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REPORT

The Raf/MEK/ERK pathway can govern drug
resistance, apoptosis and sensitivity
to targeted therapy
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The effects of the Raf/MEK/ERK and PI3K/PTEN/Akt/mTOR signaling pathways on proliferation, drug resistance, prevention
of apoptosis and sensitivity to signal transduction inhibitors were examined in FL/AAkt-1:ER*(Myr*) + ARaf-1:AR cells
which are conditionally-transformed to grow in response to Raf and Akt activation. Drug resistant cells were isolated from
FL/AAkt-1:ER*(Myr) + ARaf-1:AR cells in the presence of doxorubicin. Activation of Raf-1, in the drug resistant FL/AAkt-
1:ER*(Myr*) + ARaf-1:AR cells, increased the IC,; for doxorubicin 80-fold, whereas activation of Akt-1, by itself, had no
effect on the doxorubicin IC_ . However, Akt-1 activation enhanced cell proliferation and clonogenicity in the presence of
chemotherapeutic drugs. Thus the Raf/MEK/ERK pathway had profound effects on the sensitivity to chemotherapeutic
drugs, and Akt-1 activation was required for the long term growth of these cells as well as resistance to chemotherapeutic
drugs. The effects of doxorubicin on the induction of apoptosis in the drug resistant cells were enhanced by addition of
either mTOR and MEK inhibitors. These results indicate that targeting the Raf/MEK/ERK and PI3K/Akt/mTOR pathways
may be an effective approach for therapeutic intervention in drug resistant cancers that have mutations activating these

cascades.

Introduction

The Ras/Raf/MEK/ERK and Ras/PI3K/PTEN/Akt/mTOR
signaling pathways have been extensively studied over the past
few decades.”® In this time there have been significant break-
throughs in the discovery of interacting pathway components
and insights into how mutations of these components can lead
to aberrant signaling and uncontrolled proliferation.”® Research
has also lead to the development of inhibitors that specifically

6 Many recent stud-

target critical elements of these pathways.
ies are directed at increasing cancer patient survival by targeting
these and other pathways in cancer stem cells.”'? Recently these
pathways have been shown to play critical roles in the preventing
aging and senescence.'*'¢
to promote longevity by altering the aging process which might
be enhanced when these pathways are hyperactivated.'2°
Signaling through the Ras/Raf/MEK/ERK and Ras/PI3K/
PTEN/Akt/mTOR cascades is a carefully orchestrated series

of events generally starting from the cell surface and leading to

Thus these pathways have been targeted

controlled gene expression within the nucleus.’” Regulation of
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these pathways is mediated by a series of kinases, phosphatases
and various exchange proteins. Mutations occur in many of these
pathway elements leading to uncontrolled regulation and in some
#6.2124 However, the
precise details regarding how these pathways interact to result in

cases resistance to chemo- and radiotherapy.

therapy resistance is not well elucidated and furthermore, which
pathway dominates is not clear. Elucidation of the mechanisms of
therapy resistance could enhance cancer therapy.*
Proliferation and suppression of apoptosis in many hematopoi-
etic precursor cells is promoted by cytokines such as interleu-
kin-3 (IL-3) and other growth factors.>#-° Hematopoietic cell
lines have been established which require IL-3 for proliferation
and survival.”> The FL5.12 cell line is an IL3-dependent cell line
isolated from murine fetal liver and is an in vitro model of early
hematopoietic progenitor cells.”” Cytokine-deprivation of these
cells results in rapid cessation of growth and subsequent death
by apoptosis (programmed cell death).?*** In the presence of
IL-3, these cells proliferate continuously, however, they are non-
tumorigenic upon injection into immunocompromised mice.?%
Spontaneous factor-independent cells are rarely recovered from
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Figure 1. Isolation of doxorubicin resistant FL/AAkt-1:ER*(Myr*) + ARaf-
1:AR Cells. FL/AAkt-T1:ER*(Myr*) + ARaf-1:AR cells were plated in medium
containing 4HT + Test at different cell concentrations in the indicated
concentrations of doxorubicin (A). Medium with fresh 4HT + Test and
the indicated concentrations of doxorubicin were added every three
days. At the end of approximately 3 weeks, the number of wells positive
for growth were determined and the cloning efficiency in doxorubicin
estimated by Poisson statistical analysis. Clones were isolated from the
wells that were positive at the lowest cell dilution and expanded into
larger cultures. The cloning efficiency of these doxorubicin-selected
cells in doxorubicin was examined subsequently (B). These experiments
were repeated 6 times and averaged together. Symbols: solid squares
(M) = 0 nM doxorubicin, solid triangles (a) = 10 nM doxorubicin, solid
circles (®) = 25 nM doxorubicin, solid diamonds (¢) = 50 nM doxorubi-
cin, solid downward triangles (¥) = 100 nM doxorubicin, open squares
() = 1000 nM doxorubicin. A dotted line is drawn at 37% of wells nega-
tive for growth that can be used by Poisson statistical analysis to indi-
cate the cloning efficiency. This is the concentration of cells required to
yield 1 colony/well.

the FL5.12 cell line (<107), making it an attractive model to ana-
lyze the effects various genes have on signal transduction, apop-
tosis and chemotherapeutic drug resistance.”

In the following studies, we sought to determine the effects
of Raf/MEK/ERK and PI3K/PTEN/Akt/mTOR pathways on
drug resistance and sensitivity to targeted therapy. In order to
investigate potential roles, we transformed IL3-dependent FL5.12
cells to proliferate in response to activation of Raf-1 and Akt-1 by
introducing conditional ARaf-1:AR and AAkt-1:ER* constructs
into these hematopoietic cells.*® In our conditionally-inducible
model, we can investigate the individual and combined contribu-
tions these pathways exert on drug resistance and sensitivity to
signal transduction inhibitors. This has allowed us to evaluate
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the potential of combining targeted therapy with classical che-
motherapy to treat various cancers.

Results

Isolation of drug resistant FL/AAkt1:ER*(Myr*) + ARaf-
1:AR cells. To examine the roles of the Raf/MEK/ERK and
PI3K/Akt/mTOR pathways on the induction of chemothera-
peutic drug resistance, FL/AAkt-1:ER*(Myr*) + ARaf-1:AR cells
were plated in limiting dilution experiments in 96 well plates in
the presence of various concentrations of doxorubicin (Fig. 1).
Colonies were isolated that grew in the presence of 10 nM doxo-
rubicin and 4HT + testosterone at a frequency of approximately
1.6 x 10 and also in the presence of 25 nM doxorubicin at a fre-
quency of 6.7 x 107 that were expanded subsequently into stable
cell lines. Clones were also isolated in medium containing 100
nM doxorubicin, 4HT + Test, but the efficiency of recovery of
these cells, at the higher doxorubicin concentration, was much
lower (A). No colonies were recovered when the medium con-
tained 1,000 nM doxorubicin. Long term clones were not iso-
lated when FL/AAke-1:ER*(Myr*) + ARaf-1:AR cells were plated
in doxorubicin and either 4HT or testosterone by themselves
indicating that activation of both ARaf-1:AR and AAke¢1:ER*
were required for the long term growth of the cells in the presence
of doxorubicin (data not presented).

The subcloning - efficiency of the doxorubicin-selected
FL/AAke1:ER*(Myr*) + ARaf-1:AR cells isolated in medium
containing 10 nM doxorubicin and 4HT + Test was further
examined in different concentrations of doxorubicin (B). These
cells also had an approximately 2—10-fold higher subcloning effi-
ciency than the initial cell line when plated in 10, 25, 50 or 100
nM doxorubicin. However, no clones were recovered when the
cells were plated in medium containing 1,000 nM doxorubicin.

Elevated chemotherapeutic drug IC s in doxorubicin-
selected FL/AAkt-1:ER*(Myr*) + ARaf-1:AR cells. The sensitivi-
ties of the non-selected and doxorubicin-selected FL/AAkt-1:ER*
+ ARaf-1:AR cell lines to five different chemotherapeutic drugs
were compared (Fig. 2 and Table 1). The doxorubicin-selected
FL/AAke1:ER* + ARaf1:AR cells had approximately 2-fold
higher IC, s for doxorubicin (A) and daunorubicin (B) and
approximately 4-fold higher IC for paclitaxel (C) than the non-
selected FL/AAkt-1:ER* + ARaf-1:AR cells. In contrast, non-
selected and doxorubicin-selected FL/AAkt-1:ER* + ARaf-1:AR
cells did not have significant differences in their IC, s when plated
in medium containing either cisplatin or 5-flurouracil (Table 1).

Lack of elevated drug transport activity in doxorubicin-
selected FL/AAke1:ER*(Myr*) + ARaf-1:AR cells. Many drug
resistant cancers display elevated transport (efflux) of chemo-
therapeutic drugs.*** Drug resistant phenotypes can be due to
many different biochemical phenomenon, a common mechanism
is elevated MDR-1/MRP-1 expression. To determine if the non-
selected and doxorubicin-selected FL/AAkt-1: ER*(Myr*) + ARaf-
1:AR cells differed in rates of drug efflux, their abilities to efflux
daunorubicin or rhodamine 123 were compared. Daunorubicin
and rhodamine 123 are both substrates for MDR-1/MRDP-1.31-3
No significant differences in their abilities to efflux these two
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Figure 2. Sensitivities of non-selected and doxorubicin-selected FL/
AAkt-T:ER*(Myr') + ARaf-1:AR cells to chemotherapeutic drugs. The sen-
sitivities of non-selected and doxorubicin-selected FL/AAkt-1:ER*(Myr*)
+ ARaf-1:AR cells to three chemotherapeutic drugs was examined by
MTT analysis. Cells were grown in medium containing 500 nM 4HT

+ 100 nM Test. Symbols: solid squares (B) = non-selected cells, solid
upward triangles (a) = doxorubicin-selected cells. A dotted line at 50%
relative growth on the Y-axis is presented from which the IC, s on the
X-axis can be estimated which are indicated by arrows. These experi-
ments were repeated 5-times and similar results were observed. Differ-
ences between the IC, s in the drug sensitive and resistant cells were
statistically examined by the Student’s t test and statistical significance
is indicated above the line with ***(p < 0.001).
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Table 1. Differences in chemotherapeutic drug IC_ s in non-selected
and doxorubicin-selected FL/AAkt-1:ER*(Myr*) + ARaf-1:AR cells'

Cell line— Non-selected Doxorubicin- q Fold
selected difference
Drugl

Doxorubicin 25+6nM 65+ 11 nM 2.6X
Daunorubicin 9+3nM 18+5nM 2.0X
Paclitaxel 3+0.8nM 13+2nM 4.3X
Cisplatin 80,000 £ 9,000 90,000 £ 11,000 nM 11X
5-Flurouracil 1,000 + 200 nM 1,200 + 100 nM 1.2X

'Determined by plating 2,500 cells/well in 96 well plates in 500 nM 4HT
+ 100 nM as described in materials & methods.

drugs were observed. Furthermore, addition of verapmil, which
inhibits drug efflux mediated by MDR-1/MRP-1 did not alter
the efflux of these compounds (data not presented). Thus the
drug resistance of these cells was not likely mediated by increased
activity of these two drug transporters.

Increased endogenous Akt and p53 activation in doxorubi-
cin-selected cells. The expression of the Raf/MEK/ERK, PI3K/
Akt and p53 pathways in response to doxorubicin was examined
in the non-selected and doxorubicin-selected FL/AAke-1:ER* +
ARaf-1:AR cells after treatment of the cells with different con-
centrations of doxorubicin for 4 hrs (Fig. 3). As a control, the
levels of total ERK1,2 were examined and relatively equal levels
weredetected in the two-different cell types over the doxorubicin
dose curve performed. Treatment with 1 to 10 nM doxorubicin
resulted in-an-increase in the detection of activated ERK1,2 and
p38MAPK in both non-selected and doxorubicin-selected cells.
Activated p38MAT® was detected after 10 nM doxorubicin treat-
ment of the non-selected cells and after 1-10 nM treatment of the
doxorubicin selected cells. A slight increase in activated JNK was
detected in the doxorubicin-selected cells.

When these blots were probed with an antibody that recog-
nized Akt, two bands were detected, the endogenous (E)-derived
Akt protein and the vector (V)-derived (AAke-1:ER*) protein.
Higher levels of activated E-Akt were detected constitutively
in the doxorubicin-selected cells than in the non-selected cells
when the blots were probed with the antibody which recognizes
activated S-473 phosphorylated Akt. In contrast, relatively equal
levels of V- and E-Akt were detected in the non-selected and
doxorubicin-selected cells when the blots were probed with an
antibody which recognizes total (T) Akt. Thus in the doxorubi-
cin-selected FL/AAkt-1:ER* + ARaf-1:AR cells, there was consti-
tutive expression of activated Akt. This band is highlighted with
an arrow for clarity sake.

One of the key downstream effects of doxorubicin in cells
containing WT p53 is the activation of p53. Higher levels of
activated p53 were detected in the doxorubicin-selected cells, at
lower doxorubicin concentrations than in the non-selected cells,
although both cell types displayed similar levels of p53 when
treated with 10 and 100 nM doxorubicin.

The expression of the cytokine-regulated Bcl-X| gene was
examined in the non-selected and doxorubicin-selected cells.
Interestingly in the non-selected cells, the expression of Bcl-X|
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examined in the presence of 25 nM doxo-
rubicin (D-F) or 10 nM paclitaxel (G-I).
While activation of AAke-1:ER* by itself did
not promote proliferation, it enhanced the
level of proliferation when the non-selected

and doxorubicin-selected cells were cul-
tured in either doxorubicin or paclitaxel (D
and E and G and H, respectively). Similar
results were observed with daunorubicin
(data not presented). While the non-selected
and doxorubicin-selected cells displayed
similar growth rates in the absence of drugs
(C), the doxorubicin-selected cells showed
enhanced growth rates, compared to the
non-selected cells, in the presence of 4HT
+ Test and either doxorubicin (F) or pacli-
taxel (I). These results indicated that the
doxorubicin-selected FL/AAket1:ER*(Myr*)
+ ARaf-1:AR cells remained dependent on
~ ARaf-1:AR for proliferation and activation
of AAkt-1:ER* enhanced their proliferation
- in the presence of chemotherapeutic drugs.

A dose response curve was also performed
with the non-selected and doxorubicin-

selected FL/AAke1:ER*(Myr*) + ARaf

1:AR cells (Fig. 5). Activation of ARaf-1:AR

Figure 3. Doxorubicin-induced gene expression in non-selected and doxorubicin-selected FL/
AAkt-T:ER*(Myr') + ARaf-1:AR cells. The effects of different concentrations of doxorubicin on
MAPK, Akt, p53 and Bcl-X, expression were examined in non-selected and doxorubicin-selected
FL/AAkt-1:ER*(Myr*) + ARaf-1:AR cells after they were cultured in the presence of 4HT + Test for
24 hrs in the absence of doxorubicin. Cells were then stimulated with the indicated concentra-
tions of doxorubicin for 4 hrs and then western blot analysis was performed.

was essential for the elevated doxorubicin
IC,; of both non-selected and doxorubicin-
selected FL/AAke1:ER*(Myr*) + ARaf
1:AR cells. As presented previously (Fig. 2),
doxorubicin-selected FL/AAke1:ER*(Myr*)
+ ARaf-1:AR cells had an approximately

was detected at similar levels after 0 to 100 nM treatment.
However, the doxorubicin-selected cells displayed a different
pattern of Bcl-X| expression in response to doxorubicin. Bcl-X
expression was not observed in the doxorubicin-resistant cells in
absence of doxorubicin but was seen when they were treated with
doxorubicin concentrations 1 nM and higher suggesting that the
cells had developed a dependency on doxorubicin for the expres-
sion of certain survival factors.

Importance of Raf-1 and Akt1 in promoting proliferation
and drug resistance. The importance of Raf-1 and Ake-1 in pro-
moting proliferation in the presence of chemotherapeutic drugs
was examined in the non-selected and doxorubicin-selected
FL/AAke-1:ER*(Myr*) + ARaf-1:AR cells (Fig. 4). In these 4 day
proliferation assays, activation of ARaf-1:AR was necessary for
the proliferation of these cells in the absence of chemotherapeutic
drugs (Fig. 4A and B). In contrast, only minimal proliferation
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2-fold higher IC, | for doxorubicin than non-
selected FL/AAkt-1:ER*(Myr*) + ARaf-1:AR cells.

Effects of Raf-1 and Akt-1 on the prevention of apoptosis
in non-selected and doxorubicin-selected cells. The effects of
IL-3, ARaf-1:AR or AAke-1:ER* activation on the sensitivity to
doxorubicin-induced apoptosis were examined in non-selected
and doxorubicin-selected FL/AAke-1:ER*(Myr*) + ARaf-1:AR
cells by annexin V/PI experiments (Fig. 6A and B). Activation
of ARaf-1:AR increased the IC, | for doxorubicin-induced apop-
tosis, compared to untreated cells, approximately 10-fold in the
non-selected cells (A) and approximately 80-fold in doxorubicin-
selected cells (B). In contrast, activation of AAkt-1:ER*, did not
alter the IC, | for doxorubicin as the IC| for doxorubicin induced
apoptosis was similar in cells treated with no supplement or
treated with 500 nM 4HT. Furthermore in these annexin V apop-
tosis assays, activation of Ake-1 in the presence of Raf-1 activation
did not further increase the resistance of either the non-selected

Volume 9 Issue 9
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Figure 4. Dominance of Raf-1 in promoting proliferation and drug resistance

Test, solid upward triangles (o) = 500 nM 4HT, solid diamonds (®) = 500 nM 4

drugs (A-C), 25 nM doxorubicin (D-F) or 10 nM paclitaxel (G-I). Symbols: solid squares (B) = no supplement, solid downward triangles (¥) = 100 nM

. Growth was measured over a period of 4 days in the presence of no

HT + 100 nM Test. Each data point is the average of 8 replicates.

and doxorubicin selected cells to doxorubicin-induced apoptosis
(compare when the cells were treated with Test vs. 4HT + Test).

To further examine the effects of these pathways on the induc-
tion of apoptosis, Caspase 3 activation assays were performed
(Fig. 7). In these experiments, we also included cytokine-depen-
dent FL5.12 cells as a control as they are very sensitive to cytokine

withdrawal. FL5.12 cells are the parental cell line from which the
non-selected and doxorubicin-selected FL/AAkt-1:ER*(Myr*) +
ARaf-1:AR cells were derived. When FL5.12 cells were treated
with either doxorubicin or paclitaxel, a dose dependent induc-
tion of apoptosis was observed when the cells were cultured with
IL-3 (A and E). When FL5.12 cells were cultured in the absence

www.landesbioscience.com Cell Cycle 1785
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Figure 5. Dominance of Raf-1 in increasing doxorubicin IC, . The effects
of Raf-1 and Akt-1 activation on the drug resistance were examined by
culturing the non-selected and doxorubicin-selected cells in the pres-
ence of the different concentrations of doxorubicin for 4 days and then
determining their relative growth by MTT analysis. A dotted line at 50%
relative growth on the Y-axis is presented from which the IC, s on the
X-axis can be estimated which are indicated by arrows. (A) non-selected
FL/AAkt-1:ER*(Myr*) + ARaf-1:AR cells, and (B) doxorubicin-selected
resistant FL/AAkt-1:ER*(Myr*) + ARaf-1:AR cells. Symbols: solid squares
(M) = no supplement, solid downward triangles (¥) = 100 nM Test, solid
upward triangles (a) = 500 nM 4HT and solid diamonds (®) = 500 nM
4HT + 100 nM Test.

of IL-3 and either doxorubicin (B-D) or paclitaxel (F-H), over
90% of the cells registered positive for activation of Caspase 3,
similar results were observed with Caspase 9 activation (data not
presented).

Overall, less caspase 3 activation was detected in the doxoru-
bicin-selected than in the non-selected cells in response to either
doxorubicin or paclitaxel treatment. More caspase 3 activation
was detected when either the non-selected or doxorubicin-selected
cells were treated with 4HT which activated AAkt-1:ER (B and
F), than when the cells were cultured with Test which activated

ARaf-1:ER (C and G).
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Figure 6. Dominance of Raf-1 in the prevention of apoptosis induced
by doxorubicin. The effects of IL-3, Raf-1 and Akt-1 activation on the
prevention of apoptosis were examined by culturing the non-selected
(A) and doxorubicin-selected (B) FL/AAkt-1:ER*(Myr*) + ARaf-1:AR cells in
the presence of the different concentrations of doxorubicin for 3 days
and then determining the extent of apoptosis induction by annexin
V/PI staining. (A) non-selected FL/AAkt-1:ER*(Myr*) + ARaf-1:AR cells,
and (B) doxorubicin-selected FL/AAkt-1:ER*(Myr*) + ARaf-1:AR cells.
Symbols: solid squares (M) = no supplement, solid downward triangles
(¥) =100 nM Test, solid upward triangles (a) = 500 nM 4HT, solid dia-
monds (¢) =500 nM 4HT & 100 nM Test, solid circles (®) IL-3 (10% WCM).

Effects of signal transduction inhibitors on the sensitivity
to doxorubicin. The effects of signal transduction inhibitors on
non-selected and doxorubicin-selected FL/AAkt-1:ER*(Myr*) +
ARaf-1:AR cells were examined (Fig. 8). Both non-selected and
doxorubicin-selected FL/AAkt-1:ER*(Myr*) + ARaf-1:AR cells
were sensitive to the MEK1 inhibitor U0126 at concentrations
greater than 1 UM. The doxorubicin-selected FL/AAkt: ER*(Myr*)
+ ARaf-1:AR cells were more resistant to the MEKI1 inhibitor
UOI126 than the non-selected cells. Likewise both non-selected
and doxorubicin-selected cells were sensitive to the mTOR inhib-
itor rapamycin. The response to rapamycin occurred at very low
concentrations (<1 nM) and increasing the dose of rapamycin
did not increase the percentage of apoptotic cells which hovered
around 50%. Inhibiting both MEK1 and mTOR resulted in an
increase in cell death in both cell lines as indicated in Figure 8.

Interactions between doxorubicin and targeted therapy in
the induction of apoptosis. The ability of targeted therapy to
enhance chemotherapy was examined (Fig. 9). Increased induc-
tion of apoptosis was more readily detected between doxorubicin
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Figure 7. Dominance of Raf-1 in the prevention of Caspase 3 activation induced by chemotherapeutic drugs. The effects of IL-3, Raf-1 and Akt-1 activa-
tion on the prevention of caspase 3 activation mediated by doxorubicin (A-D) or paclitaxel (E-H) were examined. Cells were incubated in the presence
of the different concentrations of doxorubicin or paclitaxel for 3 days and then caspase 3 activation was determined by flow cytometic analysis. Cells
were incubated with IL-3 (10% WCM) (A and E), 500 nM 4HT (B and F), 100 nM Test (C and G) or 500 nM 4HT + 100 nM Test (D and H). Symbols: solid
squares (M) = cytokine dependent FL5.12 cells, solid upward triangles (a) = non-selected FL/AAkt-1:ER*(Myr*) + ARaf-1:AR cells, and solid downward

and either the MEK or the mTOR inhibitors in-the non-selected
cells (A). Increased apoptosis also occurred when the mTOR
inhibitor and doxorubicin were added together in the doxoru-
bicin-selected cells (B). Increased apoptosis was observed when
the mTOR and MEK inhibitors were combined. Treatment of
both cell lines with MEK, mTOR and doxorubicin resulted in
enhanced apoptosis. These results indicate that targeting these
signaling pathways may increase the effectiveness of chemothera-
peutic drugs to induce cell death.

Discussion

In this study, the roles of Raf and Akt in resistance to chemo-
therapeutic drugs and sensitivity to targeted therapy were exam-
ined. We have previously demonstrated the individual roles of
Raf/MEK/ERK and PI3K/PTEN/Akt/mTOR cascades
drug resistance and cell cycle progression.?**** In this current
study, we compared the roles of these pathways in drug resis-
tance in hematopoietic cells where we can conditionally control
the expression of the Raf/MEK/ERK and PI3K/PTEN/Akt/
mTOR pathways. Raf-1 was dominant in terms of promoting
both growth and drug resistance when compared to Ake-1. These
results indicated that targeting Raf or downstream MEK may be
an effective means to combat the growth of certain drug resistant
leukemias.

Interestingly in the doxorubicin-selected cells, they did not
display grossly elevated activated ERK, p38M4F¥ or JNK, however,
activation of ERK occurred at lower doxorubicin concentrations

in
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in the doxorubicin-selected cells than in the non-selected cells.
Also the doxorubicin-selected cells displayed elevated activated
endogenous Akt and p53 compared to the non-selected cells.
Furthermore, Bcl-X| expression was dependent on the presence
of doxorubicin concentrations greater than 1 nM indicating that
the expression of this survival protein had become doxorubicin-
dependent in the doxorubicin-selected cells. The mechanisms
resulting in the doxorubicin-regulated expression of the Bcl-X|
gene in the drug selected cells is under further investigation. The
drug resistance of the doxorubicin-selected cells did not appear
to be due to a lack of activated JNK expression, which has been
observed in some drug resistant leukemias.”

Our studies indicate the critical roles of the Raf/MEK/ERK
pathway in the promotion of cell growth, chemotherapeutic drug
resistance and sensitivity to targeted therapy. The doxorubicin-
selected FL/AAkt-1:ER*(Myr*) + ARaf-1:AR cells were also less
sensitive to the effects of daunorubicin and paclitaxel than the
non-selected cells. Activation of Raf-1 but not Akt-1 increased
the IC, for doxorubicin, as determined by sensitive annexin V/
apoptosis assays, approximately 10-fold in the drug sensitive and
80-fold in the drug resistant cells (Fig. 6).

The doxorubicin-selected cells were better able to utilize the
Raf/MEK/ERK pathway in preventing apoptosis than the non-
selected cells. The downstream targets of the Raf/MEK/ERK
pathway which are activated and confer resistance to chemother-
apeutic drugs are being investigated.

The non-selected and doxorubicin-selected FL/AAkt-
L:ER*(Myr") + ARaf-1:AR cells were sensitive to MEK and
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Figure 8. Effects of MEK and mTOR inhibitors on the induction of
apoptosis. The effects of MEK1 and mTOR inhibitors on the induction of
apoptosis were examined by culturing the indicated cells in the pres-
ence of different concentrations of the inhibitors for 3 days and then
determining the extent of apoptosis induction by annexin V/PI staining.
Cells were cultured in medium containing 500 nM 4HT + 100 nM Test
and the indicated concentrations of the inhibitors. (A) non-selected
FL/AAkt:ER*(Myr*) + ARaf-1:AR cells, and (B) doxorubicin-selected
FL/AAkt:ER*(Myr*) + ARaf-1:AR cells. Symbols: solid squares (H) = U0126
MEK inhibitor (5,000, 500, 50, 5, 0.5 and 0.05 nM), solid triangles

(a) = Rapamycin mTOR inhibitor (500, 50, 5, 0.5, 0.05 and 0.005 nM),
solid downward triangle (¥) = combination of rapamycin (500, 50, 5, 0.5,
0.05 and 0.005 nM) and U0126 (5,000, 500, 50, 5, 0.5 and 0.05 nM).

mTOR inhibitors (Fig. 8). However, the doxorubicin-selected
cells were more resistant to the effects of the MEK and mTOR
inhibitors than the non-selected cells. As reported in other stud-
ies, the mTOR inhibitor rapamycin was effective in inducing
approximately 50% apoptosis over a broad concentration range
(1 nM to >5,000 nM)."*3¢ Although growth (Fig. 4), drug sen-
sitivity (Fig. 5), apoptotic (Fig. 6) and caspase activation (Fig. 7)
all indicated that activation of Akt1 by itself was not sufficient
to induce growth or prevent apoptosis, clearly Ake-1 activation
was very important in the growth and prevention of apoptosis
in these cells. Furthermore, constitutive endogenous Akt activa-
tion was detected in the doxorubicin-selected cells. In addition,
inhibition of downstream mTOR had a profound effect on the
induction of apoptosis.
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The effects of classical chemotherapy on the inhibition of
cell growth and the induction of apoptosis were also compared
with signal transduction inhibitors which target the Raf/MEK/
ERK or PI3K/PTEN/Akt/mTOR pathways. Doxorubicin is a
potent inducer of p53 in cells that have WT p53. Signal trans-
duction inhibitors which target the PI3K/PTEN/Akt/mTOR
and Raf/MEK/ERK pathways may prove to enhance chemother-

6,22,30,33,35,36,38-46
apy.

microenvironment and the cancer stem cells with combinations

Furthermore targeting of the bone marrow

of these signal transduction inhibitors and chemotherapy may
enhance cancer treatment.****% There are also complicated inter-
actions between p53 and PI3K/PTEN/Ake/mTOR, Raf/MEK/
ERK and other signaling and apoptotic pathways. 623244647
Some of these interactions may result in novel therapeutic tar-
gets. > For example, Akt phosphorylatess MDM-2 which regu-
lates p53 stability.* Furthermore ERK can phosphorylate p53
and regulate its activity. A side effect of doxorubicin treatment
is the induction of reactive oxygen species (ROS) which in turn
can activate the Raf/MEK/ERK and PI3K/PTEN/Akt/mTOR
pathways. 6222454
din domain receptor (DDR) that can regulate Ras activity and
subsequently the PI3K/PTEN/Akt/mTOR and Raf/MEK/ERK
cascades.”®**?* A side effect of paclitaxel treatment is the induc-
tion of ERK. Hence, the effects of certain drugs such as doxoru-

p53 can also regulate the activity of the discoi-

bicin and paclitaxel may be enhanced by inhibitors which target
the PI3K/PTEN/Akt/mTOR and Raf/MEK/ERK pathways.
The studies presented in-this'manuscript have demonstrated that
targeting the PI3K/PTEN/Akt/mTOR and Raf/MEK/ERK
pathways allows lower concentrations of chemotherapeutic drugs
to induce apoptosis. This is important as one of the important
deleterious side effects of doxorubicin is cardiotoxicity, thus low-
ering the effective concentration of doxorubicin may enhance
cancer therapy.

These studies document the benefit of understanding which
signal transduction pathway is promoting growth in the trans-
formed cells. Knowledge of the particular pathway affected may
allow more effective therapeutic options. The apoptosis-inducing
effects of doxorubicin could be enhanced when the cells were
treated with MEK or mTOR inhibitors. Our investigation illu-
minates the potential benefit of combination of targeted thera-
peutic with classical chemotherapeutic approaches.

Combinations of the MEK and mTOR inhibitors resulted in
synergistic induction of apoptosis in both the non-selected and
doxorubicin-selected FL/AAkt-1:ER*(Myr*) + ARaf-1:AR cells.
Hence, inhibition of both the Raf/MEK/ERK and PI3K/Akt/
mTOR pathways may be a therapeutic option for cancers which
proliferate in response to abnormal activation of these pathways.
Many cancers proliferate in response to mutations or elevated
receptors or key downstream signaling molecules (Src-family
kinases) which transduce their effects through Raf/MEK/ERK
and sometimes PI3K/Akt/mTOR 4621244246

The effects of combining targeted therapy with classical
chemotherapy were examined to determine whether we could
enhance the anti-proliferative effects of chemotherapeutic drugs.
Although therapy based on chemotherapeutic drugs is often
viewed with apprehension, these agents are still widely prescribed
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Figure 9. Effects of MEK and mTOR inhibitors on the induction of apop-
tosis induced by doxorubicin. The effects of MEK1 and mTOR inhibitors
on doxorubicin IC,  was examined by culturing the indicated cells in the
presence of the different concentrations of doxorubicin for three days
and then determining the extent of apoptosis induction by annexin V/
Pl staining. Cells were cultured in medium containing 500 nM 4HT +
100 nM Test and the indicated concentrations of the inhibitors. (A) non-
selected FL/AAkt-1:ER*(Myr') + ARaf-1:AR cells, and (B) doxorubicin-se-
lected FL/AAkt-1:ER*(Myr*) + ARaf-1:AR cells. Symbols: solid squares (M)
= doxorubicin, solid downward triangles (¥) = indicated concentrations
of doxorubicin and 5,000, 500, 50, 5, 0.5 and 0.05 nM MEK inhibitor, solid
diamonds (¢) = indicated concentrations of doxorubicin and 500, 50, 5,
0.5, 0.05 and 0.005 nM mTOR inhibitors, and solid circles (®) = indicated
concentrations of doxorubicin and 5,000, 500, 50, 5, 0.5 and 0.05 nM
MEK and mTOR inhibitors.

in the treatment of diverse cancers. Thus continued use of che-
motherapy may be in part due to its broad effects that are often
potent anti-proliferative in nature. Treatment with the MEK
inhibitors decreased the IC, for doxorubicin greater than 10-fold
in the non-selected FL/AAke-1:ER*(Myr*) + ARaf-1:AR cells.
Treatment with rapamycin increased the effectiveness of doxo-
rubicin in inducing apoptosis in both non-selected and doxoru-
bicin-selected cell lines (Fig. 9). Furthermore, the combination
of MEK, mTOR and doxorubicin was very effective in inducing
apoptosis in both drug sensitive and resistant cells. In summary,
the effectiveness of conventional chemotherapy can be improved
with targeted therapy.

Clearly signal transduction pathways interact to result in the
promotion of cell cycle progression, growth and prevention of
apoptosis. Our studies indicate that they can also interact to
promote drug resistance. Devising approaches to inhibit these
interactions may result in more effective anti-cancer therapies.

www.landesbioscience.com
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Elucidating the mechanisms by which signaling pathways cross
regulate each other and how they result in the prevention of
apoptosis and promote drug resistance may yield more effective
therapy. These studies document the effects the Raf/MEK/ERK
and PI3K/PTEN/Ake/mTOR pathways have on drug resistance
and sensitivity to targeted therapy. Clearly, targeting these path-
ways should be considered as potential therapeutic options in
drug resistant cancers.

Methods

Cell lines and growth factors. Cells were maintained in a humid-
ified 5% CO, incubator with Iscoves Modified Eagles Medium
[(IMEM) Invitrogen, Carlsbad, CA, USA] supplemented with
5% fetal bovine serum (FBS) (Atlanta Biologicals, Atlanta, GA,
USA). Conditionally-transformed FL/AAkt-1: ER*(Myr*) + ARaf-
1:AR cells were grown in 5% FCS + 500 nM 4 hydroxyl tamox-
ifen (4HT) (Sigma-Aldrich, St. Louis, MO, USA), an estrogen
receptor antagonist which activates the AAke-1:ER*(Myr*) and
100 nM testosterone (Test, Sigma-Aldrich), which activates the
androgen receptor (AR) hormone binding domain contained in
ARaf-1:AR.** AAkt:ER*(Myr*) contains a mutated ER domain
(ER*) which responds to 4HT 100-fold more efficiently than
B-estradiol. Thus these cells were maintained in 4HT as apposed
to B-estradiol.*® In some experiments, the FL/AAkt-1: ER*(Myr*)
+ ARaf-1:AR cells were treated with IL-3 (10% WEHI-3B condi-
tioned medium). The parentFL5.12 IL-3 dependent cell line was
maintained in IMEM + 5% FCS + 10% IL3 as described.?%

In ‘order to determine the importance of certain signaling
pathways in prevention of apoptosis, cells were treated with the
MEK inhibitor U0126 or the mTOR inhibitor Rapamycin. All
were purchased from Calbiochem, San Diego, CA and dissolved
in DMSO.

Limiting dilution analysis in medium containing doxorubi-
cin. Limiting dilution analysis of FL/AAke-1:ER*(Myr*) + ARaf-
1:AR cells was performed in medium containing 4HT + Test and
various concentrations of doxorubicin (1, 10, 25, 50, 100, 1,000
nM) as described.?’ Fresh medium containing the drugs was
added every three days and clones were isolated from those plates
with the least number of colonies after approximately 1 month in
culture. After isolation of clones, they were first expanded in 1 ml
cultures in 24 well plates, and then subsequently expanded into
5 ml cultures in 25 cm? tissue culture flasks. The drug resistant
cells were cultured in medium containing 4HT + Test and 10
nM doxorubicin.

Annexin V apoptotic and caspase 3 activation assays.
Annexin V/PI binding and Caspase 3 activation assays were per-
formed as previously described with kits purchased from Roche
(Indianapolis, IN, USA) and Cell Technologies (Minneapolis,
MN, USA) respectively.?*»

Analysis of cell sensitivity to anticancer agents. The sensitiv-
ities of FL/AAkt-1:ER*(Myr*) + ARaf-1:AR cells to doxorubicin,
paclitaxel, daunorubicin, cisplatin or 5-flurouracil were investi-
gated by characterizing the effects of these agents on proliferation
as described.” Inhibitory concentration 50% (IC) is defined in
this context as the drug dose that causes the cells to proliferate
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at a rate that is half as rapid as cells incubated in the absence of

drugs as determined by MTT assays as described.?

Western blot analysis. Cells were washed twice with PBS and
then cultured in the absence of doxorubicin in the presence of
4HT + Test for 24 hrs. Cells were then treated with the different
concentrations of doxorubicin for 4 hrs. Western blots were per-

formed with antibodies specific for ERK, Akt, p53, Bcl-X,, JNK,

8MAPK

p3

PRIN 2008.

, as we have previously described.? All antibodies used in

this study were purchased from Cell Signaling (Beverly, MA).
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