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Involvement of Akt and mTOR
in chemotherapeutic and hormonal-based
drug resistance and response to radiation
in breast cancer cells
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Elucidating the response of breast cancer cells to chemotherapeutic and hormonal based drugs and radiation is clearly
important as these are common treatment approaches. Signaling cascades often involved in chemo-, hormonal- and
radiation resistance are the Ras/PI3K/PTEN/Akt/mTOR, Ras/Raf/MEK/ERK and p53 pathways. In the following studies we
have examined the effects of activation of the Ras/PI3K/PTEN/Akt/mTOR cascade in the response of MCF-7 breast cancer
cells to chemotherapeutic- and hormonal-based drugs and radiation. Activation of Akt by introduction of conditionally-
activated Akt-1 gene could result in resistance to chemotherapeutic and hormonal based drugs as well as radiation.
We have determined that chemotherapeutic drugs such as doxorubicin or the hormone based drug tamoxifen, both
used to treat breast cancer, resulted in the activation of the Raf/MEK/ERK pathway which is often associated with a pro-
proliferative, anti-apoptotic response. In drug sensitive MCF-7 cells which have wild-type p53; ERK, p53 and downstream
p219P" were induced upon exposure to doxorubicin. In contrast, in the drug resistant cells which expressed activated
Akt-1, much lower levels of p53 and p21°?' were induced upon exposure to doxorubicin. These results indicate the
involvement of the Ras/PI3K/PTEN/Akt/mTOR, Ras/Raf/MEK/ERK and p53 pathways in the response to chemotherapeutic
and hormonal based drugs. Understanding how breast cancers respond to chemo- and hormonal-based therapies and
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radiation may enhance the ability to treat breast cancer more effectively.

Introduction

Signal transduction cascades downstream of epidermal growth
factor (EGF) receptor (EGFR) isoforms have been associated with
breast cancer development and resistance to anticancer agents."”
Among the signaling pathways downstream of the EGFR, the
Ras/Raf/MEK/ERK and PI3K/PTEN/Akt/mTOR pathways
have been shown to regulate apoptosis and their deregulation is
often implicated in malignant transformation.’! The PI3K p110
catalytic subunit gene (PIK3CA) is one of the most frequently

mutated genes in breast cancer.!*

Phosphatidylinositol (PI) (3,4)P, and PI(3,4,5)P, produced
by class 1A PI3Ks recruit phosphoinositide dependent kinase-1
(PDK1) as well as Akt isoforms to the plasma membrane by
interacting with their pleckstrin homology (PH) domains.'*'®
Colocalization of PDK1 with Akts at the plasma membrane
causes PDK1 to phosphorylate Akts at a threonine residue
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(T308),"% and a serine residue (S473). Akt cleatly plays impor-
tant roles in the regulation of cell growth and its deregulation is
often linked with malignant transformation.?"*

Activation of PDKI and Akt by class 1A PI3Ks is negatively
regulated by phosphatase and tensin homolog deleted on chro-
mosome ten (PTEN).*" PTEN removes phosphate groups from
PI(3,4)P, and P1(3,4,5)P, added by PI3K as well as from tyrosine
phosphorylated proteins including focal adhesion kinase (FAK)
and Shc 8101

Diverse mechanisms regulate PTEN expression.>?>* These
range from gene deletion, alterations in mRNA splicing, subcel-
lular localization or epigenetic mechanisms which prevent PTEN
transcription. Mutations have been reported to occur at PTEN
in breast cancer at varying frequencies (5-21%). While PTEN is
deleted in certain cancers, loss of heterozygosity (LOH) is prob-
ably a more common genetic event (30%) leading to changes in
PTEN expression.*¥ PTEN promoter methylation leads to low
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PTEN expression.?> In one study, 26% of primary breast cancers
had low PTEN levels which correlated with lymph node metas-
tases and poor prognoses.’”® PTEN has both plasma membrane
and nuclear localized activities. Disruption of PTEN activity by
various mechanisms could have vast effects on different processes
affecting cancer and drug resistance.*3

A consequence of impaired PTEN expression is elevated acti-
vation of Akt. One downstream molecule of mTOR is ribosomal
S6 kinase (p70S6K). This kinase regulates the efficiency of trans-
lation of certain mRNAs and also functions in a negative feed-
back loop to control Akt activity.”">#* Ake, mTOR and p70S6K
activation have been associated with a more severe prognosis in
breast and other cancers.’®%*4>3 High levels of activated Akt
expression have been associated with both chemo- and hormonal
resistance in breast cancer.**4 Indeed some studies have evalu-
ated the effectiveness of targeting mTOR in PTEN-negative
cells.” Cells which express high levels of activated Akt may be
more sensitive to mTOR inhibitors and inhibition of mTOR
activity by rapamycin may restore their sensitivity to chemo- and
hormonal based therapies.*>

Previously it was determined that mutated forms of Akt and
PTEN can induce chemotherapeutic- and hormonal-based drug
resistance in breast cancer.”°4> PTEN mutants which eliminate
the lipid phosphatase activity will result in activated Akt expres-
sion which leads to drug resistance and sensitivity to the mTOR
inhibitor rapamycin.®

After growth factor/cytokine/mitogen stimulation of the
EGEFR, the Ras/Raf/MEK/ERK pathway is also activated."” The
Ras/Raf/MEK/ERK pathway has been shown to play pivotal
roles in chemotherapeutic drug resistance.>*> This pathway can
be activated by either mutations in upstream receptors or muta-
tions in pathway components. We have shown that activated Ras
and Raf genes will result in drug resistance of breast cancer cells.®
The roles of various chemotherapeutic- and hormonal-based
drugs play in the activation of these pathways have not been well
investigated. Inappropriate activation of these pathways could
result in the generation of drug resistant cells as well as cancer
initiating cells (CICs).o%%

In the following studies, the effects of Ake-1 activation on the
response of breast cancer cells to chemotherapeutic- and hor-
monal-based drugs and radiation were examined as these three
different approaches are used to treat breast cancer. Elevated
Ake-1 expression resulted in resistance to doxorubicin, tamoxifen
and radiation. Doxorubicin treatment resulted in the induction
of the anti-apoptotic ERK molecule. Furthermore drug resistant
cells displayed altered p53 and downstream p21“*" expression.
These results highlight the importance of the PI3K/PTEN/Akt/

mTOR pathway in therapy resistance in breast cancer.
Results

Ectopic Akt-1 expression induces resistance of MCEF-7 cells to
tamoxifen. The activity of the PI3K/PTEN/Akt/mTOR cascade
was manipulated in MCE-7 cells in order to determine how sig-
nals transduced by this pathway control the sensitivity of breast
cancer cells to various therapies. We wanted to be able to turn
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on and off the expression of Akt-1 so MCE-7 cells were infected
with retroviruses encoding Akt-1 genes (AAkt-1) under the con-
trol of the modified estrogen receptor hormone binding domain
(ER*) which allows the Akt-1 gene to be turned on or off by
4-OH tamoxifen (4HT) addition or withdrawal respectively (see
Fig. 1).”°7' Two different conditional Akt1 viruses were used in
these studies. Both modified Ake-1 viruses have the pleckstrin
homology domain of Akt deleted (APH), however, one virus
has the v-Src myristoylation domain added [AAkt-1:ER*(Myr*)]
which results in membrane localization of Akt-1, while the other
“control” Ake1 virus, lacks a functional v-Src myristoylation
domain [AAket1:ER*(Myr)] due to the change of an amino acid
and hence is not membrane localized.

MCE-7 breast cancer cells were infected with retroviral stocks
encoding both retroviruses and stably infected cells were isolated
in the presence of the drug blasticidin as the blasticidin resistance
gene is present in both retroviral constructs downstream of the
modified Ake-1 genes (see Fig. 1). These infected cells are named
MCEF7/AAke-1:ER*(Myr*) and MCF7/AAke1:ER*(Myr).

To examine the resistance of the cells to chemotherapeutic-
and hormonal-based drugs, the cells were plated in the presence
of either doxorubicin or 4HT, two drugs both used to treat breast
cancer. The ICs in response to different concentrations of doxo-
rubicin were examined in both MCF7/AAke1:ER*(Myr*) and
MCEF7/AAke-1:ER*(Myr) in the presence and absence of 4HT.
MCEF7/AAke+-1:ER*(Myr*) and MCF7/AAke-1:ER*(Myr) had
doxorubicin IC s of approximately 150 nM and 80 nM respec-
tively in the absence of 4HT. However, when they were plated in
the presence of 4HT, the IC, for doxorubicin in MCF7/AAkt-
L:ER*(Myr") cells remained similar (150 nM) while the IC, | for
doxorubicin in MCF7/AAke1:ER*(Myr) cells decreased to less
than 10 nM. These results indicated that initially the MCF7/
AAke1:ER*(Myr*) cells were resistant approximately 15-fold and
2-fold more resistant to 4HT and doxorubicin than the MCF7/
AAke1:ER*(Myr) cells (Fig. 2).

The effects of activated Ake-1 on the cloning efficiency in
4HT-containing medium were also examined (Fig. 3). In these
experiments, 1,000 cells were plated in each well of a 6-well plate
in triplicate and fed the indicated medium supplements for a
period of 3 weeks. Fresh medium containing the drugs was pro-
vided to the cells every three days. Photographs of the giemsa-
stained plates showing the colonies in the different culture
conditions is presented in Figure 3A. When cells were cultured
in either the presence of the solvent used to dissolve 4HT, ethanol
or ethanol and DMSO, as an additional control, MCF-7, MCF7/
AAke-1:ER*(Myr*) and MCF7/A Ake-1: ER*(Myr) cells had sim-
ilar plating efficiencies (Fig. 3B). The efficiency of the empty ret-
roviral vector control cell line, MCF-7/pBABEpuro was slightly
lower under these conditions. However, much different results
were observed when the cells were plated in the presence of 4HT.
Namely, MCF7/AAke1:ER*(Myr*) cells had a higher cloning
efficiency when plated in medium containing 1 pM 4HT than
MCEF7/AAke-1:ER*(Myr) cells. As controls, the plating efficien-
cies of MCF-7 and MCF7/pBABEpuro cells were also examined.
When these negative controls were plated in the presence of
1 wM 4HT in 6-well plates, they did not grow.
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Increased  Akt-1 expression in
4HT-selected ~ MCF7/AAkt-1:ER*(Myr*)
cells. We next examined the effects of 4HT
selection on Akt-1, MEK/ERK and ERa
expression. In these experiments, we cultured
MCEF7/AAke+1:ER*(Myr*) cells for 4 weeks
in 4 different culture conditions (Fig. 4).
Namely cells were cultured in phenol red free
(clear) RPMI + 10% charcoal stripped (CS)
FBS in the presence and absence of 4HT
(Fig. 4A), and also in RPMI medium con-
taining phenol red (red medium) and 10%
FBS in the presence and absence of 4HT
(Fig. 4B). Phenol red free medium and char-
coal stripped FBS were used as they contain
components which may affect ERa expres-
sion. Four days prior to the experiments pre-
sented in Figure 4, the culture medium was
removed from the plates, the cell monolayers
were washed with PBS twice and then the cells
cultured in the either phenol red free medium
containing 10% CS FBS (Fig. 4A) or phenol
red containing medium containing 10% FBS
(Fig. 4B). Cells were then stimulated with
4HT for the indicated time periods. In addi-
tion, two control cell lines were examined,
MCE-7 cells containing GFPARaf-1:ER or
AA-Raf:ER to examine the effects on ERK
expression. In the 4HT-selected cells, there
were higher levels of AAke1:ER* activity
when the cells were stimulated with 4HT
than in the non selected cells. In the popu-
lation of non-selected cells, no AAkt-1:ER*
activity was detected even after 4HT treat-
ment. These experiments reflect a common
occurrence in studies with retroviral-infected
cells and also agree with the original MTT
assays presented in Figure 2. Namely, in the
absence of a biological selection, there may
only be low levels of expression of the intro-
duced gene encoded by the introduced provi-
rus in the cells.

The effects of culturing cells in the pres-
ence and absence of 4HT and phenol red on
the expression of ERa were also examined.
When cells were cultured in the presence of
4HT, there were lower levels of ERa detected.
Moreover, when cells were cultured in the
presence of 4HT and phenol red (Fig. 4B),
there were even lower levels of ERa detected.

The effects of AAkt-1:ER*(Myr*) activ-
ity on MEKI and downstream ERKI,2
activation were examined. When AAkt-
L:ER*(Myr*) was induced, there were lower
levels of activated (phosphorylated) MEK1
and ERK1,2 detected, suggesting that Akt
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Figure 1. Structures of Akt viruses used in this study and model for activation of Akt construct
after 4HT treatment. (A) Conditional AAkt-1:ER*(Myr*) and (B) AAkt-1:ER*(Myr) viruses which
encode resistance to blasticidin. Fusion of two proteins yielded AAkt-1:ER*(Myr*) and (B)
AAkt-1:ER*(Myr). Human Akt-1 was modified by deleting amino acids 4 through 129, followed
by replacement of D3 with glutamate and addition of a hemaggluinin subunit-1 (HA1) epitope
to the carboxyl terminus to yield AAkt-1."” The HA1 epitope consists of 17 amino acids with
the sequence MAY PYD VPD YAS LGP GL. Amino acids YPY DVP DYA SL within this epitope
correspond to amino acids 98 through 108 of HA1 from hemagglutinin-3/neuraminidase-2
(H3NS) stains of human influenza A virus. Deletion of amino acids 4 through 129 removes the
pleckstrin homology (PH) domain from AAkt-1, which spans from amino acid 7 to amino acid
106. This domain mediates binding of Akt-1 to PI(4,5)P, or PI(3,4)P.."® The carboxyl terminal
portion of AAkt-1:ER* is composed of a mutant murine ERa truncated at the N-terminus.

This fragment is identical to amino acids 281 through 599 of murine ERa except that G525 is
replaced by arginine. The portion of ERa fused to AAkt-1 contains the ligand binding domain,
which spans from amino acid 306 to amino acid 556. However this ERa fragment lacks the
DNA binding domain which spans from amino acid 184 to amino acid 266. Binding of 4HT

to the ERa ligand binding domain of AAkt-1:ER* stimulates its Akt-1 activity. Replacement

of G525 with arginine with the ERa fragment prevents binding of estrogen to AAkt-1:ER*.
Replacement of the N-terminal methionine residue of AAkt-1:ER*with a myristoylation signal
sequence yielded AAkt-1:ER*(Myr*). This myristoylation signal sequence corresponds to amino
acids 1 though 15 of viral sarcoma (v-Src) from Schmidt-Ruppin subgroup A strain of Rous sar-
coma virus. The v-Src myristoylation domain (Myr*) allows localization of the AAkt-1:ER*(Myr)
proteins to the lipid rich cell membrane. In contrast, AAkt-1:ER*(Myr), has an alanine substitu-
tion in the v-Src Myr domain and is not myristoylated. Lack of myristoylation prevents AAkt-
1:ER*(Myr) from localizing to the plasma membrane. The genes encoding AAkt-1:ER*(Myr*)
and AAkt-1:ER*(Myr) were inserted into pWZLblast at the multiple cloning site (MCS) to yield
AAkt-1:ER*(Myr*) AAkt-1:ER*(Myr), respectively. The multiple cloning site of pWZLblast is
situated between 5' and 3' Moloney Leukemia virus (MMLV) long-terminal repeats (LTRs). A
MMLYV retroviral packaging signal is located between the MMLV 5'LTR and the MCS. The gene
encoding blasticidin S resistance from Bacillus cereus is positioned between the MCS and the
MMLYV 3'LTR. Blasticidin resistance is driven by an internal ribosomal entry site (IRES) from the
Rueckert strain of encephalomyocarditis virus and encodes resistance to blasticidin in both
Escherichia coliand mammalian cells. (B) Model for activation of conditional AAkt-1:ER*(Myr*)
gene upon 4HT treatment. In the absence of 4HT, the AAkt-1:ER*(Myr*) proteins are associated
with heat shock proteins such as Hsp90 and are inactive. In contrast, in the presence of 4HT,
the AAkt-1:ER*(Myr*) proteins dimerize due to the binding of 4HT to the hormone binding
domain of the modified estrogen receptor which binds 4HT 100-times more efficiently than
B-estradiol (estrogen). This induces Akt activity and downstream signaling.
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Figure 2. Requirement for membrane localization of Akt for resis-
tance to tamoxifen. MTT was utilized to monitor the requirement of
membrane localization of Akt for resistance to tamoxifen (4HT). MCF7/
AAkt-1:ER*(Myr*) and MCF7/AAkt-1:ER*(Myr) were plated in different
concentrations of doxorubicin in either the presence and absence of
500 nM 4HT and proliferation was estimated by MTT analysis. The dot-
ted arrow represents where 50% inhibition of growth intercepts with
the X axis and is used to estimate the IC, . The statistical significance in
(B) was determined by the unpaired t-test (***p < 0.0001).

may suppress the activity of the Raf/MEK/ERK cascade as pre-
viously reported in references 72 and 73.

Isolation of drug resistant breast cancer cells. We isolated
drug resistant cells from MCF7/AAke1:ER*(Myr*) by continu-
ously culturing them in either 500 nM 4HT or 500 nM 4HT+10
nM doxorubicin. In these experiments, higher cell concentrations
(100,000 cells per well in a 6-well plate) were plated to allow
the out-growth of drug resistant cells. These selected cells are
named MCEF7/AAke1:ER*(Myr*)(4HT)R and MCE7/AAkt
L:ER*(Myr") (4HT+Dox)R. The resistance of these cells to doxo-
rubicin was determined by MTT analysis that was performed in
500 nM 4HT (Fig. 5). The doxorubicin IC,| for the unselected
MCEF7/AAkt+-1:ER*(Myr*) in the presence of 500 nM 4HT
was approximately 100 nM. In contrast the doxorubicin IC, s
for the MCF7/AAke-1:ER*(Myr")(4HT)R and MCF7/AAke-
L:ER*(Myr")(4HT+Dox)R were approximately 10-fold higher,
about 1,000 nM. Thus selection in medium containing 4HT,
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which resulted in increased Akt expression (see below) increased
resistance to doxorubicin. Interestingly, selection in the combi-
nation of 4HT and doxorubicin did not increase the resistance
of the MCF7/AAket-1:ER*(Myr") cells to doxorubicin compared
with 4HT alone selection.

Effects of 4HT and doxorubicin on gene expression. At this
point, we chose to examine the effects of 4HT and doxorubicin
treatment on gene expression in both uninfected MCF-7 and
MCF7/AAke-1:ER*(Myr)(4HT+Dox)R  cells. We examined
how exposure to either 4HT or doxorubicin altered the expression
of ERK1.2, Akt and p53-regulated genes (Fig. 6). In these exper-
iments, MCF-7 cells and MCF7/AAkt:ER*(Myr") (4HT+Dox)R
were cultured in RPMI + 10% CS phenol red free medium for 4
d prior to the start of the experiments. Then the medium from
the plates were removed, the monolayers washed twice with PBS
and cultured in phenol red free medium lacking CS for 24 h. The
cells were then stimulated with 4HT, doxorubicin or the com-
bination of 4HT+doxorubicin for the indicated time periods.
Treatment with 4HT, doxorubicin or 4HT+doxorubicin did not
significantly induce Akt activation in MCE-7 cells. In contrast,
the vector-derived (V) AAkt:ER*(Myr*) but not the endogenous
(E) Akt was phosphorylated and activated from the T time point
up until 8 h of treatment in MCF7/AAkt: ER*(Myr*) (4HT+Dox)
R cells. After treatment with doxorubicin by itself, decreased
levels of the activated vector-derived (V) AAkt:ER*(Myr)
were detected after 8 h. Thus in the MCF7/AAkt:ER*(Myr*)
(4HT+Dox)R cells, there were high levels of the activated vec-
tor-derived (V) AAkt:ER*(Myr*) detected. These cells differed
from the 4HT-selected MCF7/AAke-1:ER*(Myr*) cells, as in
these cells, which were not selected in the presence of doxoru-
bicin, inducible vector-derived (V) AAku:ER*(Myr*) was not
detected (Fig. 4) whereas higher levels of vector-derived (V)
AAkt:ER*(Myr*) were observed in MCF7/AAkt:ER*(Myr*)
(4HT+Dox)R cells even at the T time point.

Activated ERK1,2 was induced by both 4HT and doxoru-
bicin treatment in both MCF-7 and MCF7/AAkc:ER*(Myr*)
(4HT+Dox)R cells, indicating that both 4HT and doxorubicin
can induce a signaling pathway associated with pro-proliferative
and anti-apoptotic effects. However, it should be pointed out
that doxorubicin was a more potent and rapid inducer of ERK1,2
than 4HT.

Doxorubicin was a potent inducer of phosphorylation
of p53 at S15 in MCEF-7 cells. In contrast, not as much phos-
phorylation at S15 was detected in the MCF7/AAkt:ER*(Myr*)
(4HT+Dox)R cells following doxorubicin treatment, although
there was some induction of phosphorylation at S15 observed in
MCEF7/AAkt: ER*(Myr*) (4HT+Dox)R cells following 4HT and
4HT+doxorubicin treatment. Changes in the phosphorylation
status of $392 or the levels of total p53 were not readily observed
in either MCF-7 or MCF7/AAkc: ER*(Myr*)(4HT+Dox)R cells
following 4HT, doxorubicin or 4HT+doxorubicin treatment.

p21“*! was also induced in similar time periods after either
doxorubicin or 4HT+doxorbubicin treatment of MCF-7 cells. In
contrast, increased levels of p21“*"! were not detected in MCF7/
AAkt:ER*(Myr*) (4HT+Dox)R cells following either doxorubicin
or4HT+doxorubicin treatment. The levels of p27%*! were slightly
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higher in the MCF7/AAkc:ER*(Myr*)
(4HT+Dox)R cells, however, they did not
vary as dramatically as the levels of p21<i-!
in MCE-7 cells following either doxorubi-
cin or 4HT+doxorubicin treatment.

Effects of selection for 4HT + doxo-
rubicin resistance on plating in differ-
ent selective medium. We examined the
differential plating abilities of MCEF-7
and MCF7/AAkt: ER*(Myr*) (4HT+Dox)
R cells in the presence of no selec-
tive agent (RPMI + 10% FBS), 4HT,
Doxorubicin (Dox) or 4HT+Doxorubicin
(4+D). In these experiments, we com-
pared  doxorubicin-sensitive =~ MCE-7
with  the = MCF7/AAkc:ER*(Myr*)
(4HT+Dox)R cells which had been
grown for 4 weeks in RPMI+FBS,
RPMI+FBS+4HT or RPMI+4HT+Dox
and then plated 10,000 cells in triplicate
wells in a 6-well plate in RPMI+FBS,
RPMI+FBS+4HT, RPMI+FBS+Dox
or RPMI+FBS+4HT+Dox. Thus
we examined how cells which were
originally drug resistant would react
when they were grown for 4 weeks in
RPMI+FBS, RPMI+FBS+4HT or
RPMI+FBS+4HT+Dox. The RPMI +
FBS represent non-selective conditions
and thus it is a measure of how the cells
have retained their resistance. We normal-
ized the number of colonies in each cell
line to 100% when they were plated in
RPMI + 10% EBS (Fig. 7A).

When 10,000 MCE-7 cells were plated
in the presence of 4HT, approximately
2.2-fold less colonies were observed than
when they were plated in the absence of
4HT (RPMI + 10% FBS). Interestingly,
when  the MCF7/AAkt:ER*(Myr)
(4HT+Dox)R cells had been plated in
RPMI + 10% FBS for 4 weeks were sub-
sequently plated in medium containing
4HT, they maintained their resistance to
4HT as approximately 3.8-fold more colo-
nies were observed than in the MCF-7 cells
(Fig. 7B). When the MCEF7/
AAkc:ER*(Myr*)(4HT+Dox)R cells
had been plated in either 4HT or
4HT+doxorubicin for 4 weeks were then
plated in medium containing 4HT, they
maintained their resistance to 4HT as
approximately 2.9- and 2.4-fold respec-

tively more colonies were observed than in the MCEF-7 cells.
Thus, the MCF7/AAkt:ER*(Myr*) (4HT+Dox)R remained their
resistance to 4HT compared with MCF-7 cells.
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Figure 3. Effects of Akt activation on colony formation. Colony formation of control (MCF-7 and
MCF7/pBABEpuro) and Akt transfected cells [MCF7/AAkt-1:ER*(Myrt) and MCF7/AAkt-1:ER*(Myr)] in
4HT. MCF-7 cells transfected with the various Akt plasmids were plated in triplicate in 6-well plates.
The following day, the cells were exposed to no drug, 0.1% ethanol, the vehicle used to dissolve
4HT, or 0.1% ethanol plus DMSO or 1,000 nM 4HT. (A) Photographs of colonies of cells stained with
giemsa dye and cultured under the various conditions for 4 weeks. (B) Quantification of the num-
ber of colonies (n = 3) for each culture condition. Means and standard deviations of three culture
plates for each condition are presented. The statistical significance in (B) between the number of
colonies observed in MCF7/AAkt-1:ER*(Myr*) plated in 4HT compared with MCF-7, MCF7/pBABE-
puro or MCF7/AAkt-1:ER*(Myr) cells was determined by the unpaired t-test (p < 0.0036).

Very few colonies were observed when MCF-7 cells were plated
in medium containing 25 nM doxorubicin (Dox). When the drug
resistant MCF7/AAkt: ER*(Myr*) (4HT+Dox)R cells were plated

in medium with just doxorubicin, they were still resistant to
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prepared and subjected to protein gel blot analysis.

Figure 4. Elevated Akt expression in 4HT-selected cells. MCF7/AAkt-1:ER*(Myr*) cells were cultured in the indicated conditions (+/- 4HT, in the presence
and absence of phenol red containing medium) for 4 weeks. Cells were then collected after trypsinization and plated in phenol red free RPMI 1640
containing 10% FBS. After allowing the cells to adhere for 24 h, the treated with 1,000 nM 4HT for the indicated time periods. Protein lysates were

doxorubicin, even in the absence of 4HT (Fig. 7C). The MCF7/
AAkc:ER*(Myr*)(4HT+Dox)R which had been maintained in
4HT or 4HT+Dox were 2- and 4.5-fold more resistant to doxoru-
bicin respectively than the MCF7/AAkt: ER*(Myr*) (4HT+Dox)
R which had been maintained in RPMI + 10% FBS for 4 weeks.

Very few colonies were also observed when MCF-7 cells were
plated in medium containing 4HT+Dox (Fig. 7D) When the
drug-resistant MCF7/AAkt: ER*(Myr*) (4HT+Dox)R cells which
had been cultured in no selective drugs for 4 weeks, were subse-
quently plated in medium with 4HT+Dox, they were resistant to
4HT+Dox as approximately 7-fold more colonies were observed
than in MCF-7 cells. The MCF7/AAkt:ER*(Myr*) (4HT+Dox)
R which had been maintained in 4HT or 4HT+Dox were more
resistant to 4HT+doxorubicin than the MCF7/AAkt: ER*(Myr*)
(4HT+Dox)R which had been maintained in RPMI + 10% FBS
for 4 weeks as approximately 2.6- and 4-fold more colonies were
observed.

Effects of activated Akt-1 expression on radio-sensitivity.
The effects of activated Ake-1 on the radio-sensitivity of MCE-7
cells were determined. These experiments were performed at
the same time as those presented in Figure 7, except the cells
were treated with 0, 2, 4, 6 and 8 grays of radiation. MCF7/
AAkc:ER*(Myr*) (4HT+Dox)R cells which had been cultured in
RPMI + FBS, 4HT or 4HT+Dox for 4 weeks prior to the start
of the experiments were more resistant to 2 grays of radiation
than MCE-7 cells cultured in 4HT+Dox when they were plated
in either RPMI + FBS or 4HT containing medium (Fig. 8A and
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B). There was a 2.9-fold difference between MCF-7 and MCF7/
AAkt:ER*(Myr) (4HT+Dox)R cells cultured in 4HT+Dox which
is difficult to see on this linear graph. Linear curves are presented
as some data points, especially at the higher radiation doses, were
zero. In general, the MCF7/AAkt:ER*(Myr*) (4HT+Dox)R cells
cultured in 4HT+Dox had a lower plating efficiency than the
MCEF7/AAkt:ER*(Myr*) (4HT+Dox)R cultured in either RPMI
+10% FBS or 4HT medium which most likely reflect the nega-
tive effects of being cultured in medium with both 4HT and Dox.
The difference in plating between the MCF7/AAkt:ER*(Myr*)
(4HT+Dox)R cells cultured in 4HT+Dox and MCF-7 cells
plated in either Dox or 4HT+Dox containing medium and
exposed to 2 grays of radiation than MCEF-7 cells is more dra-
matic as they are 4- and 60-fold more radio-resistant (Fig. 8C
and D). These results reflected the fact that selection of cells in
4HT+Dox containing medium results in cells with increased
resistance to Dox or 4HT+Dox. In general, doses of radiation
greater than 2 gray essentially eliminated the colony formation of
all the cells, regardless of whether they expressed activated Ake-1.
In summary, activation of Akt-1 conferred resistance to radiation
up to a dose of 2 gray.

Discussion
In our studies, we examined the effects of doxorubicin, tamoxifen

and radiation on MCF-7 and derivative cell lines which varied in
their levels of activated Ake-1 expression. An advantage of our
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study is that all the cells had the same genetic background as they
all were MCE-7 cells; however they differed in the levels of acti-
vated Akt-1 expression due to introduction of an activated Akt-1
gene as well as being selected under different culture conditions.

We have previously shown that introduction of dominant
negative (DN) forms of PTEN into MCE-7 cells conferred
resistance to doxorubicin and increased sensitivity to rapamy-
cin. Furthermore, rapamycin could synergize with doxorubi-
cin to lower its IC,.”> In the MCF-7 cells transfected cells with
the PTEN(DN) genes, increased levels of activated Akt were
detected. These results have clinical significance as the PI3K/
PTEN/Akt/mTOR pathway is often activated in breast cancer by
mutations at P/K3CA or multiple genetic mechanisms leading to
dysregulation of PTEN. Furthermore, drug resistance frequently
develops in breast cancer after chemo- or hormonal-based thera-
pies. Doxorubicin (a.k.a Adriamycin) is frequently used to treat
breast cancer patients. However, in drug resistant PTEN(DN)-
transfected cells, they were hypersensitive to rapamycin.® In the
studies present in this report, increased expression of activated
Akt-1 could result in the resistance of MCF-7 breast cancer cells
to both chemotherapeutic drugs (doxorubicin) as well as hor-
monal based drugs (4HT).

In our studies, we have used conditional A4#-1 constructs to
monitor the effects of activated Akt-1 on chemotherapeutic drug
resistance and sensitivity to hormonal therapy. The set of paired
Ake-1 constructs contained the activated Ake-1 gene fused to the
hormone binding domain of the modified ER* which rendered its
activity dependent upon the addition of 4HT to the media. Also
in this pair of Akt-1 constructs, the pleckstrin homology (PH) of
Ake-1 deleted. One Ak#-1 construction in this pair can be con-
ditionally-active as the modified AAk#I gene has the functional
v-Src myristoylation domain (Myr*) added so that the AAke-
1:ER*(Myr") is membrane-localized and active, while the AAk¢-
1:ER*(Myr) has a mutation in the Myr sequence preventing its
ability to be membrane-localized and is inactive. With these two
Akt-1 constructs, we could determine that activation of Akt-1
and membrane localization was required for 4HT resistance.

An advantage of the MCF7/AAke1:ER*(Myr*) cells is that
the activity of Ake-1 is inducible in the MCF7/AAkt1:ER* by
4HT. A disadvantage is the effects that 4HT treatment will have
on ER mediated gene expression in MCF-7 cells which are nor-
mally ER*. With the MCF7/AAke-1:ER*(Myr") cells, we could
determine that activated Ake-1 also affected the expression of
the MEK and ERK proteins as their expression increased upon
Ake-1 activation (Figs. 4 and 6). Lower levels of activated MEK1
and ERK1/2 were detected in the 4HT-selected MCF7/AAkt-
1:ER*(Myr") cells than in the non-selected cells after addition of
4HT indicating that activated Akt suppressed MEK1 and down-
stream ERK as reported in other cell systems.”* Furthermore with
the conditionally-active Akt, we could determine the effects of
activation of Akt on the sensitivity of the cells to 4HT, doxoru-
bicin and radiation.

These studies also indicate that doxorubicin and 4HT caused
the induction of activated ERK1/2 in MCF-7 cells. We have
previously observed that doxorubicin induced ERK activation
in cytokine-dependent hematopoietic cells®® Estrogen is known
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Figure 5. Sensitivity of resistant cells to doxorubicin. The sensitivities of
MCF7/AAkt-1:ER*(Myr*) which had been selected for 4 weeks in either
500 nM 4HT (A) or 500 nM 4HT + 100 nM Doxorubicin (B) was examined
by MTT analysis. The statistical significance in (A) was determined by
the unpaired t-test (***p < 0.0001). The statistical significance between
the IC, s presented in (A and B) were determined by the unpaired t-test
(***p < 0.0001).

to induce signaling pathways including the MAPK cascade in
breast and other cell types.”*7® The mechanisms by which estro-
gen induces ERK are complex and it is not yet clear which ER
(o or B) is involved. The effects of 4HT on ERK expression are
not well elucidated and our studies point to the ability of 4HT
to stimulate ERK phosphorylation at least at a low level after a
prolonged exposure period.

Phosphorylation of p53 is one mechanism which regulates p53
activity.”” Chemotherapeutic drugs and radiation can induce p53
phosphorylation. We have previously demonstrated the induc-
tion of p53 after doxorubicin treatment of hematopoietic cells.”®
In doxorubicin-sensitive MCF-7 cells, doxorubicin caused a dra-
matic increase in the levels of phosphorylated p53 at S15. Such an
increase was not as dramatic in the drug resistant MCF7/AAk¢-
L:ER*(Myr")(4HT+Dox) cells. In contrast, the levels of p53
phosphorylated at $392 were fairly constant. Phosphorylation of
p53 at S15, inhibits its interaction with MDM2 which results in
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Figure 6. Effects of drug resistance on ERK and p53 mediated gene expression. MCF-7 and MCF7/AAkt-1:ER*(Myr*)(4HT+DoxR) cells were collected
after trypsinization and plated in phenol red free RPMI 1640 containing 10% FBS. After allowing the cells to adhere for 24 h, the monolayers were
washed twice with PBS and then cultured in phenol red free RPMI 1640 lacking FBS for 24 h. Then the cells were treated with 1,000 nM 4HT, 100 nM
doxorubicin or 1,000 nM 4HT and 100 nM doxorubicin for the indicated time periods. Protein lysates were prepared and subjected to protein gel blot

analysis.

prevention of p53 degradation.”®*! Phosphorylation of p53 at 392
is associated with enhancing the DNA binding activity of p53.%
We observed a dramatic increase in phosphorylation of p53 at S15
but not $392 in MCE-7. In contrast, we did not observe a large
increase in phosphorylation of p53 in response to doxorubicin in
MCF7/AAkt-1: ER*(Myr*) (4HT+Dox) cells. We did not detect
an increase in phosphorylation of p53 at S15 in response to 4HT
in either MCF-7 or MCF7/AAkt-1: ER*(Myr*) (4HT+Dox) cells.
Previous studies have elucidated the key role of p53 in the
induction of p21“?! in response to chemotherapeutic drugs.*
p21“*! induction by p53 can block cellular cycle progression and
may in some cases result in cellular senescence.* Although recent
studies have indicated that p53 may block cellular senescence
and lead instead to cellular quiescence.® The levels of p21<i-!
were increased in MCF-7 cells upon treatment with doxorubicin,
in contrast such a dramatic increase in p21“*"! phosphorylation
were not observed in MCF7/AAkt-1:ER*(Myr*)(4HT+Dox)R
cells. Thus cell cycle progression is not as suppressed by doxo-
rubicin induced p21“#"! expression in MCF7/AAke-1:ER*(Myr*)
(4HT+Dox)R cells as opposed to MCEF-7 cells. These effects
of doxorubicin were readily observed on the plating efficiency
of MCF7/AAke1:ER*(Myr*)(4HT+Dox)R and MCEF-7 cells.
MCE-7 cells did not readily form colonies when they were plated
in medium containing doxorubicin, while more colonies were
recovered from MCF7/AAke-1:ER*(Myr) (4HT+Dox)R cells.
p27%%! is also important in cell cycle progression and cellular
senescence. However, p21¥#! appeared to be fairly constant in

both MCEF-7 and MCF7/AAket-1:ER*(Myr") (4HT+Dox)R cells.

3010

Cell Cycle

We observed that doxorubicin treatment lead to the accu-
mulation of p21“*! in MCEF-7 cells which have wild-type
p53. In contrast in the drug resistant 4HT and doxorubicin
selected MCF7/AAkt-1:ER*(Myr*)(4HT+DoxR), lower lev-
els of S15-phosphorylated p53 and total p21“*"! were detected.
Doxorubicin may induce reactive oxidative species (ROS), which,
in turn, activate p53 and have effects on the induction of cellular
senescence.®>”

The effects of Akt and p53 on sensitivity to radiation and the
induction of cellular senescence of cells are being elucidated.”® In
our studies, the activation of Akt-1 increased the radio resistance
of MCF-7 cells, at least up to 2 grays. Some recent studies in other
cancer types have shown the Akt expression can promote radio-
resistance.””% In certain cases the radio resistance may be due to
the increased Akt expression of the repair of double strand DNA
breaks.””!® However our studies are novel as we have investigated
the effects of Akt-1 activation on sensitivity of breast cancer to
radiation in combination with both hormonal and chemotherapy.

These results are relevant to potential cancer therapies as Akt
is frequently activated by upstream P/IK3CA or PTEN mutations
or gene silencing. PTEN can be mutated or silenced by various
mechanisms in human cancer and clearly this pathway plays
important roles in breast and other cancers and the generation
of cancer stem cells.'®"'° Mutations occur which either delete the
PTEN gene or alter its activity. Sometimes these mutations actu-
ally make the cells sensitive to Akt and mTOR inhibitors as the
growth of the cells becomes dependent upon elevated Akt levels
and downstream mTOR and p70S6K activities.” Determining
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Figure 7. Effects of Akt activation on colony formation in the presence and absence of doxorubicin and 4HT. MCF7/AAkt-1:ER*(Myr)(4HT+Dox) cells
were culture for 4 weeks in RPMI 10% FBS, labeled (ND = no drugs), RPMI + 10% FBS + 1,000 nM 4HT, labeled (4HT) or RPMI + 10% FBS + 1,000 nM 4HT +
100 nM doxorubicin, labeled (4+D). Colony counts were normalized to the number of colonies observed in untreated cells (n = 3). (A) Colony formation
of MCF-7 and MCF7/AAkt-1:ER*(Myr*)(4HT+Dox) in RPMI + 10% FBS. (B) Colony formation of MCF-7 and MCF7/AAkt-1:ER*(Myr)(4HT+Dox) in RPMI + 10%
FBS + 1,000 nM 4HT. (C) Colony formation of MCF-7 and MCF7/AAkt-1:ER*(Myr*)(4HT+Dox) in RPMI + 10% FBS + 100 nM doxorubicin (Dox). (D) Colony
formation of MCF-7 and MCF7/AAkt-1:ER*(Myr)(4HT+Dox) in RPMI + 10% FBS + 100 nM 4HT + 100 nM doxorubicin (4HT+D).

the activation status of the PI3K/PTEN/Akt/mTOR path-
way may enhance the ability to treat breast cancer by various
approaches, including chemotherapy, hormonal therapy and
radio-therapy.

Materials and Methods

Cell culture. MCF-7 cells were obtained from the American
Type Culture Collection (ATCC) (Manassas, VA). Cell culture
medium for MCF-7 cells consisted of Roswell Park Memorial
Institute-1640 (RPMI 1640) medium (Invitrogen, Carlsbad,
CA) supplemented with 10% (v/v) heat inactivated fetal bovine
serum (FBS) as described in reference 6.

Akt plasmids. MCF-7 cells were infected with the Ake1
encoding viruses [AAke-1:ER(Myr*) or AAke1:ER(Myr)] as
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described in reference 71. Stably transfected MCF-7 cells were
isolated after growth in 25 pg/ml blasticin (Invitrogen, Carlsbad,
CA) for AAke1:ER(Myr*) or AAke-1:ER(Myr) as described in
reference 71.

Analysis of sensitivity to doxorubicin and rapamycin. Cells
were seeded in 96-well cell culture plates (BD Biosciences) at a
density of 5,000 cells/well in 100 pl/well of phenol red free RPMI-
1640 containing 5% charcoal stripped (CS) FBS as described in
reference 6. Cells were incubated for 1 d to permit cells to adhere
to the bottom of each well. Cells were subsequently treated with
serial 2-fold dilutions of doxorubicin, some in the presence of 500
nM 4HT. Cells were then incubated at 37°C for 4 d until the
extent of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2 H-tetrazo-
lium bromide (MTT, Sigma, St. Louis, MO) reduction in each
well was quantified at 530 nm.°
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Figure 8. Effects of Akt activation on colony formation in the presence and absence of radiation, doxorubicin and 4HT. MCF7/AAkt-1:ER*(Myr*)
(4HT+Dox) cells were culture for 4 weeks in RPMI 10% FBS, labeled (ND = no drugs), RPMI + 10% FBS + 1,000 nM 4HT, labeled (4HT) or RPMI + 10% FBS
+ 1,000 nM 4HT + 100 nM doxorubicin, labeled (4+D). Colony counts were normalized to the number of colonies observed in untreated cells (n = 3).
(A) Colony formation of MCF-7 and MCF7/AAkt-1:ER*(Myr*)(4HT+Dox) in RPMI + 10% FBS. (B) Colony formation of MCF-7 and MCF7/AAkt-1:ER*(Myr*)
(4HT+Dox) in RPMI + 10% FBS + 1,000 nM 4HT. (C) Colony formation of MCF-7 and MCF7/AAkt-1:ER*(Myr*)(4HT+Dox) in RPMI + 10% FBS + 100 nM doxo-
rubicin (Dox). (D) Colony formation of MCF-7 and MCF7/AAkt-1:ER*(Myr*)(4HT+Dox) in RPMI + 10% FBS + 100 nM 4HT + 100 nM doxorubicin (4HT+D).

Clonogenic assays and radiation treatment. MCF-7 cells
were collected and seeded in 6-well cell culture plates at densi-
ties of either 1,000 or 10,000 cells/well as described in reference
91. In the experiments to examine the effects of 4HT presented
in Figure 3, the cells were allowed to adhere to the plates for 24
h and then treated with 1,000 nM 4HT, 1,000 nM estrogen or
0.1% DMSO or the various combinations. In the experiments
to examine the effects of the 4HT, doxorubicin and radiation
presented in Figures 7 and 8, the cells were plated in the 6-well
plates for 24 h and then irradiated. Cells were irradiated with
a Gammacell 40 (Atomic Energy of Canada Limited, Cs137
source). The cells were then cultured for 24 h before the addition
of either 1,000 nM 4HT or 100 nM doxorubicin. Plates were
incubated for 3—4 weeks and then stained with giemsa dye and
colonies determined.

Western blot analysis. Western blots were probed with anti-
bodies specific for phospho and total Akt, MEK, ERK p53 and
total p21“** and p27%¥! as previously described in reference 55.
Antibodies used in this study were purchased from Cell Signaling
(Beverly, MA).
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