, the
integrity of mitochondria was interrupted as evidenced by
the release of cytochrome c, followed by activation of
executioner caspase, caspase-3 and degradation of PARP.
These downstream events induced by staurosporine in
vector-transfected HLE cells are similar to those reported in
other cell lines.87–91 In either HaA- or HaB-transfected cells,
the staurosporine-induced downstream events were largely
turned off. Thus, our results provide additional evidence that
both Bax and Bak are important for staurosporine-induced
apoptosis. Moreover, our demonstration that staurosporine
stimulates translocation of Bcl-XS provides novel information
for our understanding of staurosporine-induced signaling
pathway (Figure 12).

Materials and Methods

Chemicals

Various molecular biology reagents were purchased from Invitrogen
Life Technologies, Gaithersburg, MD, USA; Stratagene, La Jolla, CA, USA
and Promega Biotech, Madison, WI, USA. All the oligos, DNA and protein
size markers were purchased from Invitrogen Life Technologies,
Gaithersburg, MD, USA. Mammalian expression vector was purchased
from Clontech, Palo Alto, CA, USA. Various antibodies were obtained from
Cell Signaling Technology, Boston, MA, USA; Roche Molecular
Biochemicals, Indianapolis, IN, USA; Transduction Laboratories, San
Diego, CA, USA and Stressgen, Vancouver, Canada. The culture
medium, and most other chemicals and antibiotics were purchased from
Sigma, St. Louis, MO, USA and Invitrogen Life Technologies, Gaithers-
burg, MD, USA.

Culture of HLE, human retina pigment epithelial
cells (ARPE-19) and rat embryonic myocardium
cells (H9c2)

The HLE cells, kindly provided by Dr. V Reddy, were grown in Dulbecco’s
modified Eagle’s medium (Gibco catalog number 31600-026) containing
10% fetal bovine serum as described previously.98 The medium was
prepared in ion-exchanged double-distilled water to give an osmolarity of
30075 mosmol supplemented with 26 mM NaHCO3 and 50 U/ml
penicillin and streptomycin. The media and sera were sterilized by
filtration through 0.22-mm filters (Corning catalog number 25942) with
pH adjusted to 7.2. All cells were kept at 371C and 5% CO2 gas
phase. The human retina pigment epithelial cells (ARPE-19)75 and rat
embryonic myocardium cells (H9c2)76 were obtained from ATCC and
grown in Eagle’s minimal essential medium (MEM) (Fisher Scientific) with
addition of 10% fetal bovine serum and 50 U/ml penicillin and
streptomycin.

Preparation of expression constructs

The HaA and HaB cDNAs were amplified by RT-PCR from human lens
mRNA using the following primers: 50-TACCTCGAGATGGACGTGAC-
CATCCAGC-30 (aA-crystallin, forward), 50-CAACCCGGGTTAGGAC-
GAGGGAGCCGAG-30 (aA-crystallin, reverse), 50-TACCTCGAGATG-
GACATCGCCATCCAC-30 (aB-crystallin, forward), 50-CAACCCGGGTT-
CAAGAAAGGGCATCTA-30(aB-crystallin, reverse). The cDNAs were
further inserted into an enhanced green fluorescence protein expression
vector, pEGFPC3, at the XhoI and SmaI sites that were created by PCR to
generate in frame fusion constructs. The pGST-HaA/B-crystallin fusion
constructs were created by PCR using the following primers: 50-
TACGAATTCATGGA-CGTGACCATCCAGC-30 (aA-crystallin, forward),
50-CAAGTCGACTTAGGACGAGGGA-GCCGAG-30 (aA-crystallin, reverse),
50-TACGAATTCATGGACATCGCCATCCAC-30 (aB-crystallin, forward),
50-CAAGTCGACTTCAAGAAAGGGCATCTA-30(aB-crystallin, reverse).
The amplified HaA and HaB cDNAs were subcloned into pGEX-4T-1
(Pharmacia Biotech), fused in frame with GST at the EcoRI and SalI sites.
pEGFP-HaA-Del and pEGFP-HaB-Del were generated using PCR and
the following primers: 50-TACCTCGAGATGGACGTGACCAT-CCAGC-30

(HaA-Del, forward), 50-CAAGTCGACCTAGGATCGAACCTCAGAGATG-
30 (HaA-Del, reverse); 50-TAC-CTCGAGATGGACATCGCCATCCAC-30

(HaB-Del, forward), 50- CAAGTCGACC-TATGAGAGTCCAGTGTCAAAC-
30 (HaB-Del, reverse).
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In vitro mutagenesis for creation of R116C and
R120G mutants

The two prominent mutants R116C and R120G were created through
a two-step PCR amplification procedures with the following primers:
50-TACCTCGAGATGGACGTGA-CCATCCAGC-30 (R116C, forward-1),
50-AGCGGCAGTGGAACTCACGGGAAA-30 (R116C-Reverse-1), 50-
GTTCCACTGCCGCTACCGCCTGCCG-30 (R116C-forward-2), 50-
CAACC-CGGGTTAGGACGAGGGAGCCGAG-30 (R116C, reverse-2);
50-TACCTCGAGATGGACA-TCGCCATCCAC-30 (R120G forward-1),
50-ATTTCCCGTGGAACTCCCTGGAGA-30 (R120G, reverse-1), 50-
GTTCCACGGGAAATACCGGATCCC-30 (R120G, forward-2), 50-
CAACCCGGGTT-CAAGAAAGGGCATCTA-30(R120G, reverse-2). For
R116C generation, wild-type HaA was used as the template in the initial
two PCR reactions. One PCR reaction was conducted with the R116C N-
terminal primer pair (forward-1 and reverse-1), and the other conducted
with R116 C-terminal primer pair (forward-2 and reverse-2). The products
from the two PCR reactions were gel-purified to remove the initial template
(HaA full-length cDNA). The recovered two partial cDNAs carrying the
mutated codon (from Arg-116 to Cys-116) were first denatured and then
annealed together, and the ends are filled with klenow DNA polymerase.
The newly annealed mutated cDNA was used for template in the third PCR
reaction in which the R116C forward-1 primer, 50-TACCTCGAGATG-
GACGTGACCATCCAGC-30 and R116C reverse-2 primer, 50-
CAACCCGGGTTAGGACGAGGGAGCCGAG-30 were used. The ampli-
fied cDNA was digested at the XhoI and SmaI sites and then inserted into
the mammalian expression vector pEGFPC3 to produce pEGFP-
HaA[R116C]. The same procedure was used to generate pEGFP-
HaB[R120G] where the two pairs of R120G primers were used for the
PCR reactions. Both pEGFP-HaA[R116C] and pEGFP-HaB[R120G] were
sequenced to verify the correct mutation.

Establishment of stable expression cell lines

The pEGFP, pEGFP-HaA and pEGFP-HaB constructs were amplified in
DH-5a and purified by two rounds of CsCl ultracentrifugation as previously
described.44,45 Transfection of HLE, ARPE-19 and H9c2 cells was
performed using electroporation with a BTX Electro Cell Manipulator as
described before44,45 or with Lipofectaminet 2000 from the Invitrogen Life
Technologies, according to the company instruction manual. The
transfected cells were then subjected to G418 (400–600 mg/ml) selection
for 4–6 weeks and then the individual clones for the following stable
transfected cell lines were established. These include pEGFP-HLE,
pEGFP-ARPE-19 and pEGFP-H9c2 (expressing only the GFP from the
vector); pEGFP-HaA-HLE, pEGFP-HaA-ARPE-19 and pEGFP-HaA-H9c2
(expressing the fusion protein of GFP-HaA); and pEGFP-HaB-HLE,
pEGFP-HaB-ARPE-19, and pEGFP-HaB-H9c2 (expressing the fusion
protein of GFP-HaB). pEGFP-HaA[R116C]-HLE, pEGFP-HaA-Del-HLE,
pEGFP-HaB[R120G]-HLE and pEGFP-HaB-Del-HLE were also estab-
lished in the same way using pEGFP-HaA[R116C], pEGFP-HaA-Del,
pEGFP-HaB[R120G] and pEGFP-HaB-Del constructs, respectively.

Treatment by staurosporine, etoposide and
sorbitol

The pEGFP-HLE, pEGFP-ARPE-19, pEGFP-H9c2, pEGFP-HaA-HLE,
pEGFP-HaA[R116C]-HLE, pEGFP-HaA-Del-HLE pEGFP-HaA-ARPE-19,
pEGFP-HaA-H9c2, pEGFP-HaB-HLE, pEGFP-HaB[R120G]-HLE,
pEGFP-HaB-Del-HLE, pEGFP-HaB-ARPE-19, and pEGFP-HaB-H9c2
cells were grown to 100% confluence in DMEM or MEM containing 10%

fetal calf serum in the presence of 400–600mg/ml G418. Then, the media
containing 10% serum plus 0.01% DMSO (control) or 100 nM
staurosporine, 10 mM etoposide or 400 mM sorbitol (experiment) were
used to replace the culture media for the required period of incubation as
indicated. After treatment, all samples were collected for analysis of
apoptosis, apoptotic pathways and protein–protein interactions.

Apoptosis assay, DNA fragmentation analysis and
Hoechst staining

The percentage of apoptotic cells in DMSO or staurosporine, etoposide or
sorbitol-treated samples was determined as described before.99 The
apoptotic nature of the treated cells was further verified by DNA
fragmentation and Hoechst staining as previously described.4,44,45,99

Protein preparation and Western blotting analysis

The total proteins were prepared from the pEGFP-HLE, pEGFP-HaA-
HLE, pEGFP-HaB-HLE, pEGFP-HaA[R116C]-HLE, pEGFP-
HaB[R120G]-HLE, pEGFP-HaA-Del-HLE and pEGFP-HaB-Del-HLE cells
treated with 0.01% DMSO or 100 nM staurosporine for 30 min–6 h using
protein extraction buffer. The buffer contained 1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS, 9.1 mM Na2HPO4, 1.7 mM NaH2PO4, 150 mM
NaCl, 10 ml/ml phenylmethylsufonyl fluoride (PMSF) stock solution (10 mg/
ml in isopropanol), 30ml/ml aprotinin with pH of the preparation adjusted to
7.4. After homogenization by passing through a 21-gauge needle, an
additional 10ml of PMSF was added to each sample, which was incubated
on ice for 30 min. After the cell lysate was centrifuged at 10 000� g for
20 min at 41C, the supernatant fraction of each sample was collected and
stored in aliquots at �701C. For each sample, the protein concentration
was determined as previously described.44,45 In total, 50 or 100 mg of total
proteins in each sample were resolved by 10% SDS-polyacrylamide gel
and transferred into supported nitrocellulose membranes. The protein
blots were blocked with 5% nonfat milk in tris-buffered saline (TBS)
(10 mM Tris HCl, pH 8.0/150 mM NaCl) overnight at 41C, and incubated
with anti-aA/B-crystallin antibody (StressGen Biotechnologies), anti-b-
actin, anti-Bax, anti-Bcl-XS/L, anti-Bcl-2 and anti-cytochrome c antibodies
(Santa Cruz Biotechnology), anti-Bak antibody (Upstate Biotechnology),
anti-PARP antibody and anti-GFP antibody (Roche Molecular Biochem-
icals) at a dilution of 1:500–2000 (mg/ml) in 5% milk prepared in TBS. The
secondary antibody is anti-mouse IgG (for anti-GFP and anti-Bcl-2
antibodies), anti-rabbit IgG (for anti-aA/B-crystallin, anti-Bax, anti-Bcl-XS/L,
anti-cytochrome c and anti-Bak antibodies), or anti-goat IgG (for anti-actin)
at a dilution of 1:1000 (Amersham). Immunoreactivity was detected with
an enhanced chemilluminescence detection kit according to the
company’s instruction (ECL, Amersham Corp.).

GST pulldown assay

Human aA- and aB-crystallin cDNAs were subcloned into vector pGEX-
4T-1. Both vector and expression constructs were transfected into E.coli
BL21. When E.coli BL21 was grown to OD600¼ 0.5 at 371C, IPTG was
added into the medium to a final concentration of 0.5 mM. The culture was
continued overnight at 201C. Thereafter, cells were harvested by
centrifugation, frozen and thawed twice by immersing the tubes in dry
ice and a 371C water bath, and resuspended in 1/50 of the starting culture
volume of phosphate-buffered saline (PBS), pH 7.2, 5 mM EDTA, 1 mM
dithiothreitol (DTT), 2 mg/ml aprotinin, 2 mM phenylmethylsulfonyl fluoride
(PMSF) and 2 mg/ml lysozyme. After 30 min on ice, Triton X-100 was
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added to a final concentration of 1% and the cells were sonicated. The
supernatant fraction was collected by centrifugation and incubated with
the glutathione–Sepharose beads (Sigma) for 1 h. The beads were
washed with 1� PBS, 1% Triton X-100, 5 mM EDTA, 1 mM DTT, 2 mg/ml
aprotinin and 1 mM PMSF four times. GST alone, GST-HaA or GST-HaB
fusion proteins immobilized on glutathione–agarose beads were incubated
with HLE cell lysate overnight at 41C. The nonspecific binding proteins
were washed off the beads with TBST buffer (20 mM Tris-Cl, pH 7.4;
150 mM NaCl; 2 mM EDTA; 1% Triton X-100) four times. The interacting
proteins were further analyzed by Western blot using anti-Bax and anti Bcl-
XS antibodies.

Immunoprecipitation-linked Western blot analysis

The pEGFP-HLE, pEGFP-HaA-HLE and pEGFP-HaB-HLE, pEGFP-
HaA[R116C]-HLE, pEGFP-HaB[R120G]-HLE, pEGFP-HaA-Del-HLE
and pEGFP-HaB-Del-HLE cells were grown to 100% confluence and
treated with 0.01%. DMSO or 100 nM staurosporine for 3 h as described
above. The treated cells were harvested by the end of treatment and
used for extraction of total proteins. The protein samples were quantitated
and processed for immunoprecipitation-linked Western blot analysis
as described below. First, 500 mg of total proteins from pEGFP-HLE,
pEGFP-HaA-HLE and pEGFP-HaB-HLE, pEGFP-HaA[R116C]-HLE,
pEGFP-HaB[R120G]-HLE, pEGFP-HaA-Del-HLE and pEGFP-HaB-
Del-HLE cells were incubated with 10 mg of antibody against aA/B-
crystallins, Bax, Bcl-XS, Bcl-2 or Bak as well as 50ml protease inhibitor
cocktail for 1 h on ice. After incubation, 50 ml of protein A/G plus
agarose were added into each incubated sample. These samples
were then incubated overnight in a 41C refrigerator attached to a slow
motion rotator. At the end of incubation, these samples were washed
three times with RIPA buffer (1� PBS, 1% Nonidet P-40, 0.5%
sodium deoxycholate, 0.1% SDS) by spinning down for 5 min at
10 000� g. After final wash, the pelleted samples were subjected to
Western blot analysis as described above using proper antibodies
indicated in the text.

Preparation of mitochondrial and soluble proteins

Preparation of mitochondrial and cytosolic proteins was conducted as
described previously.100 Briefly, 40 dishes (100 mm) of pEGFP-HLE,
pEGFP-HaA-HLE and pEGFP-HaB-HLE cells in 100% confluence were
treated with 0.01% DMSO or 100 nM staurosporine for 3 h. The cells were
harvested and washed twice with PBS. The cell pellets were resuspended
in hypotonic buffer (10 mM NaCl, 1.5 mM MgCl2, 10 mM HEPES, pH 7.5)
with protease inhibitors and incubated on ice for 30 min. Then the cells
were lysed with homogenizers for 20 strokes, and the 4�MS buffer was
added into cell lyses to obtain a final concentration of 1�MS buffer
(110 mM mannitol, 280 mM sucrose, 40 mM HEPES, pH 7.5, 1 mM EDTA,
0.05% BSA, plus protease inhibitors). The cell lysates were centrifuged at
1000� g for 5 min at 41C to remove nuclei and unbroken cells. The
supernatant was further centrifuged at 17 000� g at 41C for 20 min to
separate mitochondrial/heavy membrane fraction and soluble fraction.
The mitochodrial/heavy membrane fraction was lysed in protein extraction
buffer as described above. The protein concentrations in both fractions
were determined as described above. Equal amounts of protein in the
mitochondrial/heavy membrane fraction and soluble fraction were
separated in 10% SDS-PAGE and assayed by different antibodies as
described above. The nuclear proteins were further analyzed with anti-
PARP antibody (Pharmingen) to detect PARP cleavage during
staurosporine-induced apoptosis.

Acknowledgements

This study was supported in part by the Hormel Foundation, University of
Minnesota Graduate School, and NIH Grant EY11372 (DWL). We thank
Dr. Venkat Reddy for the human lens epithelial cell line and Dr. Ann Bode
for a critical reading of the manuscript. We are also grateful to Ms. Andria
Hansen for the editing of the manuscript.

References

1. Li DW-C (1997) The lens epithelium, apoptosis and cataract formation. Nova
Acta Leopoldina 75: 81–108

2. Lolley RN (1994) The rd gene defect triggers programmed rod cell death. The
Proctor Lecture. Invest. Ophthalmol. Vis. Sci. 35: 4182–4191

3. Papermaster DS and Windle J (1995) Death at an early age. Apoptosis in
inherited retina degenerations. Invest Ophthalmol. Vis. Sci. 36: 977–983

4. Li WC, Kuszak JR, Dunn K, Wang RR, Ma W, Wang GM, Spector A, Leib M,
Cotliar AM, Weiss M Espy J, Howard G, Farris RL, Auran J, Donn A, Hofeldt
A, Mackay C, Merriam J, Mittl R and Smith TR (1995a) Lens epithelial cell
apoptosis appears to be a common cellular basis for non-congenital cataract
development in humans and animals. J. Cell. Biol. 130: 169–181

5. Li WC, Kuszak JR, Wang G-M, Wu Z-Q and Spector A (1995b) Calcimycin-
induced lens epithelial cell apoptosis contributes to cataract formation. Exp.
Eye Res. 61: 89–96

6. Li WC and Spector A (1996) Lens epithelial cell apoptosis is an early event in
the development of UVB-induced cataract. Free Radic. Biol. Med. 20:
301–311

7. Michael R, Vrensen GF, van Marle J, Gan L and Soderberg PG (1998)
Apoptosis in the rat lens after in vivo threshold dose ultraviolet irradiation.
Invest. Ophthalmol. Vis. Sci. 39: 2681–2687

8. Tamada Y, Fukiage C, Nakamura Y, Azuma M, Kim YH and Shearer TR
(2000) Evidence for apoptosis in the selenite rat model of cataract. Biochem.
Biophys. Res. Commun. 275: 300–306

9. Yoshizawa K, Oishi Y, Nambu H, Yamamoto D, Yang J, Senzaki H, Miki H
and Tsubura A (2000) Cataractogenesis in neonatal Sprague–Dawley rats by
N-methyl-N-nitrosourea. Toxicol. Pathol. 28: 555–564

10. Pandya U, Saini MK, Jin GF, Awasthi S, Godley BF and Awasthi YC (2000)
Dietary curcumin prevents ocular toxicity of naphthalene in rats. Toxicol. Lett.
115: 195–204

11. Ye J, Yao K, Lu D, Wu R and Jiang H (2001) Low power density microwave
radiation induced early changes in rabbit lens epithelial cells. Chin. Med. J.
(Engl) 114: 1290–1294

12. Takamura Y, Kubo E, Tsuzuki S and Akagi Y (2003) Apoptotic cell death in the
lens epithelium of rat suger cataract. Exp. Eye Res. 77: 51–57

13. Morgenbesser SD, Schreiber-Agus N, Bidder M, Mahon KA, Overbeek PA,
Horner J and DePinho RA (1995) Contrasting roles for c-Myc and L-Myc
in the regulation of cellular growth and differentiation in vivo. EMBO J. 14:
743–756

14. Gomez Lahoz E, Liegeois NJ, Zhang P, Engelman JA, Horner J, Silverman A,
Burde R, Roussel MF, Sherr CJ, Elledge SJ and DePinho RA (1997) Cyclin D-
and E-dependent kinases and the p57(KIP2) inhibitor: cooperative
interactions in vivo. Mol. Cell. Biol. 19: 353–363

15. Yoshida H, Kong YY, Yoshida R, Elia AJ, Hakem A, Hakem R, Penninger JM
and Mak TW (1998) Apaf1 is required for mitochondrial pathways of apoptosis
and brain development. Cell 94: 739–750

16. Blixt A, Mahlapuu M, Aitola M, Pelto-Huikko M, Enerback S and Carlsson P
(2000) A forkhead gene, FoxE3, is essential for lens epithelial proliferation and
closure of the lens vesicle. Genes Dev. 14: 245–254

17. Hettmann T, Barton K and Leiden JM (2000) Microphthalmia due to p53-
mediated apoptosis of anterior lens epithelial cells in mice lacking the CREB-2
transcription factor. Dev. Biol. 222: 110–123

18. de Iongh RU, Lovicu FJ, Overbeek PA, Schneider MD, Joya J, Hardeman ED
and McAvoy JW (2001) Requirement for TGFbeta receptor signaling during
terminal lens fiber differentiation. Development 128: 3995–4010

19. Arrigo AP (1998) Small stress proteins: chaperones that act as regulators of
intracellular redox state and programmed cell death. Biol. Chem. 379: 19–26

a-Crystallin interacts with Bax and Bcl-XS

Y-W Mao et al

524

Cell Death and Differentiation



20. Xanthoudakis S and Nicholson DW (2000) Heat-shock proteins as death
determinants. Nat. Cell. Biol. 2: E163–E165

21. Gross A, McDonnell JM and Korsmeyer SJ (1999) BCL-2 family members and
the mitochondria in apoptosis. Genes Dev. 13: 1899–1911

22. Cory S and Adams JM. (2002) The Bcl2 family: regulators of the cellular
life-or-death switch. Nat. Rev. Cancer 2: 647–656

23. Gross A, Jockel J Wei MC and Korsmeyer SJ (1998) Enforced dimerization of
BAX results in its translocation, mitochondrial dysfunction and apoptosis.
EMBO J. 17: 3878–3885

24. Wolter KG, Hsu YT, Smith CL, Nechushtan A, Xi XG and Youle RJ (1997)
Movement of Bax from the cytosol to mitochondria during apoptosis. J. Cell
Biol. 139: 1281–1292

25. Goping IS, Gross A, Lavoie JN, Nguyen M, Jemmerson R, Roth K, Korsmeyer
SJ and Shore GC (1998) Regulated targeting of BAX to mitochondria. J. Cell
Biol. 143: 207–215

26. Nechushtan A, Smith CL, Hsu YT and Youle RJ (1999) Conformation of the
Bax C-terminus regulates subcellular location and cell death. EMBO J. 18:
2330–2341

27. Wang K, Gross A, Waksman G and Korsmeyer SJ (1998) Mutagenesis of the
BH3 domain of BAX identifies residues critical for dimerization and killing. Mol.
Cell. Biol. 18: 6083–6089

28. Suzuki M, Youle RJ and Tjandra N (2000) Structure of Bax: coregulation of
dimer formation and intracellular localization. Cell 103: 645–654

29. Ghatan S, Larner S, Kinoshita Y, Hetman M, Patel L, Xia Z, Youle RJ and
Morrison RS (2000) p38 MAP kinase mediates Bax translocation in nitric
oxide-induced apoptosis in neurons. J. Cell. Biol. 150: 335–348

30. Jürgensmeier JM, Xie Z, Deveraux Q, Ellerby L, Bredesen D and Reed JC
(1998) Bax directly induces release of cytochrome c from isolated
mitochondria. Proc. Natl. Acad. Sci. USA 95: 4997–5002

31. Eskes R, Antonsson B, Osen-Sand A, Montessuit S, Richter C, Sadoul R,
Mazzei G, Nichols A and Martinou JC (1998) Bax-induced cytochrome c
release from mitochondria is independent of the permeability transition pore
but highly dependent on Mg 2+ ions. J. Cell Biol. 143: 217–224

32. Pastorino JG, Tafani M, Rothman RJ, Marcinkeviciute A, Hoek JB, Farber JL
and Marcineviciute A (1999) Functional consequences of the sustained or
transient activation by Bax of the mitochondrial permeability transition pore. J.
Biol. Chem. 274: 31734–31739

33. Boise LH, Gonzaiz-Garcia M, Postema CE, Ding L, Lindsten T, Turka LA, Mao
X, Nunez G and Thompson CB (1993) bcl-x, a bcl-2-related gene that
functions as a dominant regulator of apoptotic cell death. Cell 74: 597–608

34. Clarke MF, Apel IJ, Benedict MA, Eipers PG, Sumantran V, GonzaÂlez-
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