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Abstract

Increased de novo lipogenesis is one of the major metabolic events in cancer. In human hepatocellular carcinoma
(HCC), de novo lipogenesis has been found to be increased and associated with the activation of AKT/mTOR
signaling. In mice, overexpression of an activated form of AKT results in increased lipogenesis and hepatic steatosis,
ultimately leading to liver tumor development. Hepatocarcinogenesis is dramatically accelerated when AKT is co-
expressed with an oncogenic form of N-Ras. SCD1, the major isoform of stearoyl-CoA desaturases, catalyzing the
conversion of saturated fatty acids (SFA) into monounsaturated fatty acids (MUFA), is a key enzyme involved in de
novo lipogenesis. While many studies demonstrated the requirement of SCD1 for tumor cell growth in vitro, whether
SCD1 is necessary for tumor development in vivo has not been previously investigated. Here, we show that genetic
ablation of SCD1 neither inhibits lipogenesis and hepatic steatosis in AKT-overexpressing mice nor affects liver
tumor development in mice co-expressing AKT and Ras oncogenes. Molecular analysis showed that SCD2 was
strongly upregulated in liver tumors from AKT/Ras injected SCD1-/- mice. Noticeably, concomitant silencing of SCD1
and SCD2 genes was highly detrimental for the growth of AKT/Ras cells in vitro. Altogether, our study provides the
evidence, for the first time, that SCD1 expression is dispensable for AKT/mTOR-dependent hepatic steatosis and
AKT/Ras-induced hepatocarcinogenesis in mice. Complete inhibition of stearoyl-CoA desaturase activity may be
required to efficiently suppress liver tumor development.
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Introduction

Hepatocellular carcinoma (HCC) is the fifth most common
cancer worldwide [1]. HCC is generally a fatal disease.
Treatment options for HCC are limited and generally ineffective
[2-4]. Therefore, the investigation of the molecular
pathogenesis of HCC is necessary for the development of new
targeted therapies against this deadly disease.

Accumulating evidence indicates that metabolic imbalance is
one of the hallmarks of cancer [5,6]. In particular, aberrant lipid
metabolism in the form of increased de novo fatty acid

synthesis is an important feature of malignant transformation
and tumor progression [7,8]. Indeed, rapidly-proliferating
cancer cells often display a robust program of fatty acid
synthesis that is necessary to fuel membrane production and
lipid-based post-translational modifications [7,8].

One key regulator of the fatty acid composition of cellular
lipids is Stearoyl-CoA desaturase (SCD), also known as fatty
acyl-CoA delta-9 desaturase. SCD catalyzes the introduction of
the first double bond in the cis-delta-9 position of several
saturated fatty (SFA) acyl-CoAs, principally palmitoyl-CoA and
stearoyl-CoA, to yield monounsaturated fatty acid (MUFA),
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palmitoleic acid (16:1), and oleic acid (18:1), respectively [9]. In
the mouse, four SCD isoforms (SCD1-SCD4) have been
identified, whereas in humans only two genes (SCD1 and
SCD5) have been isolated, with human SCD1 being co-
orthologous to the four murine genes [10]. Recent studies
suggest that SCD1 plays critical role(s) along malignant
transformation and tumor cell growth both in humans and
rodents [11]. For instance, SCD1 upregulation has been
detected in breast, prostate, colon, and esophageal cancers
[12], with elevated levels of SCD1 being associated to poor
prognosis in breast cancer patients [13]. In addition, silencing
of SCD1 expression restrained the growth and promoted
apoptosis of prostate and colon cancer cells [14]. Furthermore,
depletion of SCD1 inhibited oncogene induced malignant
transformation of human primary fibroblasts [15]. However,
virtually all the functional studies on SCD1 were performed in
vitro using tumor cell lines. Thus, it remains unknown whether
SCD1 expression is required for tumor development and
progression in vivo.

The v-akt murine thymoma viral oncogene homolog (AKT)/
mammalian target of Rapamycin (mTOR) pathway is a central
regulator of multiple cellular processes, including metabolism,
growth, proliferation, and survival. Recent studies identified the
AKT/mTOR signaling cascade as the central regulator of lipid
homeostasis, including de novo lipogenesis [15]. Specifically,
sterol regulatory element-binding proteins (SREBPs), the major
transcriptional factors in regulating fatty acid synthesis, are
pivotal effectors downstream of mTOR complex 1 (mTORC1)
[16,17,18]. In the liver, it has been previously shown that
overexpression of an activated form of AKT leads to increased
de novo lipogenesis and hepatic steatosis via the mTORC1/
SREBP1 pathway [19]. Rapid liver tumor formation is observed
when AKT is co-expressed with the oncogenic form of N-Ras in
mice, which will be referred to as AKT/Ras tumor model in this
study [20]. Of note, preneoplastic and neoplastic liver cells from
AKT/Ras mice display elevated de novo lipogenesis,
associated with intracellular lipid accumulation and strong
activation lipogenic pathway genes, including SCD1 [20].

In the present investigation, we assessed the functional
contribution of SCD1 in vivo both on hepatic steatosis driven by
AKT/mTOR and liver cancer development induced by AKT/Ras
co-expression. Our results indicate that SCD1 is not essential
for AKT/mTOR-dependent hepatic steatosis and AKT/Ras-
induced hepatocarcinogenesis in mice.

Materials and Methods

Ethics Statement
Mice were housed, fed, and monitored in accordance with

protocols approved by the committee for animal research at the
University of California, San Francisco (IACUC approval
number: AN087765). Mice were monitored closely for liver
tumor development. Mice with noticeable swelling abdominal
mass or with a body condition score 2 or less were euthanized
by carbon dioxide inhalation followed by cervical dislocation
according to the approved IACUC protocol.

Constructs
All the constructs, including pT3-Caggs-RasV12, pT3-EF1a-

myr-AKT and pCMV/sleeping beauty transposase (SB) used
for mouse injection were previously described [20,21].
Plasmids were purified using the Endotoxin-free Maxiprep kit
(Sigma, St. Louis, MO).

Hydrodynamic injection and mouse monitoring
SCD1+/- mice [22] were purchased from the Jackson

Laboratory (Stock number: 006201). SCD1+/- mice were back-
crossed with wild-type FVB/N mice for at least five generations.
After back-crossing, the SCD1+/- mice were then inter-crossed
to obtain SCD1-/- mice as well as control wild-type littermates.
Genotyping was performed by polymerase chain reaction
(PCR) on genomic DNA from tail clips as described by the
Jackson Laboratory. Hydrodynamic gene delivery was
performed as described previously [23,24]. Briefly, 10µg of the
plasmids encoding myr-AKT and/or RasV12 gene along with
sleeping beauty transposase in a ratio of 25:1 were diluted in 2
ml saline (0.9% NaCl) for each mouse. Saline solution was
filtered through a 0.22 µm filter and injected into the lateral tail
vein of 6 to 8-week-old mice in 5–7 seconds.

Immunohistochemical staining
Liver tissues were fixed in 4% paraformaldehyde overnight at

4°C and embedded in paraffin. Antigen retrieval was performed
in 10 mM sodium citrate buffer (pH 6.0) by placement in a
microwave on high for 10 min, followed by a 20-min cool down
at room temperature. After a blocking step with the 5% goat
serum and Avidin-Biotin blocking kit (Vector Laboratories,
Burlingame, CA), the slides were incubated with primary
antibodies overnight at 4°C. Slides were then subjected to 3%
hydrogen peroxide for 10 min to quench endogenous
peroxidase activity and subsequently the biotin conjugated
secondary antibody was applied at a 1:400 dilution for 30 min
at room temperature. Anti-SCD1, FASN, HA, p-AKT, p-ERK, p-
mTOR and p-RPS6 antibodies were all obtained from Cell
Signaling Technology Inc. Detection was performed with the
ABC-Elite peroxidase kit (Vector Laboratories) by using the
DAB substrate kit (Dakocytomation).

Oil-Red-O staining
The Oil Red O staining was performed with the Oil Red O

stain kit (American MasterTech), according to the
manufacturer’s protocol. ImageJ software was used for
quantification of Oil Red O positive area as percentage of
threshold area.

Western blotting
Liver tissues and HCC cells were processed as previously

reported [22]. Nitrocellulose membranes were probed with
specific primary antibodies followed by horseradish peroxidase
secondary antibodies (Jackson ImmunoResearch Laboratories
Inc., West Grove, PA). β-actin was used as a loading control
and proteins were revealed with the Super Signal West Pico
(Pierce Chemical Co., New York, NY). Anti-SCD1, FASN, AKT,
p-AKT, ERK1/2, p-ERK1/2, RPS6, and p-RPS6 antibodies
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were purchased from Cell Signaling Technology; anti-SCD2
and β-actin antibodies were purchased from Santa Cruz
Biotechnology.

Quantitative reverse transcription-polymerase chain
reaction (qRT-PCR)

Primers for mouse SCD1, SCD2, SCD3, SCD4,
and RNR-18 genes were purchased from Applied Biosystems
(Foster City, CA). PCR reactions were performed with 100 ng
of cDNA from each mouse sample and the AKT/Ras cell line,
using an ABI Prism 7000 Sequence Detection System and
TaqMan Universal PCR Master Mix (Applied Biosystems).
Cycling conditions were: 10 min of denaturation at 95°C and 40
cycles at 95°C for 15 s and at 60°C for 1 min. Quantitative
values were calculated by using the PE Biosystems Analysis
software and expressed as N target (NT). NT = 2-ΔCt, wherein
ΔCt value of each sample was calculated by subtracting the
average Ct value of the target gene from the average Ct value
of the RNR-18 gene.

Lipid analysis
Lipid analysis was performed by the MMPC core at

Vanderbilt University. In brief, lipids were extracted using the
method of Folch-Lees [25]. Triglycerides and cholesteryl esters
were scraped from the plates and methylated using BF3/
methanol as described by Morrison and Smith [26]. Methylated
fatty acids were extracted and analyzed by gas
chromatography. Gas chromatographic analyses were carried
out on an Agilent 7890A gas chromatograph equipped with
flame ionization detectors, a capillary column (SP2380, 0.25
mm x 30 m, 0.25 µm film; Supelco, Bellefonte, PA). Helium was
used as a carrier gas. The oven temperature was programmed
from 160 °C to 230 °C at 4 °C/min. Fatty acid methyl esters
were identified by comparing the retention times to those of
known standards. Inclusion of lipid standards with odd chain
fatty acids permitted quantitation of the amount of lipid in the
sample. Dipentadecanoyl phosphatidylcholine (C15: 0),
diheptadecanoin (C17: 0), trieicosenoin (C20: 1), and
cholesteryl eicosenoate (C20: 1) were used as standards.

Cell line and Treatments
The primary AKT/Ras HCC cell line, isolated from a HCC

developed in an AKT/Ras mouse, was previously described
[19]. The cell line was maintained as monolayer culture in
Dulbecco’s modified Eagle medium supplemented with 10%
fetal bovine serum. 2.0 x 103cells were plated per well in 96-
well plate and grown for 12 h. For silencing experiments, the
AKT/Ras cell line was then serum deprived for 24 h and treated
with small interfering RNA (siRNA) against SCD1 and/or SCD2
genes (Santa Cruz Biotechnology) according to the
manufacturer’s recommendations, and incubated for 24 and 48
hours. To assess cell proliferation, AKT/Ras cells were plated
at the concentration of 2.0 x 103/well in 96-well plates, allowed
to attach and adjust for the next 12 hours (which corresponds
to the 0 hour time point in our graphs), and grown for the
additional 24 and 48 hours. The proliferation was assessed at
these three time points (0, 24, and 48 hours) with the BrdU Cell
Proliferation Assay Kit (Cell Signaling Technology) by

measuring the absorbance at 450 nm following the
manufacturer’s protocol. To measure apoptosis, HCC cell lines
were plated at the concentration of 2.0 x 103 /well in 96-well
plates, incubated for 12 hours, and then subjected to 24-hour
serum deprivation (which corresponded to the 0 hour time point
in the apoptosis graphs). Apoptosis was assessed at three time
points (0, 24, and 48 hours) with the Cell Death Detection Elisa
Plus Kit (Roche Molecular Biochemicals, Indianapolis, IN) by
measuring the absorbance at 405 nm, following the
manufacturer’s instructions.

Statistical analysis
Student’s t and Tukey–Kramer tests were used to evaluate

statistical significance. Values of P <0.05 were considered
significant. Data are expressed as mean ± SD.

Results

Ablation of SCD1 does not inhibit AKT induced hepatic
steatosis

Previously, we found that overexpression in the mouse liver
of a myristoylated/activated form of AKT1 (myr-AKT1 with C-
terminal HA tag), which will be here referred to as AKT, leads
to extensive hepatic steatosis and increased expression of
enzymes of the lipogenic pathway, such as FASN, ACAC,
ACLY, and SCD1 [19]. To investigate the role of SCD1 in AKT
induced hepatic steatosis, we generated SCD1 KO mice by
breeding SCD1+/- mice in the FVB/N background. SCD1-/- mice
were born as expected ratio. They exhibited cutaneous
abnormalities and narrow eye fissures, consistent with the
phenotype previously described for these mice [22]. Next, we
hydrodynamically injected AKT into SCD1-/- and SCD1+/+ mice.
Mice were euthanized 3 weeks post injection. Grossly, liver
appeared to be pale and spotty in both SCD1-/- and SCD1+/+

mice (Figure 1A). Histological analysis revealed extensive
steatosis with balloon-like lipid-storing hepatocytes, scattered
throughout the liver regardless of SCD1 status (Figure 1B). Oil-
Red-O staining further demonstrated extensive lipid droplet
formation in the liver of SCD1-/- and SCD1+/+ mice (Figure 1C).
Quantification of Oil-Red-O staining demonstrated no
significant difference in lipid content between the two mouse
strains (% Threshold Area: 13.88±2.43% in SCD1+/+ mice; and
13.45±2.05% SCD1-/- mice). The expression of ectopically
injected AKT was successfully identified in the altered
hepatocytes via HA or p-AKT immunostaining (Figure 1D and
E).

Altogether, our results suggest that SCD1 expression is not
essential for AKT induced hepatic steatosis.

AKT/Ras induces liver cancer formation in SCD1 null
mice

Next, we investigated whether SCD1 is required for AKT/Ras
induced liver cancer development. For this purpose, we co-
injected myr-AKT1 and NRasV12 into SCD1-/- and SCD1+/+

mice. We found that forced overexpression of AKT and Ras
oncogenes synergized to promote liver tumor formation in both
SCD1+/+ and SCD1-/- mice (Table 1 and Figure 2A and B).

SCD1 in AKT/Ras Induced Liver Cancer Formation
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Specifically, large tumors developed in both strains of mice and
mice needed to be euthanized between 5 to 7 weeks post-
injection (Table 1 and Figure 2C). Histological evaluation of the
liver tissue showed that preneoplastic lesions and tumors
occupied almost completely the liver parenchyma (Figure 2B).
In accordance with our previous study [22], numerous frankly
malignant tumors, mostly pure HCC and, to a lesser degree,
mixed hepatocellular/cholangiocellular or pure cholangiocellular
carcinomas developed (Figure 2B) in both SCD1-/- and SCD1+/+

mice. No statistical differences between SCD1-/- and SCD1+/+

mice were detected as concerns liver weight (Table 1),
proliferation (25.8 ± 4.6 vs. 23.6 ± 5.6, respectively; P=0.2),
and apoptosis (2.4 ± 1.3 vs. 2.1 ± 1.8, respectively; P=0.1).
Loss of SCD1 protein expression was confirmed in AKT/Ras
tumors from SCD1-/- mice (Figure 3). At the molecular level,
tumors from SCD1-/- and SCD1+/+ showed an equivalent
activation of the AKT/mTOR (p-AKT, p-mTOR and p-RSP6)
and Ras/MAPK (p-ERK) pathways, as assessed by
immunohistochemistry (Figure 3A). However, a slight increase

of activated/phosphorylated ERK proteins was detected by
western blotting (Figure 3B).

In summary, the present data demonstrate that SCD1
expression is dispensable for AKT/Ras induced
hepatocarcinogenesis.

Increased expression of SCD2 in AKT/Ras induced liver
tumor tissues

In the mouse, 3 additional SCD isoforms (SCD2-SCD4) have
been identified [10]. Among them, SCD2 is expressed in the
normal liver [27] and is responsible for the stearoyl-coeznyme
A desaturase activity both in the developing mouse liver [28]
and in the SCD1-/- mouse liver [28], whereas the role of SCD3
and SCD4 remains unknown [10]. Thus, we examined the
levels of SCD2-SCD4 genes in AKT/Ras tumor tissues by real-
time RT-PCR analysis (Figure 3C). We found that SCD2
expression was increased in AKT/Ras liver tumors from
SCD1+/+ mice when compared with normal livers from wild-type
mice. A further, strong upregulation of SCD2 mRNA was

Figure 1.  myr-AKT induces hepatic steatosis in both SCD1+/+ and SCD1 -/- mice 3 weeks post injection.  (A) Gross images,
(B) H&E staining, (C) Oil Red O staining, (D) and (E) Immunostaining of HA (D) and p-AKT (E) staining of liver tissues from
uninjected wild-type mice (WT), AKT injected SCD1+/+ and AKT injected SCD1-/- mice. w.p.i: weeks post injection. Original
magnification in B, C, D and E is 100x.
doi: 10.1371/journal.pone.0075104.g001
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detected in AKT/Ras tumors from SCD1-/- mice (Figure 3C). In
contrast, levels of SCD3 and SCD4 were equivalent in normal
livers and AKT/Ras liver tumors developed in SCD1+/+ and
SCD1-/- mice (Figure 3C). The pattern of SCD2 expression was
confirmed at protein level by western blotting (Figure 3B).
These results suggest that high expression of SCD2 might
compensate for the loss of SCD1 along AKT/Ras driven
hepatocarcinogenesis.

Distinct lipid profiles in AKT/Ras liver tumors from
SCD1+/+ and SCD1-/- mice

Next, we sought to determine whether the upregulation of
SCD2 completely compensated for the loss of SCD1 in terms
of stearoyl-CoA desaturase activity in AKT/Ras tumor tissues.
For this purpose, we investigated the fatty acid composition of
AKT/Ras tumors in SCD1+/+ and SCD1-/- mice. We found that
while both triglycerides (TG) and cholesteryl esters (CE) levels
were elevated in AKT/Ras tumors developed in both SCD1+/+

and SCD1-/- mice (Figure 4A and C), the composition of the
fatty acids in the TG and CE pools were quite distinct.
Specifically, we found that the percentage of MUFA was
significantly lower, whereas SFA was significant higher in
AKT/Ras tumors from SCD1-/- mice (Figure 4B and D). This
resulted in a significant altered MUFA versus SFA ratio in
AKT/Ras liver tumors from SCD1+/+ and SCD1-/- mice (Table 2).
For instance, the average ratio of 18:1 to 18: 0 in the CE pool
was 3.92 in the wild-type liver and increased to 11.59 in
AKT/Ras tumor CE pool, consistent with the increased
stearoyl-CoA desaturase activity in the tumor tissues. However,
the average ratio dropped to 2.08 in AKT/Ras tumor from
SCD1-/- mice.

Taken together, our findings indicate that the upregulation of
SCD2 in AKT/Ras tumor tissues cannot completely
compensate for the loss of SCD1 expression in terms of liver
lipid profile. Nevertheless, the aberrant fatty acid composition in
the TG and CE pools consequent to SCD1 depletion does not
significantly affect AKT/Ras induced hepatocarcinogenesis.

Table 1. Ablation of SCD1 does not inhibit AKT/Ras
induced liver cancer development.

Code Genotype Gender W.P.I (*) liver weight body weight Ratio (#)
WT AKTRas 1 SCD1+/+ Female 7.3 8.5 24.2 0.35
WT AKTRas 2 SCD1+/+ Male 7.4 12 31 0.39
WT AKTRas 3 SCD1+/+ Female 5.6 11.2 36.3 0.31
WT AKTRas 4 SCD1+/+ Female 5.6 8.8 34.2 0.26
WT AKTRas 5 SCD1+/+ Male 5.1 15.4 35.7 0.43
WT AKTRas 6 SCD1+/+ Male 5.1 13.6 35 0.39
KO AKTRas 1 SCD1-/- Female 6.9 8 31.4 0.25
KO AKTRas 2 SCD1-/- Female 7.3 9.8 26.1 0.38
KO AKTRas 3 SCD1-/- Male 7.4 10 31.9 0.31
KO AKTRas 4 SCD1-/- Male 7.4 6.2 35.8 0.17
KO AKTRas 5 SCD1-/- Female 5.6 10.1 30 0.34
KO AKTRas 6 SCD1-/- Female 6 7.3 32.3 0.23

* refers to weeks post injection; # refers to the ratio of liver weight to body weight.
doi: 10.1371/journal.pone.0075104.t001

Concomitant silencing of SCD1 and SCD2 strongly
inhibits AKT/Ras cell growth in vitro

To gain further insights into the role of SCD2 in AKT/Ras
driven growth, the AKT/Ras cell line was subjected to silencing
of SCD1 and/or SCD2 genes (Figure 5) by using specific
siRNAs. Silencing of either SCD1 or SCD2 gene led to a
decrease in proliferation and increase of apoptosis (Figure 5A).
At the molecular level, silencing of SCD1 resulted in a
remarkable upregulation of SCD2 mRNA (Figure 5B) and
protein (Figure 5C) in AKT/Ras cells, further supporting the
existence of a compensatory mechanism triggered by SCD1
loss. No changes in SCD3 and SCD4 mRNA levels were
detected following SCD1 silencing (Figure 5B). Of note,
induction of SCD2 was accompanied by a slight upregulation of
phosphorylated/activated ERK proteins, whereas levels of AKT
activation were not affected by SCD1 silencing (Figure 5C). A
slight upregulation of SCD1, but not SCD3 and SCD4 mRNA
(Figure 5B), and SCD1 protein (Figure 5C) was observed in
AKT/Ras cells depleted of SCD2. Silencing of SCD2 also
resulted in a significant downregulation of phosphorylated/
activated ERK proteins, suggesting a positive regulation of the
latter proteins by SCD2 in AKT/Ras cells. Similar to that
observed in AKT/Ras cells depleted of SCD1, inactivation of
SCD2 had no effect on phosphorylated/activated AKT levels.

Of note, concomitant silencing of SCD1 and SCD2 genes
triggered a striking decline in cell proliferation and massive
apoptosis in AKT/Ras cells (Figure 5A). At the molecular level,
simultaneous inhibition of SCD1 and SCD2 led to a marked
decrease in the levels of phosphorylated/activated AKT (Figure
5C). As concerns cellular lipid content, silencing of SCD1
resulted in a decrease of MUFA and increase of SFA
percentage in the AKT/Ras cell line, in accordance with the in
vivo data (Figure 6B and D). A similar, although less
pronounced, decline of MUFA and rise of SFA was detected in
AKT/Ras cells following SCD2 silencing (Figure 6B and D).
Simultaneous inhibition of SCD1 and SCD2 genes led to a
slightly further decrease of TG and CE levels as well as a
slight, additional decrease in MUFA percentage when
compared with silencing of either SCD1 or SCD2 alone (Figure
6B and D).

Altogether, the present data suggest the existence of
compensatory loops in the SCD1/SCD2 axis in mouse HCC.
Thus, suppression of both SCD1 and SCD2 genes might
presumably be required to significantly impair AKT/Ras driven
growth.

Discussion

Most normal human tissues use dietary (exogenous) lipid for
synthesis of new structural lipids, while de novo fatty acid
synthesis is generally suppressed. In striking contrast, tumor
cells frequently are addicted to de novo fatty acid synthesis [8].
Thus, the de novo lipogenesis pathway has become an
attractive therapeutic target for cancer treatment [8]. FASN, the
enzyme that catalyzes the de novo synthesis of long-chain fatty
acids from acetyl-CoA and malonyl-CoA, has been the primary
drug development focus of targeting de novo lipogenesis
pathway [8]. However, FASN inhibitors have been shown to
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induce severe anorexia and weight loss, significantly limiting
their clinical application potential [29].

Several studies demonstrate that stearoyl-CoA desaturases
are the rate-determining enzymes in synthesis of MUFAs. As a
consequence, it has been envisaged that SCD family proteins
could be another possible target for inhibition of de novo
lipogenesis based cancer treatment [29]. In accordance with
this hypothesis, mounting evidence shows that inhibition of
SCD1 leads to reduced cell proliferation and increased cell
apoptosis in human cancer cell lines [30]. In most cases, the
growth inhibitory activity against SCD1 could be rescued by
adding to the cell culture medium MUFA, such as oleate,
suggesting that the inhibition is specific for stearoyl-CoA
desaturase.

Aberrant activation of PI3K/AKT/mTOR signaling cascade
has been implicated in tumor development. It has been
suggested that one of the major mechanisms of AKT/mTOR in
promoting tumorigenesis is by regulating cancer metabolism,
especially lipogenesis [31]. In particular, activated mTOR
promotes SREBP-1 mRNA transcription as well as SREBP-1
processing, which in turn induces the expression of lipogenic
pathway genes, including ACLY, ACC, FASN, and SCD1.
Indeed, we have others have shown that activated AKT/mTOR
induces SCD1 expression in cancers [19,32]. Conversely,
SCD1 has been found to be required for AKT/mTOR induced
tumor cell proliferation in human cancer cells. For example, it is
reported that molecular or pharmacological inhibition of SCD1
led to the decreased AKT activation and growth inhibition in
prostate cancer cells [33]. Similar results were observed in

Figure 2.  AKT/Ras induces liver cancer formation in both SCD1+/+ and SCD1-/- mice.  (A) Gross images, (B) H&E staining, and
(C) Survival Curve of AKT/Ras injected SCD1+/+ and SCD1-/- mice. w.p.i: weeks post injection. NS: not significant. Original
magnification in B is 20x.
doi: 10.1371/journal.pone.0075104.g002
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human HCC cell lines [19], suggesting a positive regulatory
network between SCD1 expression and AKT/mTOR activation
in cancer cells.

However, virtually all these experiments were performed in
vitro using existing tumor cell lines. The requirement for SCD in
tumor initiation and progression as well as the role of SCD in
mediation AKT/mTOR induced tumor cell proliferation have not
been tested using genetic models, such as SCD1 null mice, to
date. Here, we show that AKT induced hepatic steatosis and

AKT/Ras driven hepatocarcinogenesis are not significantly
affected by genetic ablation of SCD1 in mice, demonstrating
that mouse SCD1 per se is not essential for these biological
processes. Furthermore, we found that SCD2, but not SCD3
and SCD4, is strongly upregulated in AKT/Ras liver tumor
samples depleted of SCD1. Interestingly, SCD2 expression
could not completely rescue stearoyl-CoA desaturase activity in
the SCD1 null tumor cells, as these tumors demonstrated
significantly decreased MUFA content in their TG and CE lipid

Figure 3.  Molecular characterization of AKT/Ras induces liver cancer formation in SCD1+/+ and SCD1-/- mice.  (A) H&E and
immunostaining of AKT/Ras tumors from SCD1+/+ and SCD1-/- mice. In the immunostainings, serial sections of a hepatocellular
tumor (left part) and scattered preneoplastic cells (right part) are shown. (B) Western blotting analysis of AKT/Ras tumors from
SCD1+/+ and SCD1-/- mice. (C) Quantification of the levels of SCD2-SCD4 genes in AKT/Ras tumor tissues by real-time qRT-PCR
analysis. w.p.i: weeks post injection. Original magnification in A is 100x. *** P<0.001. NS: not significant.
doi: 10.1371/journal.pone.0075104.g003
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pools. However, this aberrant MUFA clearly did not affect
AKT/Ras induced tumor development. On the other hand,
using a primary HCC cell line isolated from an AKT/Ras tumor,
we showed that silencing of SCD1 triggers the (presumably)
compensatory upregulation of SCD2, which might confer
survival advantages to SCD1-deprived cells. In support of this
hypothesis, the concomitant suppression of SCD1 and SCD2
genes was able to efficiently restrain AKT/Ras cell growth in
vitro. At the molecular level, our preliminary results suggest an
oncogenic role for the ERK/MAPK pathway in AKT/Ras tumors
from SCD1 null mice. The specific contribution of the ERK/
MAPK pathway in AKT/Ras hepatocarcinogenesis following
SCD1 suppression as well as the mechanisms whereby SCD2
contributes to the activation of the ERK/MAPK cascade are
currently under investigation.

Our findings have important implications for future studies.
Genetic studies using mouse models are critical for validating
cancer therapeutic targets. In the case of stearoyl-CoA
desaturase, multiple SCD isoforms exist in the mice, and it is
necessary to assay the expression of these SCD isoforms in
different mouse tumor models. It may be necessary to delete
multiple SCD isoforms in order to achieve efficient inhibition of
stearoyl-CoA desaturase in tumors to observe tumor growth

repression phenotypes. Indeed, based on the results obtained,
the ablation of both SCD1 and SCD2 would be necessary in
the liver tissue to ascertain the requirement of SCD proteins in
hepatic steatosis and hepatocarcinogenesis. SCD2 has been
successfully knocked out in mice [33]. However, both SCD2

Table 2. Major Fatty acid composition ratio of wildtype liver
tissues as well as AKT/Ras induced liver tumors in SCD1+/+

and SCD1-/- mice.

CE 16:1/16:0 18:1/18:0 TG 16:1/16:0 18:1/18:0
WT 0.51 ± 0.24 3.92 ± 1.60 WT 0.11 ± 0.02 12.84 ± 1.61

AR/
SCD1+/+ 0.65 ± 0.09 11.59 ± 1.47

AR/
SCD1+/+ 0.15 ± 0.04 15.95 ± 5.90

AR/SCD1-/- 0.09 ± 0.01 2.08 ± 0.29 AR/SCD1-/- 0.03 ± 0.01 1.84 ± 0.17

Values are means ± SD, n =6. Only the major fatty acids composition ratio were
presented (P<0.05)
CE: Cholesterol Ester; TG: Triglyceride
WT: Normal liver from wild-type miceAR/SCD1+/+: AKT/Ras liver tumors from
SCD1+/+ miceAR/SCD1- / : AKT/Ras liver tumors from SCD1-/- mice
doi: 10.1371/journal.pone.0075104.t002

Figure 4.  Lipid profiles of normal liver and liver tumors from AKT/Ras induced liver tumors in SCD1+/+ and SCD1-/-

mice.  (A) Total Cholesterol ester (CE), (B) major fatty acids composition of Cholesterol ester, (C) Total Triglycerides (TG), and (D)
major fatty acids composition of Triglycerides. At least 4 animals in each group were assayed. Student’s t test: *P<0.05; **P<0.01;
***P<0.001.
doi: 10.1371/journal.pone.0075104.g004
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 single knockout and SCD1/SCD2 double knockout mice die
soon after birth and, thus, are not suitable to study the
requirement of SCD2 in liver tumor development. An alternative
approach would be the generation of liver-specific, conditional
SCD1/SCD2 null mice, which could be then subjected to AKT
or AKT/Ras hydrodynamic transfection. Another attracting
alternative would be to apply short-hairpin (sh) RNA mediated
silencing of SCD2 in combination with hydrodynamic injection
in the liver of SCD1 null mice. This technique has been
successfully applied by Wuestefeld et al. to characterize genes

which regulate liver regeneration [34], but its effectiveness on
the study of liver tumor development in vivo remains to be
addressed.

Another implication of the present study is that it might be
important to completely inhibit SCD activity in human cancer
cells in order to achieve sufficient tumor growth inhibition in
vivo, whereas a partial SCD inhibitor might have limited
therapeutic efficacy. Screening for small molecules which
completely inhibit human SCD activity would be critical for
successful therapeutic action against SCD in cancer treatment.

Figure 5.  Concomitant silencing of SCD1 and SCD2 strongly inhibits AKT/Ras-induced cell growth in vitro.  (A) Effect of
silencing of SCD1 and SCD2, either alone or in combination, in AKT/Ras-induced proliferation and apoptosis. (B) qRT-PCR analysis
of the levels of SCD2-SCD4 genes in AKT/Ras cells transfected with scramble siRNA, SCD1 siRNA, SCD2 siRNA or SCD1 plus
SCD2 siRNA. (C) Western blot analysis of SCD1 and SCD2 protein expression AKT/Ras cells transfected with scramble siRNA,
SCD1 siRNA, SCD2 siRNA or SCD1 plus SCD2 siRNA. Tukey-Kramer test: P < 0.005 a, vs. control (untreated cells); b, vs.
scramble siRNA; c, vs. SCD1 siRNA; d, vs. SCD2 siRNA. Results 24 hours after silencing are shown. Results 48 hours after
silencing not shown have no difference with 24 hours. Experiments in vitro were conducted at least three times in triplicate.
doi: 10.1371/journal.pone.0075104.g005
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Figure 6.  Lipid profiles of AKT/Ras cells transfected with scramble siRNA, SCD1 siRNA, SCD2 siRNA or SCD1 plus SCD2
siRNA.  (A) Total Cholesterol ester (CE), (B) major fatty acids composition of Cholesterol ester, (C) Total Triglycerides (TG), and
(D) major fatty acids composition of Triglycerides. Tukey-Kramer test: P < 0.005 a, vs. control (untreated cells); b, vs. scramble
siRNA; c, vs. SCD1 siRNA; d, vs. SCD2 siRNA. Results 24 hours after silencing are shown. Experiments in vitro were conducted at
least three times in triplicate.
doi: 10.1371/journal.pone.0075104.g006
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