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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.
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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 contribute490% 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 200nM 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 10nM OA did not lead to significant
change on Akt phosphorylation at Thr-450, inhibition of PP-1
by 200nM OA led to more than two-fold increases in Akt
phosphorylation at Thr-450 (bottom diagram of Figure 1a).
The enhanced phosphorylation induced by 200nM 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 1Unit 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 19.5ED. The
expression level became slightly increased in the
corresponding eye tissues as development moved from
14.5 to 19.5ED. 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 14.5ED
and became slightly decreased from 14.5 to 17.5ED. At
19.5ED, 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 120h 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 17.5ED. At 19.5ED, 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 19.5ED 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 byPP-1 is important formyogenic 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
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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.

Preparationof 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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