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matrigel was then added to 24 well plates and incubated 30min in 37°C incubator
before seeding cell. 2x10* HUVEC cells were seeded each well and cultured with
supernatant from indicated cultured cancer cells. After 24 hours, tube formation

on each well was examined under bright field microscopy.

2.11. In Vivo Tumorigenesis Assay

1x 10° MDA231 cells with AMPK knockdown and Skp2 overexpression (WT,
S256A, and S256D) were subcutaneously injected into nude mice. The tumor
size was measured by the caliper, and the tumor volume was calculated by the
equation: [mm3] = (length [mm]) x (width [mm]) 2 x 1/2. Xenograft tissues isolated
were fixed in 10% formalin overnight and then embedded in paraffin. All
manipulations on the animal are under Institutional Animal Care and Use

Committee (IACUC) approval protocol.

2.12. Patients, human materials and immunohistochemistry

The human material study is under the approval of the Institutional Review Board
of the Chi-Mei Medical Center in Taiwan. Immunohistochemistry was conducted
under standard process with primary phosphor-Skp2 S256, phosphor-Akt,
pAMPK and p27 antibodies. The secondary antibody was incubated for 30
minutes and then developed for 5 minutes with 3-diaminobenzidine. IHC samples
were scored manually by Dr. Chien-Feng Li under the multi-headed microscope

as previously described (Chia-Hsin Chan 2012).
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2.13. Statistical analysis
All data were listed as means +/- SEM. Each experiment was conducted in three
independent repeats. The significance is determined by two-tailed and unpaired

student t-test. P-values < 0.05 is considered statistically significant.
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CHAPTER 3

RESULTS

32



3.1 AMPK is required for Akt activation under various stress

The PI3K/Akt pathway is an important signaling for cell proliferation and
survival. Except for growth factors and cytokines, it can also be activated by
many stresses, like hypoxia. However, the underlying mechanism is not clear. To
identify possible kinases upstream of PI3K/Akt, we first applied the kinase
inhibitors library which includes many key kinases of multiple cellular processes
into HEK293 cells under hypoxia (Figure 3-1-1). All the inhibitors and related
targets are listed in Table 3-1. We used LY 290034, a PI3K inhibitor as a positive
control to inhibit Akt phosphorylation and used pAkt S473 as a readout for Akt
activity since it has a stronger signal to minimize experimental variation. The
result showed that HEK293 cells treated with LY290034 have less Phosphor-Akt
S473 under hypoxia, and some inhibitors from the library also follow the trend,
such as PDK1, PIM and receptor tyrosine kinases. Among all the candidate
inhibitors, we noticed compound C, which is the inhibitor of AMPK, also
suppresses Akt phosphorylation. AMPK is an energy sensor which also has been
reported to be activated under various stresses including Hypoxia. We then
tested and confirmed that compound C could inhibit both AMPK and Akt
phosphorylation also in MDA231 cells (Figure 3-1-2). To further address the
requirement of AMPK in hypoxia-induced Akt activation, we generated AMPK
stable knockdown cells using shRNA and we found Akt phosphorylation and its
downstream GSK3 phosphorylation were all decreased (Figure 3-1-3A), while
restoration of AMPK into AMPK knockdown cells could rescue Akt

phosphorylation (Figure 3-1-3B). These data suggest that AMPK is required for
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hypoxia-induced Akt activation. To test whether AMPK is comprehensively
required for Akt under other stress condition, we also tested glucose deprivation
(Figure 3-1-4A) and oxidative stress H202 treatment (Figure 3-1-4B) and we
found AMPK is also required for Akt activation under both conditions. The result

suggests that there is a common mechanism for stress-induced Akt activation.
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Figure 3-1-1 Screening of kinases in the hypoxia-induced Akt

phosphorylation using kinase inhibitor library

293 cells were pretreated with indicated inhibitors at 10uM for 2 hours and then put into
hypoxia chamber (1% O,) for another 4 hours. Cells were lysed and subjected to
immunoblotting with indicated antibody. The targets of each inhibitor are listed in Table

3-1.
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Table 3-1 List of kinase inhibitors and their targets

Product Name Pathway

LY294002
pp2

Imatinib

Nilotinib

CX-4945
KU-55933
KU-57788
Compound C

Quizartinib (AC220)

GNE-0877
BMS-536924

PF-562271
BI2536
Palbociclib
SGI-1776
ZCL278
SKI I

Crizotinib

CuDC-101

OSU-03012

K-Ras(G12C)
inhibitor 9

Nintedanib

Cabozantinib

Selumetinib
SB 203580
H 89 2HCL
TWS119

Enzastaurin

PI3K
Src

BCR-ABL

BCR-ABL

CK2
ATM
DNAPK
AMPK
FLT3
LRRK2
IGF1R

FAK
FLK
CDK
PIM
RAC
S1P Receptor

c-Met, ALK

HDAC,HERZ2,
EGFR

PDK-1
Rho

VEGFR,PDGF
R,FGFR

FLTS3, Tie-2,c-
Kit, c-
Met,VEGFR-2

MEK
p38, MAPK
PKA
GAK-3
PKC
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PI3K/Akt/mTOR

Protein tyrosine
kinase

Protein tyrosine
kinase

Protein tyrosine
kinase

DNA Repair
DNA Repair
DNA Repair
Metabolism
Angiogenesis
Autophagy

Protein tyrosine
kinase

Angiogenesis
Cell Cycle
Cell Cycle
JAK/STAT
Cell Cycle

GPCR&G
Protein

Protein tyrosine
kinase

Epigenetics

PI3K/Akt/mTOR
Cell Cycle

Protein tyrosine
kinase

Protein tyrosine
kinase

MAPK
MAPK
PI3K/Akt/mTOR
PI3K/Akt/mTOR
TGF-beta/Smad
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Figure 3-1-2 Compound C inhibits both AMPK and Akt phosphorylation

MDA-MB-231 cells were treated with or without compound C (10uM) and put into
hypoxia chamber (1% O,) for 2 and 4 hours. Cells were lysed and subjected to

immunoblotting with indicated antibodies.
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Figure 3-1-3 AMPK is required for hypoxia-induced Akt phosphorylation

and activation

(A) MDA-MB-231 cells with control (shLuc) and AMPKa1 knockdown were transferred
into hypoxia chamber for 4 and 8 hours. Cell lysates were subjected to immunoblotting

with indicated antibody.

(B) MDA-MB-231 cells were transfected with mock (PCDNA3) and HA-AMPK (CA, KD)
by Lipofectamine and put into hypoxia chamber (1% O,). Cell lysates were subjected to

immunoblotting with indicated antibody.
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Figure 3-1-4 AMPK is also required for glucose deprivation and H202-

induced Akt activation

(A) MDA-MB-231 cells with control (shLuc) and AMPKa1 knockdown were cultured in
DMEM high glucose and no glucose medium for 1 and 2 hours. Cell lysates were

subjected to immunoblotting with indicated antibody.

(B) MDA-MB-231 cells with control (shLuc) and AMPKa1 knockdown were treated with
100uM H,0, for 1 and 2 hours. Cell lysates were subjected to immunoblotting with

indicated antibody.
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3.2. AMPK is involved in EGF-induced Akt activation and activated by
CaMKKB.

Since Akt signaling is a major pathway for growth factors induced cell
proliferation and AMPK is required for various stress induced Akt activation, we
then checked whether AMPK is also involved in the growth factor-induced Akt
activation. To our surprise, we found EGF-induced Akt activation is dependent on
AMPK (Figure 3-2-1A), while under other growth factors like IGF (Figure 3-2-1B)
and PDGF (Figure 3-2-1C), AMPK did not show any effect. Since LKB1 and
CaMKKZp are the two major upstream kinases for AMPK activation, we next
tested whether EGF-induced AMPK activation acted through these two known
kinases. Our results showed that AMPK and Akt activation induced by EGF were
impaired in CaMKKp knockdown MDA231 cells (Figure 3-2-2A) as well as
CaMKKp inhibitor STO609 treated cells (Figure 3-2-2B). However, in LKB1
knockdown cells, Akt signaling was not affected (Figure 3-2-3). CaMKKQ is
activated when intercellular Ca®+ level changes. To explore how CaMKK} is
involved in the EGF-induced Akt activation, we used Fura-2 AM, a permeable
calcium indicator, to trace intercellular Ca®+ level upon EGF treatment and we
found Ca2+ level was rapidly induced when cells treated with EGF for 5 minutes
(Figure 3-2-4A). When we used a calcium chelator (BAPTA) to inhibit the
evaluated intercellular calcium level, we also saw decreased AMPK and Akt
activation (Figure 3-2-4B). These data suggest that EGF-induced Ca®* level
change activates CaMKKB/AMPK is also important for EGF-induced Akt

activation.
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Figure 3-2-1 AMPK is involved in EGF but not PDGF or IGF-induced Akt

activation

(A) MDA-MB-231 cells with control (shLuc) and AMPKa1 knockdown were serum
starved for 16 hours and treated with 50ng/ml EGF for 5 and 15 minutes. Cell lysates

were subjected to immunoblotting with indicated antibody.

(B) MDA-MB-231 cells with control (shLuc) and AMPKa1 knockdown were serum
starved for 16 hours and treated with 100ng/ml PDGF for 5 and 15 minutes. Cell lysates

were subjected to immunoblotting with indicated antibody.

(C) MDA-MB-231 cells with control (shLuc) and AMPKa1 knockdown were serum
starved for 16 hours and treated with 100 ng/ml IGF for 5 and 15 minutes. Cell lysates

were subjected to immunoblotting with indicated antibody.
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Figure 3-2-2 CaMKKB is required for EGF-induced AMPK/Akt activation

(A) MDA-MB-231 cells with control (shLuc) and CaMKK knockdown were serum
starved for 16 hours and treated with 50ng/ml EGF for 5 and 15 minutes. Cell lysates

were subjected to immunoblotting with indicated antibody.

(B) MDA-MB-231 cells were serum starved for 16 hours and treated with 50ng/ml EGF
and 10ug/ml STO609 for 15 minutes. Cell lysates were subjected to immunoblotting with

indicated antibody.
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Figure 3-2-3 LKB1 is not required for EGF-induced AMPK/AKkt activation

MDA-MB-231 cells with control (shLuc) and LKB1 knockdown were serum starved for 16
hours and treated with 50ng/ml EGF for 5 and 15 minutes. Cell lysates were subjected to

immunoblotting with indicated antibody.
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Figure 3-2-4 EGF-induced changes in intercellular Ca2+

(A) MDA-MB-231 cells were seeded in a black 96-well plate and serum starved for 16
hours, then 2uM Fura-2AM was preloaded in calcium recording buffer for 1hour. Cells
were washed with calcium recording buffer and treated with 50ng/ml EGF for 5 min.
Data presented represent the relative ratio of fluorescence measured at 340 divides by

360. *P<0.05.

(B) MDA-MB-231 cells were serum starved for 16 hours and treated with 50ng/ml EGF
and 10ug/ml BAPTA-2AM for 15 minutes. Cell lysates were subjected to immunoblotting

with indicated antibody.
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3.3. Akt ubiquitination is induced under hypoxia and AMPK/Skp2 are
involved in this process.

The unexpected phenomenon that among three growth factors tested
(EGF,PDGF,IGF), only EGF-induced Akt activation is dependent on AMPK also
drives us to think what might be the factor downstream of AMPK that is unique
for EGF signaling. We previously found that Skp2, an E3 ligase for K63-linked
Akt polyubiquitination, activated Akt specifically upon EGF treatment but not
under other growth factors, like IGF (Chan, 2013). Therefore, we hypothesized
that Skp2 might serve as an AMPK downstream effector. We then use primary
Skp2 null MEFs as well as Skp2 stable knockdown cells in MDA231 cell line to
check whether Skp2 is also needed under stress conditions, such as hypoxia.
Indeed, we found Skp2 deficient cells also have less Akt activation upon hypoxia
(Figure 3-3-1A/B). Since Skp2 is an E3 ligase for Akt ubiquitination under EGF
induction, we next examine whether Akt ubiquitination is also induced by hypoxia.
As shown in Figure 3-3-2A, Akt ubiquitination is dramatically increased during
hypoxia and this ubiquitination is dependent on Skp2 (Figure 3-3-2B). As we
previously found that AMPK is important for EGF-induced Akt activation (Figure
3-2-1A) and AMPK deficiency inhibits Akt activation. To check whether this
impaired Akt activation is due to reduced Akt ubiquitination, we then examined
whether AMPK inhibition affects Akt ubiquitination. This result showed that the
induction of ubiquitination in hypoxia was inhibited when cells were treated with
the AMPK inhibitor Compound C (Figure 3-3-3A). To further ensure this process

is not due to the off-target effect of compound C, we also used AMPK knockdown
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cells to confirm this phenomenon and the result also supports our previous
observations that AMPK is required for hypoxia-induced Akt ubiquitination

(Figure 3-3-3B).
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Figure 3-3-1 Skp2 is also involved in hypoxia and glucose deprivation

induced Akt ubiquitination

(A) WT and Skp2 null MEFs were put into hypoxia chamber (1% O,) for 4 and 8 hours.

Cell lysates were subjected to immunoblotting with indicated antibody.

(B) MDA-MB-231 cells with control (shLuc) and Skp2 knockdown were cultured in

DMEM high glucose and no glucose medium for 1 and 2 hours. Cell lysates were

subjected to immunoblotting with the indicated antibody.
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Figure 3-3-2 Skp2 E3 ligase is important for Hypoxia-induced Akt

ubiquitination

(A) 293 cells were treated with hypoxia (1% O,) 4 hours and harvested for
immunoprecipitation with Ig G control and anti-Ub antibody, followed by immunoblotting

with Akt antibody. Input was 10% of whole cell lysate.

(B) MDA-MB-231 cells with control (shLuc) and Skp2 knockdown were transferred into
hypoxia chamber for 4 hours. Cell lysates were subjected to immunoprecipitation with
Akt antibody, followed by immunoblotting with the anti-Ub and Akt antibody. Input was

10% of whole cell lysate.
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Figure 3-3-3 Akt ubiquitination is induced under hypoxia and AMPK is

required for Akt ubiquitination

(A) 293 cells were transfected with HA-Akt plasmid and put into hypoxia chamber with or
without compound C (10uM). Cell lysates were subject to immunoprecipitation with HA

antibody and immunoblotting with indicated antibody.

(B) MDA-MB-231 cells with control (shLuc) and AMPKa1 knockdown were transferred
into hypoxia chamber for 4 hours. Cell lysates were subjected to immunoprecipitation
with Ubiquitin antibody, followed by immunaoblotting with Akt antibody. Input was 10% of

whole cell lysate.
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3.4. AMPK directly phosphorylates Skp2 at S256

Our previous results indicate that there is a strong link between AMPK and
Skp2 in stress-induced Akt activation. To test whether Skp2 is a direct substrate
of AMPK, we purified GST-Skp2 from bacteria, as well as HA-AMPK
constitutively activated form from 293T cells and did in vitro kinase assay. We
found active AMPK phosphorylated Skp2 in vitro (Figure 3-4-1). To map the
phosphorylation region, we transfected cells with active AMPK and truncated
forms of Skp2, and we found that Skp2 was phosphorylated at the C-terminal
truncation (205-436) but not the N-terminal truncation (1-200) (Figure 3-4-2).
Furthermore, we used online software Sitescan to predict the phosphorylation
site of Skp2 based on the putative substrate conserve region of AMPK (Figure 3-
4-3A). We then mutated those predicted sites and found Skp2 S256A mutant
was no longer phosphorylated (Figure 3-4-3B/C), suggesting that AMPK
phosphorylates Skp2 at S256. To better demonstrate the importance of this site,
which is conserved among various species (Figure 3-4-4A), we generated Skp2
S256 phosphor-specific antibody. This antibody was validated in cells transfected
with the active form of AMPK and Skp2. Skp2 S256 phosphorylation could be
detected in WT Skp2 transfected cells but not in cells transfected with Skp2
S256A (Figure 3-4-4B). To examine the direct phosphorylation of Skp2 at S256
by AMPK, GST-Skp2 WT or S256A mutant and HA-AMPK proteins were purified
and in vitro kinase assay was conducted. The active form of AMPK, but not the

AMPK kinase-dead mutant, phosphorylated Skp2 WT in vitro (Figure 3-4-5A). In
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contrast, Skp2 S256A could not be phosphorylated by active AMPK (Figure 3-4-

5B).
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Figure 3-4-1 AMPK phosphorylates Skp2 in vitro

Immunoprecipitates of exogenous HA-AMPKa1 from HEK293T cells and GST-Skp2
purified from bacteria were subjected to in vitro kinase assay followed by

Immunoblotting.
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Figure 3-4-2 AMPK phosphorylates Skp2 at residues after 200

HEK293 cells transfected with Skp2 AN, 1-200 and the indicated HA-AMPKa (CA)

constructs were subjected to immunoprecipitation followed by immunoblotting.
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Figure 3-4-3 Screening of Skp2 Serine residue phosphorylated by AMPK

(A) Skp2 putative phosphorylation site by AMPK id predicted by Scansite

(http://scansite.mit.edu/)

(B) HEK293 cells transfected with Skp2 WT, S256, 367, 382/383A and the indicated HA-

AMPKa (CA) constructs were subjected to immunoprecipitation followed by

immunoblotting.
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(C) HEK293 cells transfected with Skp2 WT, S256A/D, and the indicated HA-AMPKa

(CA) constructs were subjected to immunoprecipitation followed by immunoblotting.
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Figure 3-4-4 AMPK phosphorylates Skp2 at S256 in vivo using S256
phosphor-specific antibody

(A) The sequence of Skp2 in different species are listed. The conserved Serine (S)

residues at 256 in different species are highlighted.

(B) HEK293 cells transfected with Skp2 WT, S256, and the indicated HA-AMPKa (CA)

constructs were subjected to immunoprecipitation followed by immunoblotting.
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Figure 3-4-5 AMPK also phosphorylates Skp2 at S256 in vitro using S256
phosphor-specific antibody

(A) Immunoprecipitates of exogenous HA-AMPKal (CA/KD) from HEK293T cells and

GST-Skp2 WT purified from bacteria were subjected to in vitro kinase assay followed by
Immunoblotting.

(B) Immunoprecipitates of exogenous HA-AMPKal (CA) from HEK293T cells and GST-
Skp2 WT, S256A purified from bacteria were subjected to in vitro kinase assay followed

by Immunoblotting.

57



3.5. S256 phosphorylation stabilizes Skp2 SCF E3 ligase complex integrity
and is important for its E3 ligase activity

Since Skp2 is an E3 ligase and triggers substrate ubiquitination, we next
examined the role of S256 phosphorylation in Skp2 E3 activity. We previously
found that Skp2 is an E3 ligase for Akt ubiquitination upon EGF treatment and
this ubiquitination facilitates Akt membrane localization, phosphorylation, and
activation. To examine whether AMPK mediated Skp2 S256 phosphorylation is
important for Akt ubiquitination and activation, we performed the in vitro
ubiquitination assay from cells transfected with Skp2 WT and S256A/D mutant
together with HA-Akt and His-Ub. We found Akt ubiquitination was induced in WT
and phosphor-mimic S256D Skp2 cells but not in S256A mutant cells (Figure 3-
5-1). Given that Skp2 functions as an F-box protein interacting with Skpl and
Cullinl to form an SCF complex and the complex integrity are important for its E3
ligase activity, we then tested whether Skp2 S256 phosphorylation affects Skpl
and Cullinl binding. We found that Cullin1 binding to Skp2 was enhanced by
AMPK CA mutant and this binding was less in AMPK KD mutant transfected cells,
while Skplbinding to Skp2 was slightly affected (Figure 3-5-2A), indicating that
the kinase activity of AMPK is required for Skp2- Cull binding. Although the
crystal structure of Skp2 SCF complex shows previously that Skpl served as a
linker between Skp2 and Cull, It cannot exclude the possibility of Skp2- Cull
interaction under certain stress condition where AMPK is activated to
phosphorylate Skp2. Therefore, we tested the function of Skp2 S256

phosphorylation on Skp2- Cull binding and found that Skp2 S256A mutant no
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downstream substrate, AMPK, is likely involved in the oncogenic functions of
CaMKKJ. Interestingly, we found that CaMKK deficient cell also had decreased
Akt activation under EGF treatment, which is similar to what happened in AMPK
knockdown cells, suggesting the CaMKKB/AMPK might promote tumor
progression through Akt activation. In contrast, LKB1 has not involved EGF-
induced AMPK and Akt activation. Therefore, our findings indicate that oncogenic
role of AMPK is through Akt activation and may largely drive by CaMKKf under
EGF treatment while LKB1 might only keep the basal AMPK activation for energy
balance in breast cancer cell line MDA-MB-231. Our findings also suggest that
AMPK targeting might be therapeutically beneficial for advanced breast cancer.
Future directions can also focus on the role of CaMKK} in breast cancer
progression, either by xenograft mouse model or tissue-specific knockout of

CaMKKB.

EGF binds to its membrane receptor EGFR and activates it through
receptor dimerization. Downstream of EGFR include MAPK, PI3K/Akt, PLCy and
STAT-mediated pathway, which ultimately promote many cellular events
including cell proliferation, migration, differentiation, and anti-apoptosis. We
surprisingly found that EGF also activated AMPK within a short time (~2 min).
Also, AMPK deficient cell displayed decreased EGF-induced Akt activation. This
observation brings AMPK to the traditional EGF-PI3K/Akt pathway. Moreover, we
found AMPK activated by EGF through CaMKKf but not LKB1. EGF-induced
AMPK activation is rapid and without any changes in ATP level but intercellular

Ca2+ level. Therefore, our data suggest that CaMKKQ} triggers rapid AMPK
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activation in a Ca2+ dependent manner while LKB1 activates AMPK when cell
face decreased AMP/ADP: ATP ratio. Activated EGFR activates PLCy to
catalyze PIP2 to generate secondary message DAG and IP3. IP3 then binds to
its receptor IP3R, a calcium channel on the membrane of ER, which induces
calcium release from (endoplasmic reticulum) ER calcium stores and increases
intercellular calcium level. Calcium binds to the protein calmodulin and activates
CaMKK. Our findings not only indicate the rapid changes of intercellular calcium
level is important for EGF-induced Akt signaling, but also brings AMPK as a new
component of EGF-PI3K/Akt pathway. The future direction would be to confirm
and further explore the importance of AMPK in EGF-PI3K/Akt pathway. Whether
both AMPK and PI3K are needed for Akt activation? Could AMPK rescue Akt
activity if PI3K is inactivated? Moreover, many studies have revealed that EGFR
is overexpressed in MDA231 cells, but EGFR targeting has limited effect in
clinical trials due to the resistant mechanism. It will be also worthy of examining
whether AMPK activation may account for one of the resistance mechanism for
EGFR targeting therapy. It is possible that targeting AMPK together with EGFR is

beneficial for triple negative breast cancer treatment.

PI3K/Akt is a classic pathway to promote cell proliferation, survival and
inhibit apoptosis. In contrast, AMPK’s role in cancer is context-dependent.
However, both of them are activated when the cell faces various stress like
hypoxia, oxidative stress, and glucose deprivation. AMPK and Akt share many
common substrates but different outcomes. The role of AMPK in Akt regulation is

not clear at the current stage. Reports indicate that AMPK can either activate or
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inhibit Akt. However, those studies were performed under AICAR and metformin
treatment which might have many other off-target effects. Importantly, our study
uncovered a novel mechanism that AMPK activates PI3K/Akt pathway by
phosphorylating Skp2 and promoting Akt ubiquitination. It improves our current
understanding of relationships of AMPK and Akt. Importantly, it indicates that as
the tumor progresses and encounters limited resources, activation of AMPK is
important to phosphorylate Skp2 and turn on Akt survival pathway to resist
immediate death. However, we cannot exclude other Skp2 E3 ligase substrates
might contribute to increasing survival. In the future, it may be worth to test other
Skp2 substrates, given that Skp2 also ubiquitinates and promotes degradation of
p27 (Keiko Nakayama 2004, Uta Kossatz 2004). Our result in the human breast
cancer patient sample also showed downregulation of p27 and its correlation with
poor survival outcome. It is possible that Skp2 S256 phosphorylation targeting
may also affect p27 or other downstream substrates due to its defect E3 ligase
activity. We could test whether, under certain stimuli, AMPK activation leads to
more Skp2-mediated p21 or p27 ubiquitination in cancer cells to regulates the

cell cycle.

Ubiquitination either leads to protein degradation or promote signaling
transduction depending on how the ubiquitin is linked. While K48 linked
ubiquitination targets protein for proteasome degradation, K63 linked
ubiquitination have important functions in signaling transduction. Previous work in
our lab revealed that K63 linked Akt ubiquitination is important for its activation by

growth factors stimulation. Our finding that Akt ubiquitination was greatly induced
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by hypoxia provides a better picture of how Akt is activated under stress. K63
linked polyubiquitination may recruit other components to facilitate Akt membrane
localization. One of the putative molecules that may be relevant is Ubl4A, an
ubiquitin-like protein that directly binds to actin filaments. A Recent study has
shown that upon insulin treatment, Ubl4a binds to actin related protein 2/3 and
accelerates actin branching and Akt membrane localization. It provides a missing
link of Akt activation under insulin. It also gives us a hint that there might be other
adaptor proteins exist to facilitate Akt membrane localization and activation under
stress, like hypoxia. Akt ubiquitination may be critical to recruiting various

adaptors for Akt membrane localization and activation under the diverse situation.

Skp2-SCF complex consists of an F-box protein Skp2, an adaptor Skpl,
and Cull. Crystal structure of Skp2-SCF (Figure 4-1) revealed that Skpl act as a
linker to bridge both Skp2 and Cull. However, the crystal structure used a
truncated F-box domain of Skp2 instead of full-length Skp2(Ning Zheng 2002).
Skp2 contains an F-box domain which binds Skpl and an LRR domain which is
important for substrate recognition. The S256 residue is located inside the LRR
domain. We found that Skp2 S256 phosphorylation is important for Cull binding
and Akt ubiquitination. It suggests Skp2 may also interact with Cull to keep the
SCF complex integrated and more functional. However, whether Skpl is
required for Cull and Skp2 interaction is still not clear. To this end, we could
examine the interaction of Skp2 and Cull without Skpl. The crystal structure with
Skp1l, Cull, and full-length Skp2 will be beneficial to examine the interaction

between Skp2 and Cull. It is also possible that Skp2 S256 phosphorylation may
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affect the substrate recognition. Previous studies showed that Cks1 (CDK
subunit 1) is required for Skp2 to recognize phosphorylated p27(Ganoth D 2001).
Therefore, the interaction between Skp2 and Cks1 or Akt can also be tested for a

better understanding of the function of Skp2 S256 phosphorylation.
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Figure 5 Crystal structure of Skp2-SCF complex
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Our study also showed that expression level of Skp2 S256 phosphorylation
was correlated with AMPK and Akt phosphorylation and poor survival outcomes
in breast cancer patients. These results indicate the in vivo relevance of AMPK in
breast cancer progression. Our findings also showed the pronounced effect of
AMPK and Skp2 S256 phosphorylation in mouse xenograft models. It suggests
that AMPK and Skp2 S256 phosphorylation targeting might be a promising
strategy for inhibiting breast cancer progression. In order to further dissect the
significance of Skp2 S256 phosphorylation in cancer progression, we can use
MMTV/Skp2 WT and S256A/D transgenic mice as a tool to study whether the
phosphorylation is important to increase tumor incidence. We can also use Skp2
WT and S256A/D knock-in mice and cross with PTEN conditional knockout mice
to further address the oncogenic role of Skp2 S256 phosphorylation. Meanwhile,
we can also generate small molecular inhibitors to target Skp2 S256

phosphorylation and evaluate its efficacy in blocking tumor progression.

Another interesting finding of our work is that AMPK mediated Skp2
phosphorylation and Akt activation is involved in the glucose deprivation induced
VEGF secretion from cancer cells to the culture medium. When we apply the
supernatant to the endothelial cell grown in matrix-gel, it will cause the formation
of tube-like structure. These results suggest that as tumor quickly expands and
encounters short supplies of glucose, AMPK might be also important for cancer
cells to modify the tumor microenvironment by promoting angiogenesis and
obtain more glucose in the blood vessel. Future work is needed to examine

angiogenesis in vivo by detecting markers for vascularization within xenograft
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