ORIGINAL RESEARCH ARTICLE

Journal of

Inhibition of Lung Cancer
Growth: ATP Citrate Lyase
Knockdown and Statin Treatment
Leads to Dual Blockade of
Mitogen-Activated Protein
Kinase (MAPK) and
Phosphatidylinositol-3-Kinase
(PI3K)/AKT Pathways

Cellular
Physiology

JUN-ICHI HANAI,1,2 NATHANIEL DORO,1 ATSUO T. SASAKI,4,5 SUSUMU KOBAYASHI,3
LEWIS C. CANTLEY,4,5 PANKAJ SETH,1 AND VIKAS P. SUKHATME1,2,3*
1

Divisions of Interdisciplinary Medicine and Biotechnology, Beth Israel Deaconess Medical Center, Department of Medicine,

Boston, Massachusetts
2

Division of Nephrology, Department of Medicine, Beth Israel Deaconess Medical Center, Boston, Massachusetts

3

Division of Hematology-Oncology, Department of Medicine, Beth Israel Deaconess Medical Center, Boston, Massachusetts

4

Division of Signal Transduction, Department of Medicine, Beth Israel Deaconess Medical Center, Boston, Massachusetts

5

Department of Systems Biology, Harvard Medical School, Boston, Massachusetts

ATP citrate lyase (ACL) catalyzes the conversion of cytosolic citrate to acetyl-CoA and oxaloacetate. A deﬁnitive role for ACL in
tumorigenesis has emerged from ACL RNAi and chemical inhibitor studies, showing that ACL inhibition limits tumor cell proliferation and
survival and induces differentiation in vitro. In vivo, it reduces tumor growth leading to a cytostatic effect and induces differentiation.
However, the underlying molecular mechanisms are poorly understood and agents that could enhance the efﬁcacy of ACL inhibition have
not been identiﬁed. Our studies focus on non-small cell lung cancer (NSCLC) lines, which show phosphatidylinositol 3-kinase (PI3K)/AKT
activation secondary to a mutation in the K-Ras gene or the EGFR gene. Here we show that ACL knockdown promotes apoptosis and
differentiation, leading to the inhibition of tumor growth in vivo. Moreover, in contrast to most studies, which elucidate how activation/
suppression of signaling pathways can modify metabolism, we show that inhibition of a metabolic pathway ‘‘reverse signals’’ and attenuates
PI3K/AKT signaling. Additionally, we ﬁnd that statins, inhibitors of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase, which
act downstream of ACL in the cholesterol synthesis pathway, dramatically enhance the anti-tumor effects of ACL inhibition, even
regressing established tumors. With statin treatment, both PI3K/AKT and the MAPK pathways are affected. Moreover, this combined
treatment is able to reduce the growth of EGF receptor resistant tumor cell types. Given the essential role of lipid synthesis in numerous
cancers, this work may impact therapy in a broad range of tumors.
J. Cell. Physiol. 227: 1709–1720, 2012. ß 2011 Wiley Periodicals, Inc.

In tumor cells, de novo fatty acid synthesis occurs at high rates
(McAndrew, 1986; Swinnen et al., 2006; DeBerardinis et al.,
2008). A number of relevant enzymes show both increased
expression and activity, including ACL, HMG-CoA reductase,
and fatty acid synthase (FAS) (Swinnen et al., 2006). The
mechanisms by which this occurs are being elucidated and
include HIF activation of FAS (Menendez et al., 2005) and AKT
activation of ACL (Migita et al., 2008).
Non-small cell lung cancer (NSCLC) is a leading cause of
cancer deaths (Zhang et al., 2003). A549 cells are derived from a
NSCLC patient and bear a point mutation in K-Ras, which
activates the PI3K/AKT pathway (Okudela et al., 2004). These
cells are a non-epidermal growth factor receptor (EGFR)
mutant cell line (Costa et al., 2007) and have been used in many
studies in tumor metabolism (Christofk et al., 2008) and
differentiation (Rho et al., 2009). We chose this cell line because
it is an established model for NSCLC, it demonstrates the
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Warburg effect, and its growth can be inhibited by blockade of
ACL (Bauer et al., 2005; Hatzivassiliou et al., 2005). We also
chose EGFR mutant cell lines (H1650, H1975), which are
sensitive or resistant to EGFR inhibitors, respectively, to test
whether our ﬁndings have validity in a larger set of NSCLC lines.
Growth factors (such as EGF, insulin, and PDGF) lead to
activation of the PI3K/AKT pathway and this in turn leads to
increased enzymatic activity of ACL via AKT mediated ACL
phosphorylation. A seminal observation on the functional role
of ACL in tumor growth was made by the Thompson group,
who reported that decreasing the expression of ACL by shRNA
or its activity by a small molecule inhibitor suppressed tumor
growth and promoted differentiation in numerous glycolytic
tumors (Hatzivassiliou et al., 2005). However, the in vivo effects
were cytostatic at best and the underlying mechanisms remain
to be elucidated.
The abnormal activation of the PI3K/AKT pathway in
human and animal models of cancer has been validated by
epidemiological and experimental studies. Somatic gene
alterations leading to the inactivation of the tumor suppressor
gene PTEN and gain-of-function mutations targeting PIK3CA
(the gene encoding the catalytic phosphoinositide-3 kinase
subunit p110a) have been described (Yuan and Cantley, 2008).
Many of the intracellular components of this pathway are being
targeted in anti-cancer drug discovery and clinical trials of PI3K
and AKT inhibitors are in progress (Engelman et al., 2008).
Thus, understanding what events can intercept this pathway is
of paramount importance. We show that blocking lipid synthesis
can dampen signaling through this key oncogenic pathway.
Various mechanisms for the effects of statins on tumor cells
have been suggested. Statins function in the mevalonate
pathway as small-molecule inhibitors of HMG-CoA reductase
(Hanai et al., 2007). Inhibition of this enzyme results in
decreased isoprenylation, which includes farnesylation and
geranylgeranylation of several proteins (such as Ras family small
GTPases) essential for cellular proliferation and survival. Statins
also inhibit dolichol synthesis, which is known to stimulate DNA
synthesis (Larsson, 1993). Systemic cholesterol lowering by
statins may interfere with cell growth via the impairment of cell
membrane synthesis. A key ﬁnding of this paper is that statins
dramatically enhance the anti-tumor effects of ACL inhibition,
perhaps by downregulating both the PI3K/AKT and MAPK
pathways.
Experimental Procedures
Viral constructs, antibodies, and reagents

An empty shRNA vector was used as a control and three
different ACL shRNA lentiviruses (designated as 284, 285, and
286) were obtained from Open Biosystems (now
ThermoFisher Scientiﬁc, Huntsville, AL). Anti-ACL, phosphoACL, phospho-AKT 308, phospho-AKT 473, cyclin D1, AKT1,
AKT2, p-Bad (Ser136), and cleaved caspase 3 antibodies were
purchased from Cell Signaling (Danvers, MA). Anti-E-cadherin,
ZO-1, vimentin, b-actin, and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) antibodies were from Santa Cruz
Biotechnology (Santa Cruz, CA). Lovastatin was obtained from
Sigma Aldrich (St Louis, MO). Wortmannin and LY294002
(PI3K inhibitor) were from Cell Signaling.
Cells and cell culture

A549 cells were purchased from the American Type Culture
Collection and A549-luc-C8 (P/N 119266) from Caliper Life
Sciences. These cells were maintained in Ham’s F-12 medium
(Mediatech, Inc., Herndon, VA) supplemented with 10% FCS
and penicillin/streptomycin (P/S). H1650 and H1975 cells were
maintained in RPMI medium (Mediatech, Inc.) supplemented
with 10% FCS and P/S (Kobayashi et al., 2005). 293FT cells were
purchased from Invitrogen and maintained in Dulbecco’s
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modiﬁed Eagle’s medium (DMEM) (Invitrogen, Gaithersburg,
MD) supplemented with 10% FCS and P/S supplemented with
MEM non-essential amino acids 1 mM, L-glutamine 6 mM,
sodium pyruvate 1 mM, and geneticin 500 mg/ml. All cell lines
were grown at 378C in a humidiﬁed incubator with 5% CO2.
Cells were grown to 60–70% conﬂuency, harvested with
trypsin, and resuspended to the cell density required for each
assay.
Generation of ACL knockdown cell lines

A549 cells were infected with an empty shRNA vector as a
control and three different ACL shRNA lentiviruses designated
as 284, 285, and 286 in Figure 1A, which target three different
regions of the human ACL mRNA. Recombinant lentiviral
particles were produced by transient transfection of 293FT
cells according to a standard protocol. Subconﬂuent 293FT
cells were co-transfected with 3 mg of an shRNA plasmid, and
9 mg Viral Power packaging mix (an optimized proprietary mix
of three plasmids, pLP1, pLP2, and pLP/VSVG from Invitrogen)
using lipofectamine 2000 (Invitrogen). After 16 h, the cells were
switched to regular growth medium and were allowed to
incubate for an additional 48 h. Conditioned cell culture media
containing recombinant lentiviral particles was harvested and
frozen. A549 cells were treated with the above cell culture
supernatant containing lentiviral particles for 24 h. These cells
were then selected in puromycin to generate stable cell lines
with empty vector shRNA and ACL speciﬁc shRNA. Cell lines
were validated for diminished ACL expression by western blot
(WB) analysis.
Western blotting

Cultured cells after treatment were collected at speciﬁc times
and solubilized in RIPA lysis buffer (Boston BioProducts)
(Tris-HCl 50 mM, pH 7.4, NaCl 150 mM, NP-40 1%, sodium
deoxycholate 0.5%, SDS 0.1%) or in Triton Lysis Buffer (Boston
Bioproducts, Worcester, MA) (Tris-HCl 50 mM, pH 7.4, NaCl
150 mM, EDTA 5 mM, and TritonX 100 1%), with protease
(Roche) and phosphatase (Active Motif) inhibitor cocktail.
Proteins were separated by SDS-PAGE, transferred to PVDF
membranes and detected using SuperSignal West Pico
Chemiluminescent substrate (Pierce). For re-blotting, the
membranes were stripped following the manufacturer’s
protocol. Quantitative changes in protein phosphorylation
were analyzed in triplicate from phospho-immuonoblot
samples. Using densitometry software (ImageJ NIH) the signal
intensities were quantitated along with each total protein blot
(total AKT or AKT1þ AKT2, ERK, S6 protein, and ACL), which
provided the baseline for signal normalization. Student’s t-tests
were used to compare mean values as appropriate. The data are
expressed accompanying each immunoblot as the mean values
for a series of at least three experiments. The mean values are
also shown in graphs as a % of maximum intensity along with the
standard deviation. Each western blot shows representative
data that was obtained from at least three independent
experiments.
Apoptosis assay

Apoptosis in control and ACL knockdown cell lines was
measured by harvesting cells and staining with Annexin-V-PE
and 7AAD. Stained cells were analyzed by EasySite Plus
Flowcytometer (Annexin assay, Guava Technologies, Hayward,
CA). Apoptosis was also conﬁrmed by cleaved caspase 3
blotting (western analysis).
Proliferation assay

Control and ACL knockdown cells lines were plated in 10 cm
dishes at a density of 1  105 cells/dish in Ham’s F-12 medium
supplemented with 10% FBS for 24 h at 378C in 5% CO2. Cells
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were trypsinized 24, 48, 72, and 96 h after initial plating, and
washed with PBS, resuspended in 1 ml of Hanks medium and
counted in a hemocytometer. All samples were assayed in
triplicate to generate proliferation curves.
Generation of tet-inducible ACL knockdown cell lines

We used the tet inducible expression vector (pTRIPZ) (Open
BioSystems) that expresses the tetracycline transactivator and
desired shRNA sequence under tetracycline response element

(TRE) regulation. The pTRIPZ transactivator, known as the
reverse tetracycline transactivator 3 (rtTA3) binds to and
activates expression from TRE promoters in the presence of
doxycycline. Unlike the original tetracycline transactivator, the
rtTA3 is modiﬁed to bind to the TRE in the presence of
doxycycline rather than in its absence. The TRE also drives the
expression of a TurboRFP reporter in addition to the
shRNAmir. The shRNAmir target sequences were cloned from
pGIPZ into pTRIPZ by a simple restriction digest to generate
the pTRIPZ ACL shRNAmir clones. Therefore, the target
sequences used for generating the inducible shRNA were
identical to those used in the non-inducible constructs. The
constructs designed by this method required addition of
doxycycline (1 mg/ml) for expression of tightly regulated
induction of shRNAmir expression.
Tumor implantation

A549 control and ACL knockdown cells were trypsinized and
re-suspended in PBS to a concentration of 5  106 cells in
100 ml. For some experiments, A549-luc-C8 cells (Bioware1
cell line P/N 119266) were used. This is a luciferase expressing
cell line derived from A549 cells by stable transfection of the
North American ﬁreﬂy luciferase gene expressed from the
CMV promoter (Caliper Life Sciences, Hopkinton, MA). We
generated A549-luc control cells and A549-luc ACL
knockdown cells with the 285 shRNA lentivirus. These cells
were trypsinized and re-suspended in PBS to a concentration of
13  106 cells in 100 ml.
In handling the animals, we followed the Guide for the Care
and Use of Laboratory Animals (NIH publication No. 85-23
1996) and protocols were approved by the Institutional Animal
Care and Use Committee of Beth Israel Deaconess Medical
Center. On day 0, female athymic mice (Charles River,
Wilmington, MA) were anesthetized by gas anesthesia
(3% isoﬂurane) and tumor cells were injected subcutaneously in
the ﬂank. Ten mice were used in each treatment group for the
initial experiment and 15 mice were used in each group for the
second experiment.
Measurement of tumors

Tumor measurements were obtained using calipers every
7 days and tumor volume was calculated as follows: Tumor
Fig. 1. Characterization of ACL knockdown non-small cell lung
cancer lines. (A–E, H, I, J: A549 cells; F, G, K: H1650 and H1975 cells).
A: Western blot analysis of control shRNA cell line, ACL284 shRNA,
ACL285 shRNA, and ACL286 shRNA cell lines by anti-ACL and
b-actin antibodies. B: Morphology of control A549 cells and ACL
knockdown cells (clone 285), showing mesenchymal spindle structure
and epithelial cobble stone like-structure, respectively. C: Western
blot analysis of control A549 cells and ACL knockdown cells (clone
285) by E-cadherin, ZO-1. Vimentin and GAPDH antibodies. D:
Proliferation assay analysis of control A549 cells and ACL knockdown
cells with or without lovastatin (1 mM). Error bar represent standard
deviation and M denotes P-value < 0.01 when compared to control
animal from the same day. E: Proliferation assay for H1650 cell lines
(control, ACL284 shRNA, and ACL285 shRNA). Error bars represent
standard deviation and M denotes P-value < 0.01 when compared to
control cells from the same day. F: Proliferation assay of H1975 cell
lines (control, ACL284 shRNA, and ACL285 shRNA). Error bar
represent standard deviation and M denotes P-value < 0.01 when
compared to control cells from the same day. G: Apoptosis assay
analysis of control A549 cells and ACL knockdown cells. Error bar
represent standard deviation and M denotes P-value < 0.01 when
compared to control cells. H: Apoptosis assay analysis of control A549
cells and ACL knockdown cells with the indicated amount of
lovastatin and with or without H2O2 incubation (1 mM). I: Cleaved
caspase 3 and phospho-Bad (Ser136) expression in control A549 cells
and ACL knockdown cells. J: Apoptosis assay for H1650 and H1975 cell
lines (control, ACL284 shRNA, and ACL285 shRNA). [Color ﬁgure
can be seen in the online version of this article, available at http://
wileyonlinelibrary.com/journal/jcp]
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volume (V) ¼ a  b  b/2, where a represents the minimum
tumor diameter, and b represents the maximum tumor
diameter (Hanai et al., 2005).
Statin feeding

Lovastatin was diluted in 0.5% methylcellulose (Fluka) and
fed orally by disposable feeding sterile needles (Jorgensen
Laboratories) at 50 mg/kg/day starting 2 weeks post tumor cell
inoculation.
Tumor imaging (Contag et al., 2000; Edinger et al., 2002;
Jenkins et al., 2003a,b; Murray et al., 2003; Scatena et al.,
2004)

Mice bearing A549-luc cells were injected with ﬁreﬂy luciferin
(150 mg/kg, Xenogen) by intraperitoneal injection using a
25  5/800 gauge needle to image the luciferase signal at various
time points. Mice were placed onto black paper in the IVIS1
imaging box (Xenogen) and imaged dorsally 15 min after
luciferin injection to assure a linear range of bioluminescence.
At the end of the experiment, animals were euthanized as
per the institutional animal protocol and tissue stored for
immunohistochemical analysis.
Immunohistochemical analysis of tumor tissue

Parafﬁn slides (5 mm thick) were deparafﬁnized with xylene and
serial ethanol dilutions. Hematoxylin and eosin (H&E) staining
was used to visualize cellular morphology in tissue sections.
Slides were washed with xylene followed by rehydration in
graded alcohols. After washing with H2O, slides were incubated
with hematoxylin followed by a wash with H2O and ammonia
water. Slides were then incubated with eosin followed by
rehydration in graded alcohols and xylene incubation. For the
E-cadherin staining, antigen retrieval was achieved with citrate
in a pressure cooker for 5 min. Endogenous peroxidase activity
was blocked for 30 min with a buffer solution containing
peroxide (0.5% H2O2 in phosphate citrate). Slides were then
incubated for 1 h at room temperature with E-cadherin
antibody (1:500) or isotype-matched IgG as a negative control,
followed by the secondary antibody (mouse, Envision PO
system; DAKO) for 30 min. All slides were developed with
diaminobenzidine followed by hematoxylin counterstaining.
Before the slides were mounted, all sections were dehydrated
in alcohol and xylene. For the mucicarmine staining, we
followed the method mentioned at http://library.med.utah.edu/
WebPath/HISTHTML/MANUALS/MUCICAR.PDF. This
staining is based on the reaction of an aluminum–carmine
chelate complex, which attaches to acid groups of mucin.
Brieﬂy, slides were deparafﬁnized and hydrated with distilled
water followed by staining with Mayer’s hematoxylin for 10 min.
Then slides were washed in running tap water for 5 min and
stained with mucicarmine solution in a microwave at high
power for 45 sec, followed by a quick rinse in distilled water.
Metanil yellow stain was added for 1 min followed by quick
dehydration using three changes of absolute alcohol.
Serum starvation

A549 control and ACL knockdown cells were plated in 6-well
plates at approximately 50% conﬂuency. Twenty four hours
later, regular medium (10% serum) was changed to low serum
medium (0.75%) and the cells were incubated for 14 h (serum
starvation). Low serum medium was replaced by regular
medium and cells were incubated for selected intervals. Cells
were harvested for WB analysis.
Ras subcellular fractionation analysis

A549 shACL inducible cells were treated with 1 mM lovastatin
and/or doxycycline for 48 h. Control and lovastatin lysates were
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isolated into cell membrane and cytosolic fractions using the
Qproteome Cell Compartment kit (Qiagen) and prepared
for WB analysis. Membranes were probed with pan-Ras
(Calbiochem) antibody and, 14-3-3 (Cell Signaling
Technologies) and Na-K-ATPase (Abcam) antibodies were
used as cytosolic and membrane markers, respectively.
Acetate and citrate supplementation

Na-acetate and Na-citrate were dissolved in dH20 and added to
cell culture media of A549 shACL inducible cells at designated
concentrations for 48 h in conjunction with doxycycline. Cells
were harvested for WB or apoptosis analysis as previously
described.
Statistical analyses

Student’s t test was used to evaluate the statistical signiﬁcance
of the results. All values are expressed as mean  S.E.
Results
ACL knockdown A549 cells show MET (reversal of EMT)

Because there are no established cancer cell lines that can be
used to study metabolic alterations and signaling events
associated with ACL knockdown, we have used the A549 lung
cancer cells to generate ACL knockdown cell lines using RNA
interference. ACL deﬁciency was conﬁrmed by WB analysis
(Fig. 1A). ACL knockdown A549 cells show epithelial
cobblestone-like structure, compared to control A549 cells
which show a mesenchymal spindle structure (Fig. 1B). The data
shown is for cells infected with the 285 shRNA construct;
however, the cells with the other two ACL speciﬁc hairpins
showed similar results (data not shown). We hypothesized that
the alteration in cell morphology may correlate with expression
of a number of epithelial and mesenchymal markers and so we
assessed expression of the epithelial markers (E-cadherin,
ZO-1) and a mesenchymal marker (vimentin) by WB analysis
(Fig. 1C, D). The increase in E-cadherin and ZO-1 levels and the
decreased expression of vimentin are strong indicators that the
ACL knockdown cells have undergone MET or a reversal of
epithelial-mesenchymal transition (EMT). These data are
consistent with the morphologic changes noted in the
knockdown cells (Fig. 1B).
ACL deﬁciency affects proliferation, apoptosis, and cell
cycle progression in A549 cells and cells with EGFR
mutation

Next, we assessed the functional effects of ACL deﬁciency. We
found that A549 cells and NSCLC lines harboring EGFR
mutations when rendered ACL knockdown proliferate slower
than control cells (Fig. 1D, E, F). The annexin-V and cleaved
caspase assays indicate that ACL knockdown cells have higher
rates of apoptosis than control cells (Fig. 1G, H, I, J) and cell
cycle analysis shows that ACL deﬁciency causes a modest
increase in the number of cells in the G1 phase of the cell cycle
(data not shown). These data extend previous observations
(Migita et al., 2008) by showing that ACL knockdown can cause
similar phenotypic changes in several genetic backgrounds
known to occur in NSCLC. These data point to two effects of
ACL deﬁciency: Increased differentiation as exempliﬁed by a
reversal of EMT and a decreased growth rate, with apoptosis
as the underlying mechanism. We also observed that
phosphorylation of Bad, a pro-apoptotic member of the Bcl-2
family member, is decreased in the ACL knockdown cells
(Fig. 1I). Bad is negatively regulated via phosphorylation (by
AKT), suggesting that the ACL deﬁcient state may be causing
apoptosis through inhibition of Bad function. Moreover, the fact
the ACL knockdown causes phenotypic changes in both K-Ras
activated (A549) cells and in cells with EGFR mutations (our
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H series of cells with presumably wild type K-Ras) suggests
that the mechanism(s) at play must act downstream of Ras
activation. Since Bad is an AKT target, these data suggest
that ACL knockdown may inhibit the PI3K/AKT pathway, a
hypothesis that is explored below. Note that the antiproliferative and apoptotic effects induced by ACL deﬁciency
were neither observed in normal lung epithelial cells (BEAS-2B),
nor were they seen in human endothelial cells (HUVEC) (Fig. 2).
In vitro effects of ACL deﬁciency are enhanced by
statin treatment

We hypothesized that a combination of statin treatment in the
context of ACL deﬁciency in NSCLC cells would exert
additional ‘‘anti-tumor’’ effects, perhaps by affecting multiple
intracellular pathways. We began by examining effects on cell
proliferation and apoptosis in vitro. Cell proliferation is
downregulated with statins, an effect that is accentuated in the
ACL deﬁcient condition (Fig. 1D). Apoptosis is also activated in
the ACL deﬁcient condition compared to control cells (A549,
H1650, and H1975) (Fig. 1G, H, I, J) and statin treatment
augments this effect (Fig. 1H).
Next we asked what role ROS may play in the phenotypic
effects noted with ACL knockdown. Incubation with H2O2
for 30 min did not affect control cells. However, in the ACL
knockdown cells, H2O2 induced more apoptosis, which was
further ampliﬁed with statin treatment (Fig. 1I). These data
suggest that oxidant stress can tip ACL knockdown cells

into apoptosis and that statin treatment magniﬁes this effect.
Of importance, these statin effects were neither observed in
normal lung epithelial cells (BEAS-2B) nor in human endothelial
cells (HUVEC) (Fig. 2), suggesting selectivity of these
treatments for tumor cells.
Synergistic effects on tumor growth of the ACL deﬁcient
condition and statin treatment

We hypothesized that the changes in cell growth and
differentiation noted in vitro would lead to altered tumor
growth and/or differentiation in vivo. A marked reduction of
tumor size generated by the ACL knockdown cells compared
to control cells was observed, an effect further augmented by
statin feeding (Fig. 3A). We repeated this in vivo experiment
with A549-luc cells. ACL knockdown A549-luc cells were
generated and we ﬁrst ascertained that they showed reduced
ACL expression to undetectable levels (data not shown). To
explore whether statin treatment might augment the effect of
ACL knockdown, we focused on two treatment arms: The ACL
knockdown cells and additional statin treatment. For this
experiment, we injected 1.3  107 cells instead of 0.5  107
cells, as used earlier. Statin therapy dramatically enhanced the
effects of ACL deﬁciency on tumor growth, even regressing
established tumors (Fig. 3B). Nine of 15 tumors regressed (data
not shown). In vivo tumor imaging data (Fig. 3C) show an
example of tumor regression in the ACL knockdown plus statin
treatment group.
Reversal of EMT and differentiation in ACL
knockdown tumors

Tumor histology indicated that signiﬁcant differentiation might
have occurred in the ACL knockdown tumor, as evidenced by
primitive glandular structures present as compared to their
absence in the control tumor (Fig. 3D). In support of this, we
found a marked increase in E-cadherin expression (Fig. 3E)
in ACL knockdown tumors, suggesting that the differentiation
caused by ACL inhibition is accompanied by reversal of EMT.
Mucin is a marker of type II pneumocyte differentiation and
A549 cells are thought to be derived from this cell type (Jarrard
et al., 1998; Koparal and Zeytinoglu, 2003). Mucin staining
in ACL knockdown tumors is markedly increased, further
suggesting that differentiation is induced in this condition
(Fig. 3F).
PI3K inhibition mimics the ACL deﬁcient condition

Fig. 2. Annexin assay for control and ACL knockdown lung
epithelial (BEAS-2B) and human umbilical vein endothelial cells
(HUVECs). Cells were treated with lovastatin at the indicated dose
for 48 h and analyzed for apoptosis. [Color ﬁgure can be seen in the
online version of this article, available at http://
wileyonlinelibrary.com/journal/jcp]
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We hypothesized that PI3K inhibition may affect A549 cells in a
manner similar to that of ACL inhibition and that ACL inhibition
may diminish PI3K/AKT signaling based on (a) the known effects
of inhibition of the PI3K/AKT pathway on the processes of
differentiation and apoptosis, (b) the observation by Thompson
et al. that ACL inhibition seemed to work best only in cells that
were glycolytic, an effect that is known to be mediated by AKT,
and (c) the effects of ACL inhibition on Bad phosphorylation,
an AKT target.
We found that treatment of control A549 cells with
wortmannin showed a similar phenotype to that of ACL
knockdown cells, namely, cobblestone morphology and an
appositional growth pattern (Fig. 4A). Western blot analysis for
E-cadherin indicates a dose-dependent increase of E-cadherin
expression (Fig. 4B). Wortmannin also induces apoptosis of
A549 cells in a dose dependent manner (Fig. 4C), data that is
similar to the ACL deﬁcient state. Similar data (not shown) was
obtained with another PI3K inhibitor, LY294002. Importantly,
apoptosis induction by PI3K inhibition was noted and it
was reverted by addition of catalase (Fig. 4C), suggesting
involvement of reactive oxygen species (ROS) in the induction
of apoptosis by PI3K inhibitors.
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AKT signaling is downregulated in the ACL
deﬁcient state

Given the above data, we hypothesized that ACL might dampen
PI3K/AKT signaling. Previous data demonstrated that AKT
can upregulate ACL activity through phosphorylation (Berwick

Fig. 4. PI3 kinase inhibitor mimics the ACL deﬁcient condition.
A: Cell morphology of control A549 cells treated with or without
wortmannin (1 mM) for 48 h. B: E-cadherin western blot analysis of
control A549 cells treated with the indicated amount of wortmannin
for 48 h. C: Apoptosis assay analysis of control A549 cells treated with
the indicated amount of wortmannin in the combination of with or
without catalase for 24 h. [Color ﬁgure can be seen in the online
version of this article, available at http://wileyonlinelibrary.com/
journal/jcp]

et al., 2002; Sale et al., 2006); here, we are postulating the
reverse, namely that decreased ACL might inhibit PI3K/AKT
signaling. We elected to ﬁrst evaluate the effects of ACL
inhibition on the phosphorylation status of AKT. The data in
Figure 5A shows that AKT phosphorylation at both threonine
308 and serine 473 is markedly diminished in the ACL
knockdown cells at baseline. To investigate the effects on
activation of the PI3K/AKT pathway in a more ‘‘dynamic’’
manner, we serum starved two cell lines (A549 and H1650) and
then refed them with serum (Fig. 5B, C). ACL knockdown cells
show diminished phosphorylation of AKT over time at both
phosphorylation sites.
Statin treatment downregulates the phosphorylation
of ACL and AKT

We speculated that statins may inhibit the PI3K/AKT pathway
as has been described in other cell types (Graaf et al., 2004;
Fig. 3. Xenograft tumor model. A: In vivo tumor growth of control
A549 cells and ACL knockdown cells, feeding with or without
lovastatin. Initial implanted cell number was 5 T 106. Error bar
represent standard deviation and M denotes P-value < 0.01 when
compared to control animal from the same day. B: In vivo tumor
growth of ACL knockdown cells feeding with or without lovastatin.
Initial implanted cell number was 13 T 106. Error bar represent
standard deviation and M denotes P-value < 0.01 when compared to
control animal from the same day. C: In vivo tumor imaging of control
A549 cells and ACL knockdown cells. Immunohistochemistry of in
vivo tumors. D: HE staining E: E-cadherin staining. F: Mucin staining.
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Fig. 5. Interception of PI3K/AKT signaling and MAPK signaling
by ACL knockdown. A: Western blot of AKT phosphorylation in
basal growth state (A549 cells). Densitometric quantiﬁcation of
phosphoblots (% of control) of AKT 308 and AKT 473 are shown on the
right. Each band was scanned and subjected to densitometry. Each
intensity of phospho AKT protein relative to the mean value of AKT1
and AKT2 were compared to control. M denotes P-value < 0.01 when
compared to control. B: Left panel: Phosphorylation of AKT and
MAPK in control and ACL KD cells after serum starved and serum
refeeding (A549 cells). Right panel: Densitometric quantiﬁcation
of phosphoblots of AKT 308, AKT 473, and pERK is shown as a %
of maximum value. Each band was scanned and subjected to
densitometry. Each intensity of phospho AKT protein relative to the
mean value of AKT1 and AKT2 or ERK was measured. C: AKT and
MAPK phosphorylation in control and ACL KD cells after serum
starvation (0.5%) and serum refeeding (H1650).

Mistafa and Stenius, 2009). As shown in Figure 6A, statin
treatment of ACL knockdown A549 cells, but not control A549
cells, caused dephosphorylation at threonine 308 and serine
473 in AKT in a time dependent manner, indicating that the
PI3K/AKT pathway is impacted most dramatically by ACL
inhibition in combination with statin treatment. In order to
more fully assess the effects of statin alone on A549 cells, we
treated the cells with statin for a longer time (6 h) and used
various statin concentrations (Fig. 6B). These data indicate that
statin treatment can diminish the amount of pAKT 308 and
pAKT 473 in a dose dependent manner. We also observed that
statin downregulated cyclin D1 expression, a target of the PI3K/
AKT pathway (Yu et al., 2001; Hulit et al., 2004). Disruption of
cyclin D1 can cause cell cycle arrest, apoptosis, and
differentiation. Interestingly, statin downregulated ACL
phosphorylation, an effect that could be secondary to its
effects on AKT. Statin treatment alone had a small effect on
the phosphorylation state of MAPK (Fig. 6B) after 6 h of
treatment.
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Fig. 6. In vitro synergystic effects of lovastatin and ACL KD. A: AKT
phosphorylation with statin treatment (1 mM) at the indicated
incubation time. The value of densitometric quantiﬁcation of
phosphoblots (% of maximum value) are below each blot. B: AKT and
MAPK phosphorylation of ACL control A549 cells are statin dose
dependent after 6 h of incubation. Values of densitometric
quantiﬁcation of phosphoblots (% of maximum value) are below
each blot. C: AKT phosphorylation with statin (1 mM) preincubation
followed by serum starving and EGF supplementation. Values of
densitometric quantiﬁcation of phosphoblots (% of maximum value)
are below each blot.

ACL inhibition plus statin treatment impacts MAPK
activation

We examined the effects of ACL inhibition plus statin
treatment on both PI3K/AKT and MAPK pathways. We
pretreated cells with lovastatin for 48 h, serum starved them,
and then provided EGF supplementation (Fig. 6C). AKT
phosphorylation was downregulated more by ACL inhibition
plus statin treatment compared to ACL inhibition alone.
Under these conditions, we noted markedly diminished
phosphorylation of ERK by ACL inhibition in combination with
statin treatment.
Generation of a tet-inducible ACL knockdown cell line

We also established a tet-inducible ACL knockdown system
and used this system to conﬁrm our observations made with
the permanent ACL knockdown cells.
To validate our system, we ﬁrst showed that ACL expression
was decreased in a doxycycline dose-dependent manner.
Paralleling this, we found upregulation of E-cadherin (Fig. 7A).
Also, phospho-AKT and phospho S6 protein were decreased in
parallel with this decrease of ACL levels (Fig. 7A). We noted
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Citrate enhances the effects of ACL deﬁcient condition

In the ACL knockdown cells, cytosolic citrate might be
expected to increase. We hypothesized that this accumulation
might be important for the ACL knockdown phenotype. If true,
exogenous citrate supplementation might augment the effects
on AKT phosphorylation induced in the ACL knockdown state.
In A549 cells, Na-citrate supplementation caused a slight
downregulation of AKT phosphorylation at both AKT 308
and 473 sites. These effects were more dramatic in ACL
downregulated cells at the AKT 473 site (Fig. 8C). Next, we
examined the effects of citrate on apoptosis induced by ACL
knockdown (Fig. 8D). Citrate supplementation caused
increased apoptosis in the A549 cells and induced more
apoptosis in the ACL knockdown cells.
Ras distribution is unchanged in the ACL deﬁcient state

Fig. 7. Doxycycline inducible ACL shRNA A549 cell system. A: Left
panel: Doxycycline dose dependently leads to ACL knockdown. Right
panel: Densitometric quantiﬁcation of phosphoblots (% of maximum
value) of AKT 308, AKT 473, S6 protein, and pERK is shown. Each
band was scanned and subjected to densitometry. Each intensity
of phospho protein relative to total AKT, S6 protein, or ERK was
compared and shown as % of maximum value. Error bars represent
standard deviation and M denotes P-value < 0.01 when compared to
each control condition (doxycycline 0 mg/ml). B: Apoptosis assay of
statin treated doxycycline inducible ACL shRNA A549 cells.

minimal downregulation of ERK phosphorylation under the
same conditions (Fig. 7A). We also conﬁrmed that statin
treatment ampliﬁes the apoptotic effect of the ACL knockdown
state (Fig. 7B). These data suggest that the effects seen
with permanent ACL knockdown are not due to long-term
adaptation of the cells but occur rapidly in response to ACL
knockdown.
Acetate partially rescues the effects of the ACL
deﬁcient condition

The ACL knockdown state limits acetyl CoA synthesis from
citrate in the cytoplasm. Acetate is the other source of
cytoplasmic acetyl CoA, which is synthesized by the ACAS II
enzyme. If cytoplasmic acetyl CoA depletion is the mechanism
by which ACL knockdown is working, we might expect that
supplementation with acetate would rescue the ACL
knockdown phenotype. This was found to be the case for
rescue of ACL function as it relates to histone acetylation
(Wellen et al., 2009). We examined AKT phosphorylation using
the tet (doxycycline) inducible ACL knockdown system with or
without Na-acetate (Fig. 8A). The downregulated
phosphorylation state of AKT 473 induced by ACL knockdown
was clearly reversed by Na-acetate supplementation in a dose
dependent manner. However, phosphorylation of AKT at
residue 308 was not rescued. We also assessed apoptosis. Naacetate supplementation partially rescued apoptosis induced by
ACL knockdown (Fig. 8B).
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To begin to deﬁne the point of intersection in the PI3K/AKT
pathway that ACL knockdown impacts, we tested ras protein
distribution in control and ACL knockdown cells (Fig. 9). Our
goal was to eliminate the possibility that ACL knockdown leads
to decreased production of mevalonate, which is necessary for
ras prenylation. We isolated cytosolic and membrane fractions
for each condition and analyzed these by western blotting.
There was no signiﬁcant change in ras distribution between
control and ACL knockdown cells. Statin, as expected, slightly
reduced membrane-localized ras, likely due to inhibition of ras
prenylation. These data suggest that ACL knockdown does not
affect PI3K/AKT signaling by diminishing ras targeting to the
membrane through inhibition of ras prenylation. It is therefore
likely that the effects of ACL knockdown on the PI3K/AKT
pathway occur downstream of ras and studies are in progress
to deﬁne this. These data are also consistent with the fact that
the MAPK pathway was unaffected by ACL knockdown and
consistent with the inability of mevalonate to rescue the
phenotype of the ACL deﬁcient state.
Discussion

The ACL deﬁcient condition has been reported to cause
differentiation and apoptosis, leading to anti-tumor effects. The
novel ﬁndings of this study are: (1) The ACL deﬁcient state
downregulates PI3K/AKT signaling in several different genetic
backgrounds found in NSCLC cells, (2) ACL deﬁciency
upregulates E-cadherin expression and impacts Bad
phosphorylation likely contributing to MET and apoptosis,
respectively, (3) a combination of ACL deﬁciency with statin
treatment shows synergistic anti-tumor effects in vitro and in
vivo, (4) statins downregulate ACL phosphorylation, (5) the
ACL deﬁcient state in combination with statin treatment
downregulates both the PI3K/AKT and the MAPK pathways,
(6) the anti-tumor effects of ACL deﬁcient state are partially
rescued by acetate and enhanced with citrate treatment.
ACL deﬁciency leads to interception of PI3K/AKT
signaling

In the ACL deﬁcient condition, Bad, a pro-apoptotic protein, is
inactivated by phosphorylation. This factor is a target of PI3K/
AKT signaling via NFkB and AKT respectively. Moreover, PI3K
inhibitors mimic the phenotype of ACL inhibition
(differentiation and apoptosis). These data led us to hypothesize
that ACL inhibition may intercept PI3K/AKT signaling.
AKT activation is a multistep process involving both
membrane translocation and phosphorylation. The pleckstrin
homology domain of the AKT kinases has afﬁnity for the 30 phosphorylated phosphoinositides 3,4,5-triphosphate (PI 3,4,5P3) produced by PI3K. Phospholipid binding triggers the
translocation of AKT kinases to the plasma membrane. Upon
membrane localization, AKT molecules are phosphorylated
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Fig. 8. Effects of acetate and citrate on the ACL knockdown phenotype. A: Na-acetate treatment in the doxycycline (1 mg/ml) inducible ACL
shRNA A549 cell system rescues AKT phosphorylation. Values of densitometric quantiﬁcation of phosphoblots (% of maximum value) are below
each blot. B: Apoptosis assay following Na-acetate treatment in the doxycycline inducible ACL shRNA A549 cell system. C: Na-citrate treatment
of doxycycline inducible ACL shRNA A549 cells diminishes Akt phosporylation. Values of densitometric quantiﬁcation of phosphoblots (% of
maximum value) are below each blot. D: Apoptosis assay for Na-citrate treatment in the doxycycline inducible ACL shRNA A549 cell system.
[Color ﬁgure can be seen in the online version of this article, available at http://wileyonlinelibrary.com/journal/jcp]

at threonine 308 (Thr-308) in the kinase activation loop and
serine 473 (Ser-308) in the carboxyl-terminal tail. Thr-308
phosphorylation is necessary for AKT activation, and Ser-473
phosphorylation is required for maximal activity.
Phosphorylation on these residues is induced by growth
factors, such as EGF (Cook et al., 1993), and serum, probably
due to LPA (Cook et al., 1993; Yart et al., 2002), and inhibited by
the PI3K inhibitor (LY294002 and wortmannin). Indeed, the
kinase responsible for Thr-308 phosphorylation, PDK1 (3phosphoinositide-dependent kinase) is activated by the PI3K
lipid product PI-3,4,5-P3 and phosphorylates Thr-308 in AKT
upon PI3K activation by recognizing PI-3,4,5-P3. The identity of
PDK2, the kinase(s) responsible for Ser-473 phosphorylation,
is controversial. mTOR complex-2 (mTORC2) has been
identiﬁed as the physiological PDK2 kinase (Sarbassov et al.,
2005), and this fact is generally accepted in the ﬁeld (Franke,
2008).
We observed that ACL inhibition diminished PI3K/AKT
signaling at basal conditions in cell culture and during activation
JOURNAL OF CELLULAR PHYSIOLOGY

of this pathway following serum starvation and refeeding or
EGF supplementation. Importantly, the effects of ACL
inhibition on MAPK signaling were small.
Identiﬁcation of the point in the PI3K/AKT signaling pathway
that is affected by ACL knockdown is important for
understanding the mechanism by which ACL inhibition leads
to the changes in cell phenotype. We are currently examining
this issue and considering various possibilities: The point of
interception might be at level of a growth factor receptor, or at
PI3K, PTEN, PDK1, or at AKT itself (action of a phosphatase).
We have eliminated ras as a central point for ACL action. We
have recently been able to show that ACL inhibition in a breast
cancer cell line can alter the phenotype of cells deﬁcient
in PTEN and in cells in which the p110a catalytic unit is
constitutively activated (data not shown), suggesting that the
intersection point is either at PDK-1 or at AKT. Interestingly,
AKT and ACL are part of a complex and AKT phosphorylates
ACL (Berwick et al., 2002; Sale et al., 2006), which in turn is
thought to induce its allosteric activation (Towle et al., 1997).
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negatively regulated by phosphorylation. Phosphorylated Bad
associates with the 14-3-3 protein and is unable to activate proapoptotic members such as Bax and Bak. Bad is know to be
phosphorylated by PI3K/AKT signaling and interception of this
pathway by ACL knockdown could be the mechanism
underlying the downregulation of Bad phosphorylation noted
in ACL deﬁciency. These data also suggest that the intrinsic
apoptosis pathway contributes to apoptosis caused by ACL
deﬁciency.
Anti-tumor effects of ACL deﬁciency in vivo and
enhanced effects with statin treatment

Fig. 9. Ras localization under ACL knockdown and statin treatment
conditions. The cytosolic and membrane fractions from each cell
lysate were analyzed for ras expression.

ACL deﬁciency causes tumor differentiation and MET

We found that ACL inhibition leads to differentiation and
mesenchymal–epithelial transition (MET) in vivo and in vitro
(Figs. 1B, C, D and 3E). Tumors from vector control cells were
poorly differentiated and exhibited a disorganized cellular
architecture. In contrast, tumors from ACL knockdown A549
cells displayed a more differentiated morphology marked by the
presence of glandular structures bearing central lumens and
intracytoplasmic and intraluminal mucin expression, suggesting
differentiated respiratory epithelium. This indicates that ACL
deﬁcient state in vivo and in vitro shows an increased tendency
toward epithelial cell differentiation. MET is characterized by
the increase of epithelial markers and decrease of mesenchymal
markers, as well as morphological change from a spindle cell
phenotype to a cobblestone-like structure. Increased Ecadherin protein expression (and relocalization to the cell
membrane) is a key feature of this transition, which is regulated
tightly at transcriptional, post-translational, and protein stability
levels.
ACL deﬁciency causes apoptosis involving the intrinsic
pathway

There are two major signaling pathways causing apoptosis, the
extrinsic death receptor mediated pathway, and the intrinsic
mitochondria mediated pathway. The extrinsic pathway is
initiated by ligation of transmembrane death receptors (Fas,
TNF receptor, and TRAIL receptor) with their respective
ligands (FasL, TNF, and TRAIL) to activate membrane-proximal
caspases (caspase-8 and -10), which in turn cleave and activate
effector caspases such as caspase-3 and -7. The intrinsic
pathway requires disruption of the mitochondrial membrane
and the release of cytochrome c, which works together with the
other two cytosolic protein factors, Apaf-1 (apoptotic protease
activating factor-1), and procaspase-9, to promote the assembly
of a caspase-activating complex, which in return induces
activation of caspase-9 and thereby initiates the apoptotic
caspase cascade (Reed, 1994; Korsmeyer, 1995; Thornberry
and Lazebnik, 1998; Wajant, 2002; Scorrano and Korsmeyer,
2003; Ghobrial et al., 2005). We found that phosphorylation
of Bad protein, a pro-apoptotic member of the Bcl-2 family
member, is decreased in ACL knockdown cells. Bad is
JOURNAL OF CELLULAR PHYSIOLOGY

Statins can induce differentiation, affect tumor growth (via
enhanced apoptosis and cell cycle arrest) and also affect the
tumor microenvironment, inﬂuencing both angiogenesis and
immune regulation (Tregs) (Meier et al., 2008). Multiple
signaling pathways mediating these effects have been described
(Graaf et al., 2004).
These effects are seen at various doses. Growth arrest and
apoptosis occur in vitro at lovastatin concentrations ranging
from 0.1 to 100 mM depending on the cell line used. A phase I
trial revealed that administration of lovastatin in doses from 2 to
25 mg/kg daily results in drug plasma concentrations ranging
between 0.1 and 3.9 mM (Thibault et al., 1996). These ﬁndings
indicate that lovastatin induced anti-proliferative and
proapoptotic effects occur at levels that are therapeutically
achievable. However, statin monotherapy does not seem to
impact clinical progression of cancer in humans and trials have
been disappointing. Thus, combination therapies would be
reasonable to consider. Indeed, synergistic effects of the
combined use of statins with numerous drugs have been
reported in preclinical studies both in vitro and in vivo. These
drugs include Cox-2 inhibitors, tocotrienols, PPARg agonists,
bisphosphonates, and various chemotherapeutic drugs
(cisplatin (Agarwal et al., 1999; Fromigue et al., 2008), 5-FU
(Ahn et al., 2008), gemcitabine (Bocci et al., 2005), and paclitaxel
(de Souza et al., 1997)). Also, statins can act as radiation
sensitizers (Fritz et al., 2003).
Our tumor data show that statin treatment alone inhibits
tumor growth and this effect is more dramatic in ACL
knockdown cells (Fig. 3A, B). Interestingly, in contrast to the in
vitro data which show that statin treatment of ACL knockdown
cells does not diminish cell number, in vivo, we found that some
tumors regressed. We repeated this in vivo experiment with
A549-luc cells, focusing attention on only two treatment arms:
The ACL knockdown cells and statin treatment of these tumors
(Fig. 3B). These in vivo regression data are rather striking: Many
mechanisms may be at play to explain why the in vivo data
contrast to the modest effects seen in vitro. Studies to assess
effects on the tumor microenvironment including angiogenesis
and stromal responses are in progress. For example, one could
speculate that since HIFs are downstream targets of the PI3K/
AKT pathway, HIF expression may be reduced by ACL
knockdown and that this in turn could impact a number of wellknown HIF targets such as VEGF, thus affecting angiogenesis.
To elucidate some of the mechanisms by which statins might
be enhancing the effects of ACL knockdown, we assessed the
impact on PI3K/AKT and MAPK signaling. As shown in
Figure 6A, B, statin treatment diminished AKT phosphorylation
in a time and dose dependent manner and the effect was more
dramatic in the ACL deﬁcient state. However, we observed
only slight downregulation of ERK phosporylation after 6 h
of statin treatment. We examined the effects of long term
treatment with statin on MAPK signaling. As shown in
Figure 6C, a 24 h incubation with statin caused obvious
downregulation of MAPK phosphorylation in the ACL deﬁcient
state comparing to control A549 cells, suggesting that the
combination of ACL inhibition and statin treatment diminished
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both PI3K/AKT signaling and MAPK pathway. These data may
explain the signiﬁcant anti-tumor effects of this combination in
vivo. Indeed both pathways are activated in A549 cells, since
they contain K-ras activating mutation in an LKB1 deﬁcient
background. PI3K/AKT and MAPK signaling are two of the most
important signaling cascades dysregulated in cancers (Grant,
2008). Moreover, inhibition of PI3K signaling at the level of
mTORC1 has been shown to activate a feedback loop in RasMAPK signaling through an S6K1 and PI3K-dependent process.
Thus, dual blockade of PI3K and MAPK signaling is often
required to obtain substantial anti-tumor effects both in vitro
and in vivo (Carracedo et al., 2008; Kinkade et al., 2008). Indeed
such dual blockade is effective in several cancer models,
including breast cancer (Ripple et al., 2005; Mirzoeva et al.,
2009), melanoma (Merighi et al., 2005; Matsuoka et al., 2009),
leukemia (Champelovier et al., 2008), ovarian carcinoma
(Kawaguchi et al., 2007), mesothelioma (Cole et al., 2006),
Ewing sarcoma (Yamamoto et al., 2009), and in lung cancer,
where an engineered mouse lung tumor was driven by mutant
K-ras (Engelman et al., 2008).
Interestingly, statin treatment also diminished ACL
phosphorylation (Fig. 6B), indicating that statin itself can exert
inhibitory effects on ACL function. Whether this is dependent
on inhibition of the PI3K/AKT pathway or independent of it
remains to be ascertained.
Our observations have clinical relevance. As noted, cancer
trials with statins have been unimpressive and it is unlikely that
the use of ACL inhibitors alone would produce more than a
cytostatic response. A combination of the type described here,
potentially in conjunction with traditional chemotherapies or
ideally with targeted therapies used for NSCLC (such as EGFR
inhibitors for tumors with EGFR mutations and wild type K-ras)
might produce additional beneﬁt. Also, as noted above, the
concentration of statin used in our in vitro studies has been
achieved in clinical trials (Thibault et al., 1996).
Anti-tumor effects of ACL deﬁcient state is partially
diminished by acetate and enhanced by citrate
treatment

Since acetyl-CoA cannot move freely from mitochondria to
cytosol, mitochondrially derived citrate is transported into the
cytosol where it is cleaved by ACL and cytosolic acetyl-CoA is
produced. Cytosolic acetyl-CoA is the requisite building block
for endogenous synthesis of fatty acids, cholesterol and
isoprenoids as well as for acetylation reactions that modify
proteins. Therefore, ACL is located upstream of the other
lipogenic enzymes and connects glucose metabolism (a way of
generating acetyl CoA) and lipogenesis (Hatzivassiliou et al.,
2005). ACL inhibition should result in the cytosolic
accumulation of citrate, and diminished production of acetate.
Acetate treatment partially diminished the anti-tumor effects of
ACL deﬁcient state, suggesting the amount of cytosolic acetylCoA might be important for the anti-tumor effects of the ACL
deﬁcient condition. How the diminished acetyl CoA or the
potentially increased citrate leads to inhibition of PI3K/AKT
signaling is not understood but it is conceivable that these
molecules interact with a member of the PI3K/AKT signaling
pathway and modify kinase activity of one or more of its
members.
In summary, we have shown that combination of both ACL
knockdown and statin treatment diminishes tumor growth in
vivo and in vitro, through inhibiting both PI3K and MAPK signals,
two major survival pathways for cancer cells. The effects in vivo
are more impressive than in vitro, suggesting that this
combination may have additional effects on the tumor
microenvironment. We have shown that ACL blockade can
impact both K-ras mutant and EGFR mutant lung cancer cell
lines. Our studies in a tet-inducible ACL knockdown system
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corroborate these ﬁndings. The precise mechanisms underlying
ACL knockdown induced apoptosis and differentiation are
being elucidated and the point of interception in PI3K/AKT
pathway at which ACL knockdown acts is the subject of ongoing
studies. Indeed, the regulation of PI3K/AKT signaling by ACL
may represent a way of synchronizing nucleotide, lipid and
protein synthesis. The latter is known to be stimulated by
mTORC1, and former is enhanced by increased glycolysis due
to AKT activation and increasing ﬂux through the pentose
phosphate pathway. Thus, our studies point to a deep
connection between metabolic and canonical signaling
pathways and suggest that each can impact the other.
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