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Abstract

Cancer cells with constitutive phosphatidylinositol 3-kinase (PI3K)/Akt pathway activation have

been associated with overexpression of the lipogenic enzyme fatty acid synthase (FAS) as a means

to provide lipids necessary for cell growth. In contrast, K-Ras-driven cancer cells suppress

utilization of de novo synthesized fatty acids and rely on exogenously supplied fatty acids for cell

growth and membrane phospholipid biosynthesis. Consistent with a differential need for de novo

fatty acid synthesis, cancer cells with activated PI3K signaling were sensitive to suppression of

FAS; whereas mutant K-RAS-driven cancer cells continued to proliferate with suppressed FAS.

Surprisingly, in response to FAS suppression, we observed robust increases in both Akt and ERK

phosphorylation. Akt phosphorylation was dependent on the insulin-like growth factor-1 receptor

(IGF-1R)/PI3K pathway and mTOR complex 2. Intriguingly, K-Ras-mediated ERK activation was

dependent on N-Ras. Pharmacological inhibition of PI3K and MEK in K-Ras-driven cancer cells

resulted in increased sensitivity to FAS inhibition. These data reveal a surprising sensitivity of K-

Ras-driven cancer cells to FAS suppression when stimulation of Akt and Erk was prevented. As

K-Ras-driven cancers are notoriously difficult to treat, these findings have therapeutic

implications.
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Introduction

Several studies have shown that endogenous lipid production is necessary for growth and

survival in cancer cells of various tissue types and mutation signature [1–6]. A subset of

research has focused on cancer cells with dysregulation of the phosphatidylinositol-3-kinase

(PI3K)2/Akt pathway [7–9]. Among the many targets of PI3K signals, Akt induces lipogenic

enzymes, including fatty acid synthase (FAS) [10], which catalyzes the terminal step in de
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novo lipogenesis, the anabolic conversion of glucose into fatty acids. Increased glucose

uptake by cancer cells with constitutive PI3K/Akt signaling has been associated with high

levels of FAS expression and increased fatty acid synthesis [11–13], thereby satisfying the

demand for new membrane composition in rapidly proliferating cells. Constitutive Akt

activation can be the result of a gain-of-function mutation in the PI3K gene (PIK3CA) [14]

or more commonly, loss of PI3K antagonist, PTEN (phosphatase and tensin homologue

deleted on chromosome 10). Loss of PTEN sensitizes cells to FAS inhibition [15,16] while

induction of PTEN abrogates the effect [7,17]. The inference is that cancer cells with intact

PTEN and corresponding low Akt activation and FAS expression are unaffected by FAS

inhibition.

Despite intact PTEN, K-Ras-driven cancer cells can activate the PI3K/Akt pathway –

making it difficult to target cancer cells harboring K-Ras mutations [18,19]. In addition to

being able to activate the PI3K/Akt pathway [20,21], oncogenic K-Ras also activates the

Raf/MEK/ERK pathway [22]. PI3K/Akt activation is also regulated by growth factors

through a canonical insulin-like growth factor-1 receptor (IGF-1R)/PI3K/Akt pathway

[23,24]. Whether cancer cells with oncogenic K-RAS are linked to the PI3K/Akt pathway

directly (predictive of growth-factor independence) or indirectly (growth-factor dependent),

the RAS/Raf/MEK/ERK and PI3K/Akt pathways are compensatory [25,26]. Thus, single

agents targeting either pathway are not efficacious. Instead, combined inhibition of

components in both pathways is necessary to compromise cancer cells with mutant K-RAS

[27].

In this study, we investigated the effect of FAS inhibition on proliferation and viability of K-

RAS mutant cancer cells. We used pharmacological and genetic means to inhibit FAS in

human cancer cell lines harboring K-RAS mutations. We found a surprising tumorigenic

advantage in that Fas inhibition led to Akt and ERK activation. Because tumors adapt to a

nutrient-depleted microenvironment during tumorigenesis, these findings identify survival

signals that may need to be compromised for therapeutic intervention.

Materials and methods

Cells, cell culture conditions and cell viability

The human cancer cell lines PANC-1, Mia PaCa-2, HCT116, MDA-MB-468 and PC3 cells

were obtained from the American Tissue Type Culture Collection and cultured in

Dulbecco's Modified Eagle Medium (Sigma) supplemented with 10% Fetal Bovine Serum

(Sigma). Cell viability was determined as ratio of non-adherent cells to adherent cells after

treatment using a Coulter counter.

Antibodies and reagents

The following antibodies against: PARP, PTEN, Akt, P-AktS473, P-ERK, ERK, P-P70 S6

kinase, mTOR, Raptor, Rictor, and IGF-1R were obtained from Cell Signaling; α-actin was

from Sigma. The antibody for FAS was obtained from BD BioSciences. Negative control

scrambled siRNA and siRNA targeted against mTOR, Raptor and Rictor were obtained from

Dharmacon. siRNAs targeted against FAS were obtained from Santa Cruz Biotechnology.
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Cerulenin, LY294002 and PD0325901 were purchased from Sigma. Lipofectamine

RNAiMax (Invitrogen) was used for transient transfections.

Cell proliferation

Cells were plated at 50% confluence and treated the next day. Cells were trypsinized at 24

and 48 hours and counted using a Coulter counter.

Western blot analysis

Cells were plated at 90% confluence. Extraction of proteins from cultured cells and Western

blot analysis of extracted proteins was performed using the ECL system (Amersham) as

described previously [28].

Transient transfections

Cells were plated in six-well plates in medium containing 10% FBS. The next day (50%

confluence), transfections with siRNAs (100 nM) in Lipofectamine RNAiMAX were

performed. After 6 hours, reagents were replaced with fresh media (0% or 10% FBS) and

cells were allowed to incubate for an additional 48 hours.

Results

K-Ras mutant cells do not require de novo lipogenesis for cell growth

It was recently reported that K-Ras-driven cancer cells depend largely on exogenously

supplied fatty acids rather than endogenously synthesized fatty acids for cell growth and

proliferation [29,30]. In contrast, cancer cells with mutations in the PI3K/Akt pathway have

elevated expression of lipogenic enzymes and de novo fatty acid synthesis [10]. We

therefore compared the effect of suppressing FAS on the proliferation of PTEN-null and K-

Ras-driven cancer cells. As shown in Fig. 1A, the proliferation of MDA-MB-468 breast and

PC3 prostate cancer cells (PTEN-null) was inhibited by the irreversible FAS inhibitor

cerulenin [31] – indicating a dependence on endogenous lipid production. This observation

also suggested that the PTEN-null cancer cells were unable to utilize exogenously supplied

serum lipids. In contrast, proliferation of the K-Ras-driven HCT116 colon and MiaPaCa-2

pancreatic cancer cells was not affected by cerulenin (Fig. 1A). Qualitatively similar results

were obtained by knockdown of FAS with siRNA, where it can be seen that there is a

significant difference in the response to FAS knockdown between the PTEN-null and the K-

Ras-driven cancer cells lines (Fig. 1B). These data indicate that K-Ras mutant cells do not

require endogenous lipid production for cell growth.

FAS inhibition induces pro-survival, Akt and ERK activation, in serum-deprived KRAS
mutant cancer cells

Kalaany and Sabatini previously reported a differential response to nutrient deprivation of

human cancer cells with dysregulated PI3K signals relative to cancer cells with K-Ras

mutations [24]. This was reflected by a differential sensitivity for Akt phosphorylation at

Ser473 for PTEN-null and K-Ras-driven cancer cells upon serum withdrawal. Cancer cells

with activating K-Ras mutations were more sensitive to nutrient restriction than those with
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dysregulated PI3K signaling. Similar to what was observed by Kalaany and Sabatini, there

were higher basal levels of Akt-S473 phosphorylation in cells that were PTEN-null than K-

Ras-driven cancer cells (Fig. 2A). In addition, phosphorylation of Akt was inhibited by

serum deprivation in the mutant K-Ras-driven cancer cell lines, but not PTEN null cell lines

(Fig. 2A) – indicating that Akt phosphorylation in the K-Ras driven cancer cells is

dependent on serum. It was recently reported that K-Ras-driven cancer cells are dependent

on exogenously supplied lipids [29,30]. Thus, we speculated that in the absence of serum

lipids, there is a compensatory increase in fatty acid synthesis to compensate for the absence

of serum lipids. We therefore examined the effect of suppressing FAS – either by siRNA

knockdown or cerulenin on the phosphorylation of Akt and another Ras target Erk.

Surprisingly, we found that FAS inhibition caused a robust increase in both Akt and ERK

phosphorylation in three K-Ras-driven cancer cell lines – PANC1, HCT116, and MIA

PaCa-2 (Fig. 2B). The effect was dose dependent and correlated well with reduced levels of

FAS observed with increasing cerulenin dosage in PANC1 cells (Fig. 2C). These data reveal

a novel feedback activation of Akt and ERK activation in K-Ras-driven cancer cells in

response to FAS inhibition.

Insulin-like growth factor-1 receptor (IGF-1R) and mTORC2 mediate Akt activation and N-
RAS compensates for K-RAS-mediated ERK activation upon FAS inhibition

To address mechanism for activation of survival signals in response to FAS inhibition, we

tested if Akt activation was via the canonical IGF-1R/PI3K/Akt pathway. Akt activation

upon knockdown of FAS was suppressed by simultaneous knockdown of IGF-1R (Fig. 3A).

Knockdown of the IGF-1R did not impact ERK phosphorylation. Mammalian/mechanistic

target of rapamycin complex 2 (mTORC2) phosphorylates Akt at Ser473 [32]. We therefore

inhibited expression of Rictor, signature component of mTORC2 along with mTOR and

Raptor (signature protein of mTORC1), both of which served as controls (Fig. 3B). Upon

FAS inhibition, neither inhibition of mTOR nor raptor compromised Akt activation. As

expected, knockdown of Rictor prevented Akt activation. These data suggest that Akt

activation induced by FAS inhibition is mediated by the IGF-1R/PI3K/Akt pathway. Thus,

Akt activation is induced by a new means, but not mechanism.

Since we observed an increase in ERK activation upon FAS inhibition, we investigated

possible mechanisms for ERK activation. Since the MEK/ERK pathway is responsive to Ras

GTPase and N-Ras has been implicated in K-Ras-driven cancers [33], we investigated the

impact of both N-Ras and K-Ras on ERK activation stimulated by FAS inhibition. We

suppressed FAS, N-RAS, or K-RAS expression with siRNAs alone or in combination (Fig.

3C). Inhibition of K-Ras expression reduced basal ERK phosphorylation; however, if FAS

expression was suppressed along with K-Ras, there was still an increase in ERK

phosphorylation. While suppression of N-Ras expression by itself did not impact on ERK

phosphorylation induced FAS suppression, the combination of K-Ras and N-Ras

suppression did block the induction of ERK phosphorylation induced by suppression of

FAS. This suggests that N-Ras is required for the induction of ERK caused by FAS

suppression, but in a K-Ras-dependent manner. In this case, both a new means and

mechanism induces ERK activation.

Yellen and Foster Page 4

Cancer Lett. Author manuscript; available in PMC 2015 October 28.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Combined MEK and PI3K inhibition sensitizes K-Ras cells to FAS inhibition

Recent studies have demonstrated that effective targeting of mutant K-Ras driven tumors in

mice requires combined inhibition of both PI3K/Akt and RAS/MEK/ERK pathways [27,34].

We inhibited MEK and PI3K in Mia PaCa-2 cells to determine if the pro-survival signals

stimulated by FAS inhibition are dominantly mediated through the activation of either

pathway. As shown in Fig. 4A, the MEK inhibitor PD0325901 and the PI3K inhibitor

LY294002 effectively inhibited cerulenin-induced Akt and ERK activation, respectively.

There was limited PARP cleavage and cell death seen with either compound by itself –

indicating limited apoptosis (Fig. 4A). Furthermore, phosphorylated ERK increased upon

cerulenin and LY294002 treatment; and similarly, phosphorylated Akt increased upon

cerulenin and PD0329051 treatment. In addition, cleaved PARP caused by either drug alone

was suppressed by cerulenin (compare lanes 4 and 8 and lanes 5 and 7). However, FAS

inhibition by cerulenin failed to promote survival when both MEK and PI3K were

suppressed (Fig. 4A). This effect was also observed by the combination of FAS knockdown

along with LY294002 and PD0325901 treatment (Fig. 4B). These data indicate that

activation of the pro-survival kinases Akt and ERK induced by suppression of FAS provides

a survival advantage and that suppression of the survival kinases creates a heightened

sensitivity to FAS inhibition. These data are also consistent with a model where there is

compensatory utilization of different survival pathways depending on what stresses are

encountered.

Discussion

In summary, this study implicates an unanticipated response of K-Ras-driven cancer cells to

FAS suppression. Pro-survival effectors were induced upon FAS inhibition in cancer cells

with mutant K-RAS. This response included Akt and ERK activation – both of which

suppress apoptotic programs. Suppression of both Akt and Erk activation in response to FAS

inhibition resulted in apoptosis – indicating that the stimulation of Akt and ERK promoted

survival under the stress of lipid withdrawal. Stimulation of Akt was dependent on IGF-R1

and mTORC2, and intriguingly ERK activation was dependent on both K-Ras and N-Ras.

Although feedback activation of Akt has been observed upon pharmacological inhibition of

mTORC1 activation [35,36], we determined that cerulenin also stimulates phosphorylation

of the mTORC1 substrate S6 kinase in MIA PaCa-2 cells (data not shown) – indicating that

neither Akt nor ERK activation by FAS inhibition was due to inhibition of mTORC1. This

novel feedback activation of survival kinases suggests both complications and opportunities

for treating K-Ras-driven cancers.

While the lack of fatty acid production did correlate with growth inhibition in PTEN null

cells, it had no effect on K-RAS mutant cells. Nonetheless, lipids are required to perpetuate

cancer cell growth and proliferation [37], regardless of mutation status. Thus, the data

suggest that cells harboring oncogenic K-Ras utilize exogenous lipids for cell growth.

Supportively, a clinical study showed an association between dietary fatty acids and K-Ras

driven colon tumors [38]. Two recent studies demonstrated that K-Ras-driven cancers

depend on exogenously supplied lipids [29,30]. Here, the authors show that cells with RAS

pathway activation uptake exogenous lipids, which supports their proliferation. In contrast,
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PTEN null cells were not capable of using available serum lipids to sustain proliferation

rates. It seems that dependence on endogenous lipid supply mediates independence of

exogenous nutrient supply in constitutively activated PI3K/Akt pathway cells. This effect is

diametrically opposed in K-Ras-driven cancer cells in which independence of endogenous

lipid supply indicates dependence on exogenous nutrient supply. Given that K-Ras-driven

cancer cells depend largely on exogenously supplied and not on de novo lipid biosynthesis,

it was very surprising that that K-Ras-driven cancer cells would respond so robustly to

cerulenin, which inhibits de novo fatty acid synthesis. However, it has also been reported

that FAS is expressed at high levels in pancreatic cancers [39], where more than 90% of the

cancers are K-Ras-driven [40]. These findings suggest a more complex role for FAS in K-

Ras-driven cancer cells that may involve more than fatty acid synthesis. In this regard, it

may be of significance that cerulenin treatment leads to reduced levels of FAS (see Fig. 2B

and C). Clearly there is more to be learned about the role of FAS in K-Ras-driven cancers.

Mutated K-Ras is found in approximately 30% of human cancers and is prevalent in

pancreatic (90%) and colon cancer (50%) [40]. As such, there is great interest in developing

effective targeting strategies. Basic and clinical research studies have demonstrated greater

efficacy by simultaneously inhibiting nodes in both the RAS/Raf/MEK/ERK and PI3K/ Akt

pathways as opposed to targeting these pathways singly [25,26,41]. Significantly, we

observed a heightened sensitivity to MEK and PI3K inhibitors upon FAS inhibition. The

effect of cerulenin was observed in the absence of serum, which is not so relevant in an

animal; however, K-Ras-driven cancers have increased macropinocytosis [42] to help

scavenge lipids [29]. We have been able to mimic the loss of serum lipids with EIPA [5-(N-

ethyl-N-isopropyl) amiloride] [30]. Thus, it is possible to mimic serum free conditions in K-

Ras-driven cancer cells where there is elevated macropinocytosis.

In contrast to tumors, lipogenesis is low in nearly all non-malignant tissues [43]. The

majority of fatty acid content in normal cells is acquired from the diet. Thus, with the

exception of liver and adipose tissue [44], there is little need to store energy and FAS

expression is minimal. This differential expression of FAS between normal and cancer cells

has incited a strong interest in developing FAS inhibitors with the expectation that normal

cells will not be affected. The data provided here suggest that suppressing survival signals

generated by suppression of FAS may be a critical for target in FAS in K-Ras mutant

cancers.
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mTORC2 mammalian/mechanistic target of rapamycin complex 2

PI3K phosphatidylinositol 3-kinase
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Fig. 1.
K-Ras mutant cancer cells proliferate independently of fatty acid synthase inhibition. (A)

PTEN null cells lines, MDA-MB-468 and PC3 and K-RAS mutant cell lines, HCT116 and

MIA PaCa-2 cells were plated at 50% confluence and treated with cerulenin (Cer) at

indicated doses. After 24 and 48 hour time points, cells were trypsinized and counted by

Coulter counter. Data represent mean ± SEM from three independent experiments with each

sample counted two times. (B) Cells were transiently transfected with 100 nM siRNA

against FAS (siFAS) or with negative control scrambled siRNA (scr). After 48 hours, cells

were harvested and lysates were immunoblotted for FAS protein and counted by Coulter

counter. Data represent mean ± SEM from three independent experiments with each sample

counted two times. P-value represents combined data sets for the PTEN-null cell lines
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(MDA-MB-468 and PC3) and K-Ras mutant cell lines (HCT116 and MIA PaCa-2). The

values for the ratios of cell number in cells treated with siFAS divided by cell number of

controls in the PTEN-null and mutant K-Ras cell lines.
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Fig. 2.
FAS inhibition induces Akt and ERK activation upon serum deprivation. (A) PTEN-null

PC3, MDA-MB-468 cells, and K-Ras-driven HCT116, MiaPaCa-2, and PANC1 cells were

plated and grown in 10% serum or 0% serum for 24 hours. Lysates were immunoblotted for

Akt phosphorylated at Ser473 (P-AKTS473) and total AKT. (B) PANC-1, HCT116, and

MIA PaCa-2 cells were transfected as in Fig. 1. After 48 hours, cells were grown in 0%

serum for an additional 24 hours. Lysates were then immunoblotted for AKT

phosphorylated at Ser473 and total Akt, and phosphorylated ERK (P-ERK) and total ERK.

(C) PANC-1 cells were plated and grown in 0% serum medium at 90% confluence. After 24

hours, cells were treated with indicated concentrations of cerulenin for an additional 24

hours in 0% serum. Lysates were immunoblotted for P-AKT, total Akt, and P-ERK and total

ERK as in (B). Experiments shown are representative of three independent experiments.
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Fig. 3.
IGF-1R and mTORC2 mediate Akt activation, while N-RAS mediates ERK activation. (A)

MIA PaCa-2 cells were transiently transfected with siRNAs against FAS and/or IGF-1R or

with scrambled control siRNA (scr) as in Fig. 2B. Lysates were then immunoblotted for

AKT phosphorylated at Ser473 (P-AktS473) and total Akt, and phosphorylated ERK (P-

ERK) and total ERK, and IGF-1R. (B) MIA PaCa-2 cells were transfected as in (A) with

siRNAs against FAS and/or mTOR, Raptor (RAP), Rictor (RIC) or with negative control

siRNA (scr). After 48 hours, cells were grown in 0% serum for an additional 24 hours.

Lysates were then immunoblotted for the indicated proteins. (C) PANC-1 cells were

transfected as in (A) with siRNAs against FAS, N-RAS (N), K-RAS (K) or in indicated

combinations or negative control siRNA. After 48 hours, cells were grown in 0% serum for

an additional 24 hours. Lysates were then immunoblotted for the indicated proteins.

Experiments shown are representative of three independent experiments.
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Fig. 4.
FAS inhibition and serum deprivation heighten sensitivity to dual PI3K and MEK inhibition.

(A) MIA PaCa-2 cells were plated and grown in 0% serum at 90% confluence. Twenty-four

hours later, cells were either untreated (Con), treated with DMSO (D), 40 μM cerulenin

(Cer), 20 μM LY29402 (LY), MEK inhibitor PD0325901 (PD) (100 nM), or with indicated

combinations. After 24 hours, lysates were probed for indicated proteins or phospho-

proteins (upper panel) and cell viability was determined as ratio of non-adherent cells to

total number of cells (lower panel). (B) MIA PACA-2 cells were transfected with siRNA

against FAS or with negative control siRNA (scr). Forty-eight hours later, cells were grown

in 0% serum only or with 20 μM LY and 100 nM PD for an additional 24 hours, at which

time lysates were probed for indicated proteins or phospho-proteins. Data for the cell

viability assays represent the mean ± SEM from three independent experiments with each

sample counted two times. Western blot experiments in (A) and (B) are representative of

three independent experiments.
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