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Introduction
Akt is a serine/threonine kinase that is involved in the initiation and/or progression of

breast carcinomas. The cellular and molecular events that are upregulated upon constitutive
activation of Akt to promote cancer are not well understood. Akt could induce malignant
transformation by phosphorylating key intermediates in a growth signaling pathway.
Alternatively, Akt could prevent apoptosis by phosphorylating key components of an apoptosis
pathway. The key to understanding how Akt promotes malignant transformation is to identify its
cellular targets.

Work Accomplished to Date
For task 1, months 1-18, we proposed to identify effectors and regulators of Akt. We

have identified downstream effectors (targets) of Akt, which include Brn 1, a POU domain
transcription factor, and the B-Raf serine/threonine kinase. We have obtained full length clones
of our Akt targets (Task 1, part f), performed in vitro kinase reactions (Task 1, part e), and
examined the association between Akt and these targets in vitro and/or in vivo (Task 1, part d).
Task one is complete. Experiments directed towards Task 2 are in progress. Our work on the
regulation of B-Raf by Akt has been submitted to the Journal of Biological Chemistry for
review.

POU domain transcription factors may be regulated by Akt
As described in my 1999 DOD Annual Report, we identified a POU domain transcription

factor, Brnl1, as an Akt interacting protein in a yeast two-hybrid screen and we demonstrated that
this protein associates with and is phosphorylated by Akt in vitro. POU domain transcription
factors have been reported to promote malignant transformation and cell survival (1, 2).
Moreover, four members of the POU domain family, Oct 1, Oct2, Oct3 and Oct1 1, are expressed
in human primary breast carcinomas but not in normal human breast cancer cell lines (3). In
addition, the POU domain family protein Brn3b has been reported to strongly repress the
promoter of the BRCA- 1 tumor suppressor gene in mammary tumor cells (4). Thus, Akt may
both promote malignant transformation and induce cell survival through alteration of the
regulation of POU family members.

To map the site in Brnl phosphorylated by Akt, we constructed mutations in the Akt
consensus site in Brnl1. Akt phosphorylates S or T in an RXRXXS/T motif and Brnl1 contains
the sequence RKKRTSI, where S is residue 407. We altered the T and S within the Akt
consensus site in Brnl to alanine, each alone and in combination, to create non-phosphorylatable
versions of Brn 1. The S is the residue that is predicted to be phosphorylated by Akt; the degree
to which the adjacent T may be subject to phosphorylation was not known and so this residue
was also altered to A. Akt phosphorylates wild type Brnl, the single mutant Brnl T406A, but
not the single mutant Brnl $407A or the double mutant Brnl $407A T406A, Figure 1. Thus,
Akt phosphorylates Brnl at residue $407.

POU domain family members contain a conserved Akt consensus site, suggesting that the
regulation of POU domain transcription factors by Akt may be a common regulatory mechanism
for this family of transcription factors. We have begun to explore the significance of
phosphorylation by Akt in two additional family members for which we have obtained full
length clones, Brn3a and Brn3c. We will assess the effects of Akt on the ability of these
transcription factors to activate a variety of optimized reporters and promoters. We have altered
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the S and T within the Akt consensus sites in Brn3c to A to create a non-phosphorylatable
version of the transcription factor for these studies.

AKT + Figure 1. Brnl is phosphorylated
T406A in vitro by Akt at residue S407.

Vector WT T406A S407A S407A MBP-Brn 1 fusion proteins, purified
L - + + - + +from bacteria, were subjected to an

S-• • AKT in vitro kinase reaction with active
AK Akt (-LY) or inactive Akt (+LY).

_ M MBP-Brnl Akt autophosphorylates and
_____________ . ........... _ phosphorylates MBP-Brnl

Autoradiography (designated WT, for wild type at
the Akt consensus site), but not
MBP alone or MBP-Brnl S407A
(upper panel). Western blot of

__ __•1 .*--- MBP-Brn I kinase reactions showing equal
lib- MBP loading of MBP and MBP-Brnl

fusion proteins (lower panel).

WB: ck-MBP

The Ras pathway is negatively regulated by Akt
The Ras signal transduction pathway regulates a number of biological outcomes: cell

growth, differentiation, cell survival and cell death. The activation of the Raf serine/threonine
kinases by Ras is a key event in each of these processes (reviewed in 5). Coordinated
interactions among signaling pathways (cross-talk) plays an important role in cell growth,
differentiation, and cell survival and death. We noted that B-Raf contains multiple Akt
consensus phosphorylation sites located within its amino terminal regulatory domain. This
suggested to us the possibility of cross-talk between the Ras/Raf pathway and Akt. In our
studies, we have found that Akt targets and downregulates the activity of the Ras pathway. Akt
directly phosphorylates B-Raf. This regulation of B-Raf by Akt negatively regulates its
enzymatic activity in vitro and in vivo.

B-Raf contains multiple Akt consensus sites located within its amino terminal regulatory
domain. One site, S364, is conserved with c-Raf, but two additional sites, S428 and T439, are
unique to B-Raf. We have investigated the role of both the conserved and unique
phosphorylation sites in the regulation of B-Raf activity in vitro and in vivo. Phosphorylation of
B-Raf by Akt occurs at multiple residues within its amino terminal regulatory domain, at both
the conserved and unique phosphorylation sites (S364 as well as S428 and/or T439) (Figure 2).
The alteration of the serine residues within the Akt consensus sites to alanines resulted in a
progressive increase in B-Raf enzymatic activity in vitro and in vivo (data not shown and Figure
3). Expression of Akt inhibits EGF induced B-Raf activity and inhibition of Akt, with the
phosphatidylinositol 3-kinase inhibitor LY294002, upregulates B-Raf activity, suggesting that
Akt negatively regulates B-Raf in vivo (Figure 4). In addition, B-Raf and Akt co-associate in
vivo (Figure 5).

Our results demonstrate that B-Raf activity can be negatively regulated by Akt through
phosphorylation in the amino-terminal regulatory domain of B-Raf. This cross talk between the
B-Raf and Akt serine/threonine kinases is likely to play an important role in modulating the
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signaling specificity of the Ras/Raf pathway and in promoting biological outcome. By
understanding the mechanisms by which cells integrate signals, it may be possible to develop
strategies to alter cell decisions for the treatment of human diseases:

"* to promote cell death under conditions where unrestrained proliferation and cell
survival is detrimental (malignant transformation and tumorigenesis); and/or,

"* to promote differentiation under conditions where proliferation is detrimental
(perhaps promoting differentiation of tumor cells might ameliorate the
proliferative/tumorigeneic capacity of certain types of tumor cells).

A B

KD B-Raf KD B-Raf

WT AA AAA 364A 428A 439A GST WT AA AAA 364A 428A 439A GST
LY - + - + -+ - + -+ - + -+ LY - 4. - + - + - . .+ - + _4

82- " " .--- GST-B-Raf 82- - GST-B-Raf

48- •: *; *• • • •• •-'--FLAG-AKT 48-

33- 33-

28- 28- GST

19- 19-

Western Blot: ax-GST
Autoradiography

C

Wr AA AAA 364A 428A 439A
Relative 1 0 0 0 04 1
Intensity 1 0 0 0 0 1

Figure 2. B-Raf is phosphorylated in vitro by Akt at residues 364 and 428. Kinase inactive
(K/D) GST-B-Raf fusion proteins were subjected to an in vitro kinase reaction with active Akt (-

LY) or inactive Akt (+LY). In addition to the K482M mutation to create a kinase inactive B-
Raf, the B-Raf proteins either do not contain additional mutations and are designated WT, for
wild type at the Akt consensus sites, or contain mutations at the Akt consensus sites alone
(S364A, S428A, or T439A) or in combination (AA: S428A T439A; AAA: S364A S428A
T439A). A. Autoradiography of the in vitro kinase reactions after SDS-PAGE and transfer to an
immobilon filter. Arrows show the position of the phosphorylated K/D GST-B-Raf and the
autophosphorylated Flag-Akt. B. Western blot analysis of the filter in (A), using an anti-GST
antibody, showing equal loading of the GST-B-Raf substrates. C. Relative intensity of the
phosphorimage signal (-LY lanes) of wild type and mutant K/D GST-B-Raf from the filter in
(A).
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A B

660
155 4

1 60 49

I2 113a 120 -40
0~ 91

"" 78 26
880

3 20"-Ja 40 16 2

"75 0o

Vector WT B-Raf B-Raf B-Raf K-RAS WT B-Raf WT B-Raf
B-Raf S364A S428A S364A V12 +LY

T439A S428A
T439A

Figure 3. Activation of Elk mediated transcription by B-Raf mutants. A. HEK293 cells were
transfected with expression vectors for Gal4-ElkC, Gal4-luciferase and either pcDNA3 (vector
control), K-RasV12 (positive control), WT-B-Raf, B-Raf S364A, B-Raf S428A T439A, or B-Raf
S364A S428A T439A. B. LY294002 (LY) was added for 24 hours prior to harvest, WT-B-
Raf+LY. Luciferase activity was assayed 36 hours after transfection. Luciferase activity was
normalized to a co-transfected P3-galactosidase expression vector. Shown is the average of two
experiments performed in duplicate. Western blot of extracts showed that expression of HA-B-
Raf wild type and mutants were expressed to comparable levels (data not shown).
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A B Figure 4. Akt inhibits B-Raf activity in
EGAF + + vivo. A. HEK293 cells wereAKT - + + -AK'I

1 2 3 4 1 2 3 4 5 transfected with expression vectors for
HA-B-Raf and Akt, as indicated. B-Raf

Rat activity was immunoprecipitated from lysates

and Raf activity assessed by an in vitro
coupled kinase reaction in which

Rat protein 46 bacterially expressed GST-Elk- 1 was
used as substrate (top panel). Lanes 1
and 2: B-Raf was immunoprecipitated
from cells 24 hours after transfection.

AKT protein -Lanes 3 and 4: B-Raf was
immunoprecipitated from cells after
serum starvation and stimulation with
EGF for 3 minutes. Western blot of

D HA-B-Raf proteins used for the in vitro
Ras + - + + + kinase reactions (bottom panel). B. Akt
AKT1 2 3 4+ KD5 LY - + inhibits Raf enzymatic activity in a dose

S2 1 2 dependent manner. HEK 293 cells were
Rat activity [Oft 0 transfected with the expression vector

for HA-B-Raf and increasing
concentrations of Akt, as indicated. B-

R protein- [5Raf activity was determined by a
coupled in vitro kinase reaction (top
panel).

(Figure 4 continued) Western blot of HA-B-Raf proteins used in the in vitro kinase reactions
(middle panel). Western blot of HA-Akt in cell lysates (bottom panel). C. Akt kinase activity is
required to inhibit B-Raf activity. HA-B-Raf was transfected with expression vectors for H-
RasV12 or Akt as indicated. Activated Ras stimulates the co-transfected Raf activity (compare
lanes 2 and 3). GST-MEK was omitted in lane 1 as a control for the specificity of the in vitro
Raf kinase assays. The Ras induced Raf activation is inhibited by wild type (lane 4) but not the
kinase inactive (lane 5) Akt. D. B-Raf activity is enhanced upon inhibition of P13K. Ha-B-Raf
transfected cells were treated with LY294002 for one hour. HA-B-Raf was isolated and kinase
activity was determined.
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Pull down: ax-GST
GST-AKT + +GST + + Figure 5. B-Raf and Akt

HA R ± + + co-associate in vivo. GST-Akt was purified
S++ +from lysates prepared from HEK293 cells

'T * =transfected with the indicated constructs using
GST-AKT-..- -' HA-B-Raf glutathione sepharose. The pull-downs were

subject to SDS-PAGE followed by western
blotting with antibodies directed against the
epitope tags on B-Raf and Akt.

GST--.s ak

WB: a-GST WB: a-HA

Future Directions
In the coming year, we will continue to focus on the POU domain transcription factors

and utilize the S to A and S to D mutants at the Akt phosphorylation consensus sites to define the
role that phosphorylation plays in the regulation of the transcriptional activity of these factors. In
addition, Akt appears to negatively regulate the Ras pathway at a second step and experiments
over the next year will be directed at deciphering the additional actions of Akt on the Ras
pathway. We have defined multiple targets of Akt and we will determine the contributions of
each of these effector pathways to cell survival and malignant transformation (Task 2).

Key Research Accomplishments
1. Demonstrated that S407 in the Brn 1 transcription factor is phosphorylated by Akt
2. Demonstrated that B-Raf is phosphorylated by Akt at multiple residues within its amino

terminal domain (S364 and S428)
3. Demonstrated that alteration of the serine residues within the Akt consensus sites in B-Raf to

alanine results in a progressive increase in enzymatic activity in vitro and in vivo
4. Expression of Akt inhibits EGF induced B-Raf activity and inhibition of Akt with LY294002

upregulates B-Raf activity, suggesting that Akt negatively regulates B-Raf in vivo
5. Demonstrated that Akt and B-Raf co-associate in vivo
6. Taken together, our results show that the B-Raf serine/threonine kinase is negatively

regulated by Akt in vivo and in vitro

Reportable Outcomes
1. Manuscript entitled "Negative Regulation of the serine/threonine kinase B-Raf by Akt"

prepared and submitted
2. Grant applications based on work supported by this award prepared and submitted to NIH

and ACS
3. This award supports the stipend and tuition of Claudia Figueroa, a graduate student in the

Department of Biological Chemistry
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Conclusions
Akt is involved in the initiation and/or progression of breast cancers. The cellular and

molecular events targeted by Akt to promote cancer are not well documented. In order to gain an
understanding of how Akt promotes malignant transformation, we have identified likely targets
for Akt. We have found that Akt phosphorylates and likely regulates the transcriptional activity
of POU domain transcription factors and that Akt phosphorylates and negatively regulates the
Ras/Raf/ERK pathway through phosphorylating the B-Raf serine/threonine kinase. These
phosphorylation events, singly and in combination, are likely to be critical elements through
which Akt operates to promote cell survival and transformation. Future studies will directed at
determining the contributions of each of these Akt effector pathways in promoting cell survival
and in inducing malignant transformation of breast cancer cells (Task 2).
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