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ABSTRACT: Protein kinase B appears to play a key role in insulin signaling and in the control of apoptosis,
although the precise targets of PKB are incompletely understood. PKB exists as three isofgirand

y) that may have unique as well as common functions within the cell. To facilitate understanding the
precise roles of PKB and its isoforms, novel tools of widespread applicability are described. These tools
are antisense oligonucleotide probes that enable the specific and potent knock down of endogenous PKB
o, 3, or y isoforms, individually or in various combinations, including concurrent removal of all three
isoforms. The probes were applied to dissect the role of PKB in phosphorylating glycogen synthase kinase-3
(GSK-3), a critical mediator in multiple responses, and other potentially key targets. Triple antisense
knock down of PKBa, 3, andy so that total PKB was<6% blocked insulin-stimulated phosphorylation

of endogenous GSKedand GSK-3 isoforms by 67% and 45%, respectively, showing that G$afd

GSK-33 are controlled by endogenous PKB. Each PKB isoform contributed to GSEH8I GSK-$
phosphorylation, with PKB having the predominant role. Knock down of total PKB incompletely blocked
insulin-stimulated phosphorylation of GSKr3and GSK-#, and a pathway involving atypical PKCs,

ZI4, was shown to contribute to the signal. Triple antisense knock down of &KB andy abrogated

the insulin-stimulated phosphorylation of WNK1, ATP citrate lyase, and tuberin. However, antisense-
mediated knock down of PKB, 3, andy had no effect on insulin-stimulated DNA synthesis in 3T3-L1
adipocytes, indicating that pathways other than PKB mediate this response in these cells. Finally, our
PKB antisense strategy provides a method of general usefulness for further dissecting the precise targets
and roles of PKB and its isoforms.

Insulin promotes a variety of key biological responses, of responses from multiple stimulf), These pathways, when
including increased glucose uptake into cells and the stimula-dysregulated, have been implicated in diseases such as
tion of glycogen synthesis, DNA synthesis, and protein diabetes, cancer, Alzheimer’s, and bipolar disor@er10),
synthesis I). A complex system of intracellular signaling thereby underscoring the importance of a clear understanding
pathways mediates these insulin effects. One important targetof the mechanism by which GSK-3 is regulated in vivo.
for activation by insulin is protein kinase B (PKB), aserine/  The two isoforms of GSK-3, namely, GSkKx3nd GSK-
threonine kinase, which exists in three isoformsf, and 3B, are phosphorylated in vitro by PKBon Se?! and Se,

7 (2, 3). PKB also appears to be a crucial prosurvival kinase yggpectively, and phosphorylation of these sites correlates
(3, 4). PKB isoforms are activated by phosphorylation at two it GSK-3 activity (L1). Overexpression of constitutively
regulatory sites, one in the kinase domain {¥tior PKBa) active or dominant-negative mutants of PKB supports a role
and the other in the C-terminal domain (Séfor PKBa). for PKB in regulating GSK-312, 13). However, the precise
The kinase that phosphorylates Tfihas been identified as ;onyibytion of PKB versus other insulin-activated kinases

3-phosphoinositide-dependent protein kinase-1 (PDK1). A ¢, as the atvpical PK or SGK in requlating GSK-3
distinct Set”® kinase (PDK2) exists but has not been requires furthgrpclarifica?i/ﬁ,l(él—l6). g ¢

identified ().
©) There is a key need to develop new tools for studying

The precise targets of PKB are incompletely understood. PKB because current methods are inadequate in one way or
One potential target is glycogen synthase kinase-3 (GSK- another. They either lack isoform specificity or result in

3), which is capable of phosphorylating and inactivating incomplete inhibition or do not successfully target all three

glycogen synthases]. However, many studies now dem- A’soforms (2,13, 18—21). In addition, in the case of knockout

onstrate that GSK-3 plays a more diverse role and acts as a” . tudies the phenot be infl db lated
critical downstream regulatory switch for a divergent array mice studies the phenolypes can be Influéncead by unrelate
changes in gene expression and developmental regulation.

Moreover, there have been no studies testing the effect of

T This work was supported by Diabetes UK, the Wellcome Trust, ; ;
and the BBSRC. removing total endogenous PKB from the cell (i.e., all

*To whom correspondence should be addressed. Tel: 44 23 isoforms together) on signaling responses. In the present
80594307. Fax: 44 23 80594459. E-mail: G.J.Sale@soton.ac.uk.  study we describe antisense tools of general applicability for

10.1021/bi050287i CCC: $33.50 © 2006 American Chemical Society
Published on Web 12/07/2005



214 Biochemistry, Vol. 45, No. 1, 2006 Sale et al.
Table 1: Sequences of Oligonucleotides
antisense probes control mismatch oligonucleotides
name sequence name sequence

single AS() GCCTCCGCTCACTGTCCA single MMY) GACTCCTCTCAATGTTCA

single ASf3) CTCTCGGATGCTGGCTGA single MMY) CTATTGGATGATGGATGA

single AS§)° AGCCCCACCAGTCCACGG single MM()°® AGCACCAACAATCAACGG

double AS(3)2> TGACCACGCCCAGCCCCC double MM(3)a> TGAACAAGCACAGCACCC

TGACCACACCCAGCCCCC TGAACAAACACAGCACCC

aThe double ¢3) probes were mixed in equal concentratichBor triple oligonucleotide treatment, doubles) probes were mixed with a

single ¢) probe.

the depletion of the three known isoforms of PKB (hamely,
a, 8, andy) to a high level and which ablate PKB isoforms
either individually or in combination. These tools have been

Transfection of Cells with Antisense Oligonucleotides
Single ASY), Double AS¢p), or Triple AS@gy). Lipo-
fectamine 2000 transfection agent (Gibco) was used in these

used to test the role of PKB isoforms versus other kinasesstudies. 3T3-L1 adipocytes (day-82, 22 mm dishes) were
in phosphorylating GSK-3 and to test whether several other washed extensively with DMEM (no additions). Lipo-

putative PKB substrates are true in vivo targets of the kinase.

fectamine 2000 (diluted to 8dy/mL with DMEM containing

Development of the antisense probes is timely, given currentno additions) was incubated for 5 min at room temperature.

efforts to identify new PKB substrates and the array of
potential candidates recently propos@@-26).

MATERIALS AND METHODS

Materials and Cells3T3-L1 fibroblasts (American Type
Culture Collection) were maintained and induced to dif-
ferentiate into adipocytes as described previougy).(
Polyclonal antibodies to PKd&3 PKBj, p70S6kinase, and
PDK1 were from Upstate Biotechnology. Immobilized RKB

G1 monoclonal antibody beads and phospho-specific anti-

bodies, including anti-phospho-WNKZ1 (T, anti-phospho-
tuberin (Th##%9, and anti-PKBypsracantibodies, were from
New England Biolabs. Anti-PKB antibody was from Santa
Cruz. Antiphospho-(Thr) PDK1 substrate antibody and
myristoylated protein kinase Cpseudosubstrate were from
Sigma. The PKB inhibitor Il was from Calbiochem. Anti-
sense phosphorothioate oligonucleotides were synthesize
using an ABI synthesizer 391 and OPC purified prior to use.

Computer-aided selection procedures for antisense probe

were provided by Dr. I. G. Giles of the Division.
Transfection of Cells with Antisense Oligonucleotides
Single ASq), Single Af), or Single AS{) + SingleAS-
(B) Using Lipofectin.3T3-L1 adipocytes (day -812 post
differentiation) or 3T3-L1 fibroblasts (typically 80% con-
fluent) in 22 mm dishes were transfected using lipofectin
transfection agent (Gibco) as described previougRy.(For
single AS@) + single ASf) transfections the phospho-
rothioate oligonucleotides (as indicated in Table 1) were
mixed in equal concentrations in DMENho additions) and
then incubated with an equal volume of lipofectin (diluted
to 40 ug/mL DOTMA) for 45 min. The antisense mixture
(200 uL) was layered onto the cells together with a further
200 uL of DMEM (no additions), and the cells were
incubated at 37C in the presence of 5% GOAt 48 h the
medium was removed and replaced with fresh DMEM (ho
addition) containing appropriate oligonucleotides and 0.25%
bovine serum albumin, but in the absence of lipofectin. This

was repeated every subsequent 48 h until the end of the

experiment.

1 Abbreviations: DMEM, Dulbecco’s modified Eagle’s medium;

Oligonucleotides (as indicated in Table 1) were diluted to
four times final concentration with DMEM (no additions),
mixed with an equal volume of the lipofectamine 2000/
DMEM solution, and then incubated at room temperature
for 20 min. The mixture (20@L) was layered onto the cells
together with a further 20@L of DMEM (no additions),
and the cells were incubated at 3Z in the presence of 5%
CQO,. At 48 h the medium was removed and replaced with
fresh oligonucleotide in DMEM (no addition) containing
0.25% bovine serum albumin, but in the absence of lipo-
fectamine 2000. This was repeated every 48 h until the end
of the experiment. Cells were treated with or without
hormone and then extracted for Western blotting or kinase
assay, as appropriate.

Incubation of Cells with Pharmacological Inhibitor3T 3-

1 adipocytes were incubated in DMEM in the absence of

erum for 4 days in the presence of 0.25% bovine serum
albumin. Cells were then preincubated with 100 PKB

Snhibitor 11, 50 uM PKC¢ pseudosubstrate, or 2bM

LY294002 for 2, 1.5, or 1 h, respectively, at 3T in the
presence of 5% C§£ Cells were then stimulated with or
without insulin in the presence of inhibitors as appropriate,
washed (four times) with ice-cold PBS, and solubilized into
140uL of 62.5 mM Tris-HCI (pH 7.4) containing 1% SDS.
Cell extracts were analyzed by SDS gel electrophoresis and
Western blotting.

DNA SynthesisAt 104 h after initiation of transfection,
3T3-L1 adipocytes were treated with or without insulin (80
nM) for 16 h. PH]Methylthymidine (3uCif/well) was then
added and the incubation continued for 1.5 h. Cells were
washed (four times) with ice-cold PBS and solubilized into
140uL of 62.5 mM Tris-HCI (pH 7.4) containing 1% SDS,
and triplicate samples of 28 each were added to 7560
of 10% TCA. Precipitates were collected onto GF/C filters
following incubation at £C for 1 h. The filters were washed
with further TCA and dried, and radioactivity was measured
using a scintillation counter.

Western Blotting and Presentation of QuantitatiScan-
ning Data. Samples were separated by SDS gel electro-
phoresis and transferred to nitrocellulose. The membranes

ERK1/2, extracellular signal regulated kinases 1 and 2; PHAS-I, were blocked fo 1 h at room temperature in TBS1%

phosphorylated heat- and acid-stable protein regulated by insulin; Pl

3-kinase, phosphatidylinositol 3-kinase; P, phosphatidylinositol; PKC,
protein kinase C; SGK, serum- and glucocorticoid-regulated protein
kinase; PTPs, protein tyrosine phosphatases.

Tween 20 (TBS-T) containing 5% milk fat protein (MFP)
and then incubated overnight at°€ in primary antibody
(1:2000 to 1:10000 dilution) in TBS-T containing 5% BSA
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Band Density (arbitary units x105)

T T — ERK1/2
Protein (ug) ‘ * - &2 p70S6kinase
Ficure 1. Standard curve showing total PKB band density vs .
amount of cell lysate protein analyzed by Western blot. The curve =R == ' PHAS-I
is representative of four independent experiments.
G e R e || e
w L]
(phospho-specific antibodies, ERK1/2 antibody) or 5% MFP % & (IS
(isoform-specific PKB antibodies, p70S6kinase). For deter- R (I (=
mination of phosphorylation of WNK1 on T#frand tuberin a1
on Thi*¢2 30 ug of total protein was loaded per gel track, w@
and the membranes were incubated overnight with appropri- %
ate antibody at a dilution of 1:1000. Levels of phosphory- °
£

lation of ATP citrate lyase on S&f were determined in
accordance with Berwick et al28) using anti-PKBupstrate
antibody. Following incubation, membranes were washed
(four times) with TBS-T and incubated with appropriate
secondary antibody fol h at room temperature in the
presence of 5% MFP, and the bands were visualized by ECL
and autoradiography. Bands were quantified by densitometric e Iyttt
scanning and analyzed using Phoretix 1D software. Figure Uo 246810 02468101214
1 shows a typical standard curve for total PKB protein from Concentration (uM)
3T3-L1 adipocytes obtai_ned by this method. All quantitative g ~c o Single AS@) and single ASf) specifically deplete
Western blot data for antisense knock downs and other effectspkBa and PKB, respectively. Panel A: 3T3-L1 adipocytes were
were obtained from band densities that fell within the incubated with the indicated oligonucleotides (1M each)
subsaturating linear range of the standard curve, as confirmedpccording to Materials and Methods. Cells were extracted after 120
by developing blots for at least four different times. Data aFE‘.SBVfSFfﬁrQﬁ?'%“.{'C%Xv,aéﬁﬁr{?zrfng%ggﬁfggf“;ﬂ(‘f S;ﬂgﬁf'on
are given as the meah SEM (), wheren is the number of  key: ¢, ‘control untreated cells; Clipofectin-only treated cells.
independent experiments. All error bars are SEMs for the The upper two blots are representative of in excess of 20
number of independent experiments indicated. independent experiments, and other blots are representative of three

. . independent experiments. Panels B and C: 3T3-L1 adipocytes were
In Vitro Kinase AssayCells were serum starved for 5 days  gynosed to single A% (B) or single ASE) (C) at the concentra-

and where appropriate were stimulated with 100 nM insulin tions indicated. Cells were extracted after 120 h, and ®K®) or
for 5 min prior to extraction. Lysates from 3T3-L1 adipocytes PKBS (C) expression was determined by Western blotting and

were prepared by extraction into lysis buffer [20 mM Tris- densitometric scanning. Results are expressed as a percent of
HCI, pH 7.5, containing 0.15 M NaCl, 1 mM EDTA, 1 mM :fgégcetr']’ég;‘t'yegggmzn?gd are the meanSEM for three 10 six
EGTA, 2.5 mM sodium pyrophosphate, 1 mBAglycerol '

phosphate, 1 mM sodium vanadateu@mL leupeptin, 1 RESULTS

mM PMSF, and 1% (v/v) Triton X-100]. Immunoprecipi-

100
80
60
40
20

L

Expression (% of control)

tation of PKB (400uL total volume, 0.15 mg of protein) Development of PKB Antisense Probésitisense phos-
was carried out in the presence of immobilized RKB1 phorothioate probes were designed using specific criteria as
monoclonal antibody beads and lysis buffer 2oh at 4°C. discussed in reR7. 18mer probe sequences were selected

The beads were washed three times in lysis buffer followed on the basis of sequence specificity, high, no self-
by a further two washes in kinase buffer (20 mM Tris-HCI, complementarity, and no duplex formation, which would
pH 7.5, containing 5 mMs-glycerol phosphate, 0.1 mM  otherwise impede uptake. Antisense probes were selected
sodium vanadate, 10 mM Mggland 2 mM DTT). The which targeted individual isoform-specific C-terminal regions
kinase assay was carried out at 3D for 30 min (assay  of PKB. These probes, referred to as single &{nd single
conditions were linear) in the presence of kinase buffer, AS(5), depleted PKB. and PKB3 isoforms, respectively
crosstide substrate (&3 per reaction), and ATP (14Ci of (Figure 2). In 3T3-L1 adipocytes, depletion of P&By
[y-*2P]JATP and 200 pmol of cold ATP per reaction). The single AS{) did not affect levels of PKB or the expression
reaction was stopped by spotting the kinase mixture onto of other cellular proteins including PK§1, ERK1/2,
P81 filter paper. The P81 paper was washed four times in p70S6kinase, or PHAS-I (Figure 2A). Similarly, single AS-
1% phosphoric acid and once in acetone. Incorporation of (5) had no effect on levels of Pki3 PKC31, ERK1/2,
phosphate into crosstide was determined by scintillation p70S6kinase, or PHAS-I (Figure 2). Depletion of RKBnd
counting. PKBg by single AS¢) and single AS§), respectively, was
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concentration dependent in 3T3-L1 adipocytes, with maximal A

depletion of 91%+ 1% (h = 5) and 92%+ 2% (h = 6), - ww=  w= PKBu
respectively, achieved using 1M oligonucleotide for 5

days for both single A%() and single AS§) (Figure 2B,C). — < — ' =— PKBp
The concentrations of single A@(and single ASf) required

to deplete 50% of their target isoformiko(s) from 3T3-L1 ———— == PKB,
adipocytes were approximately 3 and 0uM8, respectively.

Concerted depletion of both PKkBand PKB; within the S @S = & @ 8 PDK1
same cells was achieved using a mixture of singlecdS(

and single ASf) in 3T3-L1 adipocytes, as shown in Figure s e o SN FKC

2. Both probes were also effective in depleting their

respective PKB isoforms in 3T3-L1 fibroblasts in a concen- p70S6kinase

tration-dependent manner (data not shown). '

A double probe, referred to as double ABJ, was also < i ;3 §' s ¢
developed that potently depleted P&Band PKB3 in $ s < ¥
combination. The double probe target site is highly homolo- 5 £ £ 2
gous between PK& and PKB3, is close to the kinase 8 FE

domain, and is at a region distinct from that targeted by single
AS(o) and single AS§). This double probe is a mixture of
two slightly different sequences complemetary to RKdhd
PKBj and was used in 3T3-L1 adipocytes as described in
Materials and Methods. As shown in Figure 38, this
double probe depleted PKBand PKB3 in a concentration-
dependent manner with 94% 1% (h = 12) and 97%+

1% (h = 12) depletion, respectively, occurring after 5 days
with probe concentrations of BM. Double AS@3) was - .
specific for PKBx and PKB3 since levels of PKB, PDK1, Ficure 3: Specific depletion of both PKdand PKEs by double

. . AS(a3) and PKB by single AS{). Panel A: 3T3-L1 adipocytes
PKC, and p70S6kinase were unaffected by the antlsensewere treated with the indicated oligonucleotides, as detailed in Table

treatment (Figure 3A). A final probe, called single Ag( 1. After 120 h cells were extracted by scraping and Western blots
was also developed that specifically targeted PKBingle performed to determine the expression of RKBPKBS, PKBy,

AS(y) treatment achieved 96% 1% (n = 3) depletion of PDK1, PKC, and p70S6kinase. PKC was blotted with phospho-
PKBy from 3T3-L1 adipocytes (Figure 3A,D). The single (Thr) PDK1 substrate antibody. The 80 kDa PKC band is shown.

. S ... Oligonucleotide concentrations wereu except for single AS-
AS(y) probe could be used alone or in combination with (,)"and single MMg), which were 10uM. Key: C,, control

the double AS¢p3) probe. Use of this triple antisense probe untreated cells; G lipofectamine 2000-only treated cells. Panels
mixture, referred to as triple A8@y), resulted in depletion ~ B and C: 3T3-L1 adipocytes were treated with double d§(at
of >94% of all three isoforms of PKB, namely, 3, andy the indicated concentrations. Cells were extracted after 120 h by

. : . scraping, and PK& (B) and PKB3 (C) expression was determined
from 3T3-L1 adipocytes without affecting the levels of other by Western blotting and densitometric scanning. Results are

proteins, including PDK1, PKC, and p70S6kinase (Figure expressed as a percent of lipofectamine 2000-only controls and are
3). Loss of PKB protein was associated with a corresponding the meant- SEM for six independent experiments. Panel D: As

loss of PKB activity as determined by kinase assay and above but using single Ag) as oligonucleotide at the concentra-

confirmed by inhibition of insulin-stimulated phosphorylation ions shown. PKB expression was determined by Western blotting
§73 (Ei . and densitometric scanning. Results are the me&EM for three

of PKB on Se (F|gure 4). Treatment of cells WI.th the independent experiments.

triple AS(03y) antisense probe mixture reduced insulin-

Expression (% of control)

L 1 1
0 2 4 0 246 810
Concentration (uM)

Stimulated PKB aCtiVity to a |eVe| equivalent to that in In Summary, we have deve'oped a |ibrary Of antisense
unstimulated control cells, thereby attesting to the efficacy propes (see Table 1) that deplete PKB isoforms, either
of our antisense strategy. individually or in combination, including removal of all three

For all studies undertaken, parallel experiments were isoforms together. These tools allowed us to obtain a series
performed in which the antisense probe(s) were replaced withof different cells highly deficient in one, two, or all three
appropriate control mismatch phosphorothioate oligonucle- PKB isoforms.
otides. The mismatch controls were identical in sequence to  Role of PKB in Insulin Signaling of GSK-3 Inagtion.
the antisense probes but with base changes along the lengtiHaving established specific antisense probes that depleted
of the probe (Table 1). Additional control oligonucleotides, PKB to a high level, it was important to test and validate
namely, sense or random (same base composition as thehem. For this GSK-3 was chosen. Triple antisense knock
corresponding antisense probe but in scrambled order), weredown of total PKB was first examined. The effects of
also employed in some experiments, and these gave resultgoncurrent removal of the three endogenous PKB isoforms
similar to those with mismatch oligonucleotides (data not on insulin-stimulated GSK-3 phosphorylation have not been
shown). In each experiment treatment of the cells with previously determined. 3T3-L1 adipocytes were stimulated
control oligonucleotides at concentrations identical to that with or without insulin in the presence or absence of
for the corresponding antisense probes did not affect levelsoligonucleotides, and the phosphoryation of GSK-&nd
of endogenous PKB protein or activity (for example, see GSK-35 isoforms was determined by Western blotting and
Figures 3-5 and 9). quantified by densitometric scanning. Results are summarized



Signaling Role of PKB Biochemistry, Vol. 45, No. 1, 20017

to lipofectamine 2000-only controls, PKBand PKB5 were
depleted by 93%t 1% (n = 3) and 94%+ 4% (n = 3),
respectively, indicating that individual PKB isoforms had
been ablated extensively and by comparable amounts in these
cells.

Role of PKB Isoforms in Insulin-Dependent Phosphory-
lation of GSK-8 and GSK-B. We next applied our antisense
strategy to test and dissect the role of the different PKB
isoforms, either individually or in combination, in mediating
the insulin-dependent phosphorylation of GS&-dhd GSK-

36 in vivo. The combined role of PK& and PKB} in
regulating insulin-dependent phosphorylation of GSK-3 was
evaluated using the double AHY) probe strategy in 3T3-
L1 adipoyctes as detailed in Materials and Methods. Treat-
ment of the cells with double A§f3) depleted endogenous
PKBa and PKB3 by 94%+ 2% (n = 3) and 98%+ 1% (n

>

Insulin-stimulated PKB activity
(fold stimulation)

2 - e F Total PKB = 3), respectively, and caused a marked reduction in insulin-
. . . . . L . stimulated phosphorylation of both GSKr3at Sef! and
FC L S GSK-33 at SeP of 58%+ 2% (= 3) and 42%+ 5% ( =
§$‘ Q‘? \@‘" vf?“ 3), respectively, relative to controls (Figure 5). These
@ .Q\° .\.;9 @ antisense-mediated effects were specific since the double
& 06” o & MM(a,3) mismatch oligonucleotide did not significantly alter
C the phosphorylation of either GSKa3or GSK-3 relative
- 4 473 to the controls (Figure 5BD).
- o PKB Ser %°P We next extended the study to examine the individual roles
Ins oo + ik * T + of PKBa, PKBS, and PKB/ in mediating the insulin-
\gﬁ\ \9%5“ stimulated phosphorylation of GSkx3and GSK-®. 3T3-
§ {.o L1 adipocytes were treated with the single isoform-specific
@ & antisense probes as detailed in Materials and Methods.
,@Q &8 Specific antisense-mediated removal of RKB’KBS, or

Ficure 4: PKB knock down is associated with loss of insulin- PKBV by >90% (see F_igures 2 and 3) relduced insulin-
stimulated PKB activity. 3T3-L1 adipocytes were treated with or Stimulated phosphorylation of GSKa3at Se#* by 36% +
without oligonucleotides for 120 h. Cells were then stimulated with 2% (0 = 3), 60%=+ 4% (h = 3), and 34%+t 5% (h = 3),

(+) or without () 100 nM insulin for 5 min and whole cell extracts  respectively, and reduced insulin-stimulated phosphorylation
used for (A) determination of insulin-stimulated PKB activity, (B) of Sef of GSK-38 by 22%-+ 2% (n = 3), 37%-== 2% (0 =

Western blot of total cell PKB, or (C) determination of phospho- - . .
rylation of PKB on Sef’3. Oligonucleotide concentrations were 5 3)» @nd 27%+ 5% (n = 3), respectively (Figure 6). Thus,

uM except for single AS() and single MM§), which were 10 in each case, removal of a Single PKB isoform in 3T3-L1
uM. Insulin-stimulated PKB activity is expressed as the fold adipocytes attenuated insulin signaling of the phosphorylation
increase in activity relative to that of unstimulated, untreated control of hoth GSK-3t and GSK-3, with removal of PKB
cells. Results are representative of three independent eXpe”memscausing the greatest level of inhibition. Moreover, these
in Figure 5. In control cells treated with or without results demonstrate that the removal of single PKB isoforms
lipofectamine 2000, insulin caused a marked increase in theproduced effects which were correspondingly smaller than
phosphorylation of both GSKeBand GSK-$. Comparable  that observed when multiple PKB isoforms were eliminated
levels of insulin-dependent phosphorylation of GSiK-& (e.g., compare Figures 5 and 6). Effects of the knock downs
GSK-33 were also observed in cells treated with lipo- on insulin-stimulated phosphorylation of both GSK-8nd
fectamine 2000 in the presence of the appropriate control GSK-33 were in the ratio~1:2:1 (PKBo.::y knock down).
mismatch oligonucleotides, showing that phosphorothioate An important conclusion from the above antisense studies
oligonucleotides did not exert nonspecific effects on GSK-3 is that the removal of near total PKB using the triple AS-
phosphorylation in 3T3-L1 adipocytes. The concentrations (a3y) probe mixture incompletely reduced insulin-stimulated
of the appropriate mismatch oligonucleotides used were phosphorylation of GSK-3. Thus, additional pathways appear
identical to those of the corresponding antisense probes.to play an important role by which insulin signals increased
Treatment of the cells with the triple A&fy) antisense phosphorylation, and hence inactivation, of GSK-3 in 3T3-L
probe mixture so that total PKB protein and activity were adipocytes. Possible candidates that may be involved are the
<6% of controls, resulted in a significant attenuation of the atypical PKCs,&/A. Since PKG has been reported to
insulin-dependent phosphorylation of both GS&-and phosphorylate GSK{8 on Sef in vitro (17), we next
GSK-33, with the greatest effect observed for GSK-J his conducted pharmacological studies to evaluate the role of
extensive removal of endogenous PKB isoforms resulted inthe atypical PKCs,{/A, in mediating insulin-dependent

a 67%=+ 4% (n = 3) reduction in the phosphorylation of phosphorylation GSK-3 and to compare and contrast this with
GSK-3u at Sef' and a 45%t 1% (n = 3) reduction in GSK- the role of PKB in the process.

36 phosphorylation at S&iin response to insulin (Figure Effect of Pharmacological Inhibition of PK{ZA or PKB
5C,D). Additional Western blotting of individual PKB on GSK-3 PhosphorylatiolPKCE/A was inhibited in 3T3-
isoforms in the antisense-treated cells showed that, relativeL1 adipocytes using the myristoylated pseudosubstrate
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FiGUrRe5: Insulin-stimulated phosphorylation of GSK:and GSK-J is attenuated by antisense-mediated ablation of PKB. 3T3-L1 adipocytes
were incubated with or without triple A8@y) or double AS@g) or appropriate mismatch oligonucleotides as indicated. Cells were then
stimulated without {) or with (+) 20 nM insulin for 10 min and extracts prepared according to Materials and Methods. (A, B) Western
blots showing phosphorylation of GSKx3n Sef! and GSK-# on Sef. (C, D) Quantification of phosphorylation of GSKkx3n Sef!

and GSK-F on Sef. Results are expressed as percent of unstimulated, untreated controls. (E, F) Western blots showing PKB protein.
Densitometric analysis of blots from triple A&%y) or double AS¢p) treated cells showed that Pi§Bvas depleted by 93%: 1% or 94%

+ 2%, respectively, and PKBwas depleted by 94% 4% or 98%=+ 1%, respectively. In the triple antisense treated cells, total PKB
protein was depleted by 94% 5%. Values are expressed as the mgaSEM for three independent experiments. Key: control, control
untreated cells; G lipofectamine-only treated cells. The concentration of each oligonucleotide wa&$ &xcept for single AS() and

single MM(y), which were 7.54M.

inhibitor of PKC;. We also tested a new Pl analogue that These results demonstrate a role for RKCin the

has recently been reported to block PKB activation in some phosphorylation, and hence inactivation, of GSK-3 in
cell types £8). 3T3-L1 adipocytes were exposed to the response to insulin in 3T3-L1 adipocytes. Furthermore, the
inhibitors according to Materials and Methods, and insulin- present Pl analogue inhibitor studies are consistent with our
dependent phosphorylation of GSK-3 isoforms was deter- antisense studies, which demonstrate an important role for
mined by Western blotting and densitometric scanning. PKB isoforms in GSK-3 phosphorylation. However, the
Results are shown in Figure 7. In the absence of pharma-specificity of this inhibitor has not been rigorously tested
cological inhibitors, insulin caused marked phosphorylation under the conditions required for extensive PKB inhibition.
at Sef! of GSK-3o and Set of GSK-33. Insulin signaling Further studies showed that pharmacological block of the
of phosphorylation of these sites was markedly reduced by upstream signaling component Pl 3-kinase with LY294002
treatment of the cells with either PKCpseudosubstrate ~ also attenuated, but not completely abolished, insulin-
(PKCZ-1) or the PI analogue (PKB-I). Analysis of results stimulated phosphorylation of GSka3and GSK-3 (Figure
showed that PKG| inhibited the phosphorylation of GSK- 7).

3a at Sef' and GSK-3 at Sef by 56%+ 5% (n = 3) and We extended our studies to investigate the effects of
46%=+ 8% (n = 3), respectively, while PKB-I caused a 75% simultaneous inhibition of PKB and PKC Combined

+ 5% (h = 3) and 59%= 4% (n = 3) reduction in the  treatment of 3T3-L1 adipocytes with the pharmacological
phosphoforms of GSK@and GSK-B, respectively (Figure  inhibitors to PKB and PKC elicited a near total loss of all
7B,C). Thus, while PKC-I significantly attenuated insulin-  insulin-stimulated phosphorylation of both GSk-3and
stimulated phosphorylation of GSK-3 at the indicated sites GSK-33 (Figure 7). This result showed that PKB and PKC

in 3T3-L1 adipocytes, the inhibitory effect of PKB-I on represent key signaling intermediates responsible for the
GSK-3 phosphorylation was greater. A further difference in insulin regulation of GSK-3 isoforms in 3T3-L1 adipocytes
the action of these inhibitors was indicated by the fact that and that they act in concert. Thus, while each of these protein
PKB-I, like the triple AS{3y) probe, exerted a differentially ~ kinases is necessary for the insulin response, they are not
greater effect on GSKeéwhen compared to GSKE3 while sufficient on their own. Only when PKB and PK@re active

the effect of PKE-I on the phosphorylation of the two  simultaneously are they sufficient to elicit normal levels of
GSK-3 isoforms was more comparable. insulin-stimulated phosphorylation of GSK-3.
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Ficure 6: Knock down of individual PKB isoforms inhibits insulin-
stimulated phosphorylation of GSka3and GSK-F. 3T3-L1
adipocytes were treated with or without single Aj(single AS-
(), or single ASY). Cells were then stimulated without-) or
with (+) insulin and samples prepared as given in Figure 5. (A)
Western blots showing the phosphorylation of GSi-@ Sef!
and GSK-F on Sef. (B, C) Graphs showing the phosphorylation
of GSK-3u on Sef! and GSK-3 on Sef relative to unstimulated,
untreated controls. Values are the mean SEM for three
independent experiments. Key: control, control untreated cslls; C
transfection agent-only treated cells. The concentration of each
oligonucleotide was 1M except for single AS(), which was
7.5uM.

PKB Knock Down Inhibits the Phosphorylation of WNK1
ATP Citrate Lyase, and TuberinRecent studies have
suggested that PKB may play an important role in the
phosphorylation of a number of other substrates, including
the tumor supressor TSC2 gene product tuberin, WNK1 [with
no K (lysine) protein kinase-1], and ATP citrate lya28<¢
26). Antisense knock down was used to test the role of PKB
in these responses. As shown in Figure 8, removal of all
three PKB isoforms by the triple antisense method resulted
in a marked inhibition of insulin-dependent phosphorylation
of WNK1, tuberin, and ATP citrate lyase at the indicated
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Ficure 7: PKC; and PKB both mediate in signaling insulin-
stimulated phosphorylation of GSKe3and GSK-3. 3T3-L1
adipocytes were serum starved and pretreated with or without the
PKB inhibitor (PKB-1), PKC; myristoylated pseudosubstrate pep-
tide (PKC-1), or LY294002 (LY) according to Materials and
Methods. Cells were then incubated for 10 min in the presence or
absence of 20 nM insulin. (A) Western blots showing the phos-
phorylation of GSK-8 on Sef! and GSK-# on Sef. (B, C)
Quantification of phosphorylation of GSKe3on Sef! and GSK-

36 on Sef. Results are expressed as percent relative to unstimulated,
untreated control cells. Values are the meanSEM for three
independent experiments.

for WNK1 was particularly striking, suggesting that there is
an absolute requirement for PKB in this phosphorylation
event. Mismatch oligonucleotides were without effect in each
case.

Role of PKB in Insulin Signaling of DNA Synthesige
next employed our antisense probes to investigate the role
of PKB in the insulin signaling of increased DNA synthesis.
Previously, using antisense strategies we have demonstrated
that ERK1/2 are required for the stimulation by insulin of
thymidine incorporation into DNA in 3T3-L1 adipocytes
(27). This result demonstrated a critical role of the MAP
kinase pathway in mediating insulin signaling of DNA
synthesis. To test whether the PKB pathway was required
for insulin to signal this response, we utilized our PKB

sites, showing that PKB mediates in these effects. The resultantisense strategies. 3T3-L1 adipocytes were treated with the
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Ficure 8: Antisense knock down of PKB inhibits insulin-stimulated
phosphorylation of WNK1, ATP citrate lyase, and tuberin. 3T3-
L1 adipocytes were treated with or without oligonucleotides for
120 h. Cells were then stimulated witt) or without (—) 100 nM
insulin for 5 min and cell lysates centrifuged at 109@6r 10 min.

The supernatants were analyzed by Western blotting using phos-
phospecific antibodies to determine phosphorylation at the indicated (& &
sites. Oligonucleotide concentrations wergM except for single ‘9\9'
AS(y) and single MM{), which were 1QuM. Blots are representa- v
tive of three independent experiments. Triple &8¢) treatment _&‘" @

depleted PKB, PKBg, and total PKB protein by 93%: 1%, 94% & ,@Q

+ 4%, and 94%t 5%, respectively, and reduced insulin-stimulated

phosphorylation of WNK1 to 11%- 2%, ATP citrate lyase to 33%

+ 2%, and tuberin to 27% 5% relative to that in lipofectamine-

only controls. Results are the meanSEM for three independent B _ — — PKBu
experiments.

Thymidine incorporation (fold stimulation) 3

triple AS(o8y) probe mixture to deplete PkB PKBg, and

PKBy protein. Antisense-mediated removal of 96% of total —_— —— —— Total PKB
PKB protein resulted in no significant effect on insulin-
stimulated thymidine incorporation into DNA when com-
pared to control cells, including triple MM{3y) mismatch
oligonucleotide-treated cells (Figure 9). Next we worked & S
further upstream in the pathway and tested the involvement
of PI 3-kinase using the pharmacological inhibitor LY294002. Ficure9: Insulin-stimulated DNA synthesis occurs independently
Pretreatment of 3T3-L1 adipocytes with LY294002 to inhibit ©0f PKB in 3T3-L1 adipocytes. 3T3-L1 adipocytes were treated with

i : ; P : . oligonucleotides for 120 h as in Figure 5 except that 80 nM insulin
Pl 3 _kmage did not F’re"ef‘t insulin-stimulated increase in was absent-{) or present ) during the final 16 h. Cells were
thymidine incorporation (Figure 9). then incubated with3H]methylthymidine and cell extracts used
for (A) determination of thymidine incorporation as described under
DISCUSSION Materials and Methods or (B) Western blotting of PKBH[-

L . Methylthymidine incorporation (meat SEM for three independent
A strategy that eliminates all three isoforms, RKBPKBf, ~ determinations) is expressed as a fold effect of that in appropriate
and PKB, either individually or in combination is essential  unstimulated control cells. The concentration of each oligonucle-
for a clear understanding of the roles of PKB isoforms in otide was 5:M except fory probes, which were 7.5M. Key:
signal transduction. To achieve this, we have developed aC_L'h"pOfelPtam'”F Z%OO'Ob”'y. tr?]ated cells; L\f;'mc‘i':fzg‘dfcc‘)‘gz”‘ted
; : o without oligonucleotides but in the presence o
library of novel annsz_ense probe; that speC|f|caIIy_ target the for the final 16.5 h of the experiment. Densitometric analysis of
three known PKB isoforms within 3T3-L1 adipocytes, piots showed that PK& PKBS, and total PKB protein in antisense-
namely, PKEy, PKBg, and PKB/. We have shown that these treated cells were depleted by 9761%, 98%x+ 1%, and 96%t
antisense phosphorothioate oligonucleotide probes can bel%, respectively. Results are the meiaSEM for four independent
used successfully either individually or in combination. In €XPeriments.

this way we can manipulate one, two, or all three isoforms . . . .
of PKB within the cell, achieving-90% knock downs, and treatment of 3T3-L1 adipocytes with control oligonucleotides

use this to test the specific roles of the PKB isoforms in did not significantly affect the levels of PKB PKBS, or
mediating key insulin responses. PKBy W|_th|n the cell. Se_cond, treatment of cells using the
The probes were designed to be specific and were selected®KB antisense probes did not alter the amounts of qther key
on the basis that they did not bind to any other sequences incOmponents upstream and downstream of PKB (Figures 2
the database. Critically, kinases such as PDK1, SGK iso-and 3) or levels of other major endogenous proteins as
forms, p70S6kinase, PKICPKCE, and MAP kinase isoforms assessed by protein staining of Western blots (data not
do not contain sequences which will bind the probes. The shown). Additionally, the expression of ERK1/2 (e.g., Figure
specificity of the phosphorothioate oligonucleotide antisense 2) and signaling of events that occur through the ERK1/2
probes was rigorously verified in a number of ways. First, pathway were normal (e.g., Figure 9), showing that this
in all studies undertaken, control phosphorothioate oligo- parallel pathway was unperturbed. Third, the antisense probe
nucleotides were used in parallel experiments at identical treatments did not affect general cell morphology of 3T3-
concentrations. These took the form of mismatch oligonucle- L1 fibroblasts or adipocytes. Fourth, the antisense knock
otides (consisting of the antisense sequence with basedown of either individual PKB isoforms or all three isoforms
changes along the length of the probe). In each case,together did not induce any apoptosis in 3T3-L1 adipocytes,
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as measured by various methods including DNA laddering activated in response to insulin and have been implicated in
and assays of caspase 3 activity (K. Green, E. M. Sale, C.signaling increased glucose uptake in adipocy&% 88).
P. Hodgkinson, and G. J. Sale, unpublished observations).Furthermore, several studies have raised the possibility that
Lastly, the antisense probe treatments had no effect on thePKC;/A may regulate GSK-3 phosphorylation and activity
ability of insulin to stimulate DNA synthesis (Figure 9), a (9, 14, 17). In the present studies pharmacological blockade
response that does not require PKB, showing that there wasof PKCZ/A in 3T3-L1 adipocytes markedly attenuated insulin-
no general impairment of cell function. dependent phosphorylation of both GSK-at Sef! and

In previous studies we have successfully employed anti- GSK-33 at Sef, while inhibition of PKB and PKGC/A
sense strategies to test the role of endogenous ERK1/2 intogether caused total ablation of these insulin responses.
insulin signaling 27, 29—34). In the present studies, we have These results demonstrate that both PKB and 8K@re
used our PKB probes to dissect the role of PKB and its three required for maximal insulin-stimulated phosphorylation of
isoforms in regulating GSK-3 and its role in phosphorylating GSK-3o. at Sef' and GSK-F at Sef in 3T3-L1 adipocytes
other putative substrates. and that their combined actions are additive and sufficient.

Antisense-mediated removal of all three isoforms of PKB In further support of a dual mechanism for GSK-3 regulation,
using triple AS@y) so that total endogenous PKB activity we have shown that PKB and PKCome together to form
and protein were<6% that of controls resulted in a 67% a complex containing PDKZJ. Formation of such an active
reduction in insulin-stimulated phosphorylation of GSK-3  signaling complex may be crucial in ensuring that GSK-3
on Sef! and a 45% reduction in insulin-stimulated phos- becomes fully phosphorylated. As PK®as been reported
phorylation of GSK-B on Sef. These results show that both  to phosphorylate GSK3 on S€A.7), a model whereby PKB
endogenous GSKeBand GSK-F are controlled by endog- and PKC converge and phosphorylate the same regulatory
enous PKB and validate the antisense strategy as an effectivesite is favored.
molecular tool. The results also demonstrate that PKB plays Antisense knock down of total PKB was used to defini-
a more significant role in mediating in the phosphorylation tjvely establish that the lipogenic enzyme, ATP citrate lyase,
of GSK-3u than GSK-$. is an in vivo target for PKB in insulin signaling. We also

Given the central role of GSK-3 in cell signaling, it was showed by eliminating PKB from the cell that tuberin is a
important to determine precisely which PKB isoforms proper in vivo PKB target in insulin action. Triple antisense
phosphorylated this key target. Using the isoform-specific knock down also abrogated the insulin-stimulated phospho-
antisense probes, each PKB isoform was shown to contributerylation of WNK1. These results support peptide mapping,
to the insulin-stimulated phosphorylation of both GSK-3 with  mutation, and siRNA studies that have indicated that WNK1
PKBS having the greater role. Effects of the knock downs is an endogenous substrate for PKE5,(26).
on insulin-triggered ph_osphorylation of both GSK-and In further studies, we showed that LY294002 and anti-
GSK-33 were in the ratio~1:2:1 (PKBouf:y knock down). oo o0 mediated knock down of total PKB did not inhibit
E‘."‘Ch of these effects was significantly Iowe'r when compared insulin-stimulated DNA synthesis in 3T3-L1 adipocytes.
with removal of total PKB. Moreover, antisense-mediated These cells are terminally differentiated, and the ERK
removal of PKEx and PKE fmm. PKB)B-de_pIeted cells pathway is known to signal increased DNA synthesis in
_caqs_e_d only a modest further increase in _the level of response to insulin in these cel&7}. In growing cells, such
|nh.|b|t|on of GSK&X or GSK':ﬁ phosphorylation. Thuls as fibroblasts, inhibition of the PI 3-kinase and the ERK
while all PKB isoforms contribute to GSK-3 phosphorylation pathways both inhibit DNA synthesis in response to growth

in 3T3-L1 adipocytes, PKB appeared to play a more fact ;
predominant role in the process relative to RK&nd PKB/. ig\(jo?\rlzaagg_lrﬁ)t.xch cell types both of the pathways may be

This conclusion is consistent with the impaired insulin- . . .

dependent GSK/Binactivation reported in muscle cells from ~ Our antisense probes are of potential therapeutic useful-

obese insulin-resistant patients where only BKdtivation Ness. The ap”.'ty to target_|nQ|V|duaI PKB |soform_s offers
higher selectivity and specificity than would be achieved by

is normal B5). Our study represents the first complete ) ; A
investigation into the role of PKB and its individual isoforms targeting all PKB isoforms. This is important because PKB

in phosphorylating both GSKe8and GSK-B. Other at- may have isoform-specific roles and because specific iso-

tempts using siRNA approaches have been incomplete informs are elev_ated in Cgrtain cancers. Itis notewor'ghy that a
one way or another, e.g., not studying all PKB isoforms number of antisense oligonucleotides are already in human
only achieving partial depletion of targeted isoforms and not Clinical trials @2). o
targeting total PKBZ0, 21). Furthermore, recent studies have  In summary, we have developed for the first time tools,
demonstrated that siRNA may cross-react with targets of hamely, antisense probes, which enable the knock down of
limited sequence similarity, leading to some concerns regard-total endogenous PKB or its individual isoforms from the
ing this strategy %6). cell. The antisense probes developed provide powerful

Importantly, our antisense strategy also showed that molecular tools of broad biological importance for investi-
ablation of total endogenous PKB protein did not result in gating the role of endogenous PKB isoforms in signaling
the complete loss of insulin-stimulated phosphorylation of key cellular processes and for testing further putative PKB
either GSK-8 or GSK-3. This indicates that pathways substrates that are likely to be identified in the future.
additional to the PKB pathway also mediate in these insulin
effects. The relative contribution of these other pathways to REFERENCES
tgg}?\gralllamsgtl)lln Slgnf:ljllc;/\l?s g:ﬁa:er for GSE'-Bgan' fotl’h 1. Saltiel, A. R., and Kahn, C. R. (2001) Insulin signalling and the

- Possible candidates that may mediate in these regulation of glucose and lipid metabolisMature 414 799

effects are the atypical PKCs, PK@ or SGK. PKG/4 are 806.



222 Biochemistry, Vol. 45, No. 1, 2006

2.
3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Lizcano, J. M., and Alessi, D. R. (2002) The insulin signalling
pathway,Curr. Biol. 12, R236-R238.

Hanada, M., Feng, J., and Hemmings, B. A. (2004) Structure,
regulation and function of PKB/AK¥a major therapeutic target,
Biochim. Biophys. Acta 1693—16.

. Brazil, D. P., Yang, Z.-Z., and Hemmings, B. A. (2004) Advances

in protein kinase B signalling: AKTion on multiple fronfSrends
Biochem. Sci. 29233-242.

. Hodgkinson, C. P., Sale, E. M., and Sale, G. J. (2002) Charac-

terization of PDK2 activity against protein kinase B gamma,
Biochemistry 4110351-10359.

. Woodgett, J. R., and Cohen, P (1984) Multisite phosphorylation

of glycogen synthase. Molecular basis for the substrate specificity
of glycogen synthase kinase-3 and casein kinase-IlI (glycogen
synthase kinase-5Riochim. Biophys. Acta 78839-347.

. Doble, B. W., and Woodgett, J. R. (2003) GSK-3: tricks of the

trade for a multi-tasking kinasé, Cell. Sci. 1161175-1186.

. Eldar-Finkelman, H. (2002) Glycogen synthase kinase 3: an

emerging therapeutic targéfrends Mol. Med. 8126-132.

. Desbois-Mouthon, C., Blivet-Van Eggelpoel, M.-J., Beurel, E.,

Boissan, M., Delelo, R., Cadoret, A., and Capeau, J. (2002)
Dysregulation of glycogen synthase kinase-3. Signaling in hepa-
tocellular carcinoma celld;lepatology 361528-1536.

Li, X., Bijur, G. N., and Jope, R. S. (2002) Glycogen synthase
kinase-$, mood stabilisers, and neuroprotectiBipolar Disord.

4, 137-144.

Cross, D. A. E., Alessi, D. R., Cohen, P., Andjelkovich, M., and
Hemmings, B. A. (1995) Inhibition of glycogen synthase kinase-3
by insulin mediated by protein kinase Rlature 378 785-789.
Shaw, M., Cohen, P., and Alessi, D. R. (1997) Further evidence
that the inhibition of glycogen synthase kinage{3y IGF-1 is
mediated by PDK1/PKB-induced phosphorylation of Ser-9 and
not by dephosphorylation of Tyr-216EBS Lett. 416307—311.

van Weeren, P. C., de Bruyn, K. M. T., de Vries-Smits, A. M.
M., van Lint, J., and Burgering, B. M. Th. (1998) Essential role
for protein kinase B (PKB) in insulin-induced glycogen synthase
kinase 3 inactivation. Characterization of dominant-negative
mutant of PKB,J. Biol. Chem. 27313150-13156.

Oriente, F., Formisano, P., Miele, C., Fiory, F., Maitan, M. A.,
Vigliotta, G., Trencia, A., Santopietro, S., Caruso, M., Van
Obberghen, E., and Beguinot, F. (2001) Insulin receptor substrate-2
phosphorylation is necessary for protein kinase C zeta activation
by insulin in L6hIR cells,J. Biol. Chem. 27637109-37119.
Kobayashi, T., and Cohen, P. (1999) Activation of serum- and
glucocorticoid-regulated protein kinase by agonists that activate
phosphatidylinositide 3-kinase is mediated by 3-phosphoinositide-
dependent protein kinase-1 (PDK1) and PDB&chem. J. 339
319-328.

Sakoda, H., Gotoh, Y., Katagiri, H., Kurokawa, M., Ono, H.,
Onishi, Y., Anai, M., Ogihara, T., Fujishiro, M., Fukushima, Y.,
Miho, A., Shojima, N., Kikuchi, M., Oka, Y., Hirai, H., and Asano.

T. (2003) Differing roles of Akt and serum- and glucocorticoid-
regulated kinase in glucose metabolism, DNA synthesis, and
oncogenic activity,J. Biol. Chem. 27825802-25807.

Isagawa, T., Mukai, H., Oishi, K., Taniguchi, T., Hasegawa, H.,
Kawamata, T., Tanaka, C., and Ono, Y. (2000) Dual effects of
PKNa and protein kinase C on phosphorylation of tau protein by
glycogen synthase kinas¢-3Biochem. Biophys. Res. Commun
273 209-212.

Cho, H., Thorvaldsen, J. L., Chu, Q., Feng, F., and Birnbaum, M.
J. (2001) Aktl/PKBalpha is required for normal growth but
dispensable for maintenance of glucose homeostasis in tice,
Biol. Chem. 27638349-38352.

Cho, H., Mu, J., Kim, J. K., Thorvaldsen, J. L., Chu, Q., Crenshaw,
E. B., lll, Kaestner, K. H., Bartolomei, M. S., Shulman, G. I,
and Birnbaum, M. J. (2001) Insulin resistance and a diabetes
mellitus-like syndrome in mice lacking the protein kinase Akt2
(PKBp), Science 2921728-1731.

Jiang, Y. Z., Zhou, Q. L., Coleman, K. A., Chouinard, M., Boese,
Q., and Czech, M. P. (2003) Insulin signalling through Akt/protein
kinase B analyzed by small interfering RNA-mediated gene
silencing,Proc. Natl. Acad. Sci. U.S.A. 108569-7574.

Katome, T., Obata, T., Matsushima, R., Masuyama, N., Cantley,
L. C., Gotoh, Y., Kishi, K., Shiota, H., and Ebina, Y. (2003) Use
of RNA interference-mediated gene silencing and adenoviral
overexpression to elucidate the roles of AKT/protein kinase B
isoforms in insulin actions). Biol. Chem. 27828312-28323.
Berwick, D. C., Dell, G. C., Welsh, G. |., Heesom, K. J., Hers, I.,
Fletche, R. L. M., Cooke, F. T., and Tavare, J. M. (2004) Protein

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

38.

Sale et al.

kinase B phosphorylation of PIKfyve regulates the trafficking of
GLUT4 vesiclesJ. Cell. Sci. 1175985-5993.

Berwick, D. C., Hers I., Heesom, K. J., Moule, S. K., and Tavare,
J. M. (2002) The identification of ATP-citrate lyase as a protein
kinase B (Akt) substrate in primary adipocytes,Biol. Chem.
277, 33895-33900.

Manning, B. D., Tee, A. R., Logsdon, M. N., Blenis, J., and
Cantley, C. L. (2002) Identification of the tuberous sclerosis
complex-2 tumor suppressor gene product tuberin as a target of
the phosphoinositide 3-kinase/Akt pathwajol. Cell 10 151—

162.

Vitari, A. C., Deak, M., Collins, B. J., Morrice, N., Prescott, A.
R., Phelan, A., Humphreys, S., and Alessi, D. R. (2004) WNK1,
the kinase mutated in an inherited high-blood-pressure syndrome,
is a novel PKB (protein kinase B)/Akt substraBeochem. J. 378
257—-268.

Jiang, Z. Y., Zhou, Q. L., Holik, J., Patel, S., Leszyk, J., Coleman,
K., Chouinard, M., and Czech, M. P. (2005) Identification of
WNK1 as a substrate of Akt/Protein kinase B and a negative
regulator of insulin-stimulated mitogenesis in 3T3-L1 cellBiol.
Chem. 28021622-21628.

Sale, E. M., Atkinson, P. G. P., and Sale, G. J. (1995) Requirement
of MAP kinase for differentiation of fibroblasts to adipocytes,
for insulin activation of p90 S6 kinase and for insulin or serum
stimulation of DNA,EMBO J. 14 674-684.

Kozikowski, A. P., Sun, H., Brognard, J., and Dennis, P. A. (2003)
Novel Pl analogues selectively block activation of the pro-survival
serine/threonine kinase Aki, Am. Chem. Soc. 125144-1145.
Sale, E. M., Atkinson, P. G. P., Arnott, C. H., Chad, J. E., and
Sale, G. J. (1999) Role of ERK1/ERK2 and p70S6K pathway in
insulin signalling of protein synthesiBEBS Lett. 446122—126.
Arnott, C. H., Sale, E. M., Miller, J., and Sale G. J. (1999) Use of
an antisense strategy to dissect the signalling role of protein-
tyrosine phosphatase alphh, Biol. Chem. 27426105-26112.
Arnott, C. H., Atkinson, P. G., Sale, E. M., and Sale, G. J. (1997)
PHAS-I phosphorylation in response to foetal bovine serum (FBS)
is regulated by an ERK1/ERK2-independent and rapamycin-
sensitive pathway in 3T3-L1 adipocytdsEBS Lett. 406179

183.

Yarwood, S. J., Sale, E. M., Sale, G. J., Houslay, M. D., Kilgour,
E., and Anderson N. G. (1999) Growth hormone-dependent
differentiation of 3T3-F442A preadipocytes requires Janus kinase/
signal transducer and activator of transcription but not mitogen-
activated protein kinase or p70 S6 kinase signalingiol. Chem.

274, 8662-8668.

Glennon, P. E., Kaddoura, S., Sale, E. M., Sale, G. J., Fuller, S.
J., and Sugden, P. H. (1996) Depletion of mitogen-activated
protein kinase using an antisense oligodeoxynucleotide approach
downregulates the phenylephrine-induced hypertrophic response
in rat cardiac myocyte<Circ. Res. 78954-961.

Fisher, M., Liu, B., Glennon, P. E., Southgate, K. M., Sale, E.
M., Sale, G. J., Lewis, M. J., and Groves, P. H. (2001)
Downregulation of the ERK 1 and 2 mitogen activated protein
kinases using antisense oligonucleotides inhibits proliferation of
porcine vascular smooth muscle cefsherosclerosis 156289—

295.

Brozinick, J. T., Jr., Roberts, B. R., and Dohm, G. L. (2003)
Defective signaling through Akt-2 and -3 but not Akt-1in insulin-
resistant human skeletal muscle. Potential role in insulin resistance,
Diabetes 52935-941.

Jackson, A. l., Bartz, S. R., Schelter, J., Kobayashi, S. V.,
Burchard, J., Mao, M., Li, B., Cavet, G., and Linsley, P. S. (2003)
Expression profiling reveals off-target gene regulation by RNAI,
Nat. Biotechnol. 21635-637.

. Brandypadhyay, G., Sajan, M. P., Kanoh, Y., Standaert, M. L.,

Quon, M. J., Lea-Currie, R., Sen, A., and Farese, R. V. (2002)
PKC-¢ mediates insulin effects on glucose transport in cultured
preadipocyte-derived human adipocytek, Clin. Endocrinol.
Metab. 87 716—-723.

Brandypadhyay, G., Kanoh, Y., Sanjan, M. P., Standaert, M. L.,
and Farese, R. V. (2000) Effects of adenoviral gene transfer of
wild-type constitutively active, and kinase-defective protein kinase
C-A on insulin-stimulated glucose transport in L6 myotubes,
Endocrinology 1414120-4127.

. Cheatham, B., Vlahos, C. J., Cheatham, L., Wang, L., Blenis, J.,

and Kahn, C. R.(1994) Phosphatidylinositol 3-kinase activation
is required for insulin stimulation of p70 S6 kinase, DNA
synthesis, and glucose transporter translocatibol, Cell. Biol.

14, 4902-4911.



Signaling Role of PKB Biochemistry, Vol. 45, No. 1, 2008223

40. Gentilini, A., Marra, F., Gentilini, P., and Pinzani, M. (2000) in stimulation of vascular smooth muscle cell migration and
Phosphatidylinositol-3 kinase and extracellular signal-regulated deoxyriboncleic acid synthesis by insulin-like growth factor-I,
kinase mediate the chemotactic and mitogenic effects of insulin- Endocrinology 1404228-4235.
gkze zgzl';)mggiactor-l in human hepatic stellate cells,Hepatol. 42. Crooke, S. T. (2004) Progress in antisense technofagy,. Re.

‘ - Med. 55 61—95.
41. Imai, Y., and Clemmons, D. R. (1999) Roles of phosphatidyli- 2
nositol 3-kinase and mitogen-activated protein kinase pathways B10502871



