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The solute carrier family 13 member 5 (SLC13A5), a sodium-
coupled citrate transporter, plays a key role in importing citrate
from the circulation into liver cells. Recent evidence has revealed
that SLC13A5 deletion protects mice from high-fat diet–induced
hepatic steatosis and that mutation of the SLC13A5 orthologues in
Drosophila melanogaster and Caenorhabditis elegans promotes
longevity. However, despite the emerging importance of SLC13A5
in energy homeostasis, whether perturbation of SLC13A5 affects
the metabolism and malignancy of hepatocellular carcinoma is
unknown. Here, we sought to determine whether SLC13A5 regu-
lates hepatic energy homeostasis and proliferation of hepatoma
cells. RNAi-mediated silencing of SLC13A5 expression in two
human hepatoma cell lines, HepG2 and Huh7, profoundly
suppressed cell proliferation and colony formation, and
induced cell cycle arrest accompanied by increased expres-
sion of cyclin-dependent kinase inhibitor p21 and decreased
expression of cyclin B1. Furthermore, such suppressive
effects were also observed on the growth of HepG2 cell-de-
rived xenografts expressing SLC13A5-shRNA in nude mice.
Metabolically, knockdown of SLC13A5 in HepG2 and Huh7
cells was associated with a decrease in intracellular levels of
citrate, the ratio of ATP/ADP, phospholipid content, and
ATP citrate lyase expression. Moreover, both in vitro and in
vivo assays demonstrated that SLC13A5 depletion promotes
activation of the AMP-activated protein kinase, which was
accompanied by deactivation of oncogenic mechanistic tar-
get of rapamycin signaling. Together, our findings expand the
role of SLC13A5 from facilitating hepatic energy homeostasis

to influencing hepatoma cell proliferation and suggest a
potential role of SLC13A5 in the progression of human hep-
atocellular carcinoma.

Metabolic reprogramming has long been regarded as a hall-
mark of cancer, through which cancer cells switch from oxida-
tive phosphorylation to glycolysis for ATP production even in
microenvironments with sufficient oxygen (1, 2). To accommo-
date the challenge of rapid proliferation, cancer cell metabolism
is remodeled to increase the biosynthesis of macromolecules
including nucleotides, proteins, and lipids as building blocks of
new cells (3, 4). Although the precise mechanisms underlying
this metabolic reprogramming remain elusive, malignant cells
often have perturbed metabolism that allows for the accumula-
tion of many metabolic intermediates facilitating the produc-
tion of cellular building materials (4, 5). Numerous studies have
demonstrated that the use of glycolysis and the tricarboxylic
acid (TCA)2 cycle intermediates for biosynthesis is a key feature
of altered metabolism in cancer cells (6, 7). Among others, cit-
rate, an intermediate metabolite located at the crossroads of
glucose metabolism and energy production, is an important
sensor of energy homeostasis (8).

Accumulating evidence suggests that citrate is involved in
both physiological and pathophysiological processes including
histone acetylation, insulin secretion, inflammation, cancer,
neurological disorders, and non-alcoholic fatty liver disease (9,
10). Cytosolic citrate is cleaved into acetyl-CoA and oxaloace-
tate by ATP citrate lyase (ACLY) (11, 12). Both acetyl-CoA and
oxaloacetate are cytosolic precursors of multiple anabolic reac-
tions important for de novo biosynthesis of fatty acids and ste-
roids that are required for rapid proliferation, particularly in
cancer cells (13). The intracellular level of citrate is tightly con-
trolled by a balance between synthesis and transport. Mito-
chondrial citrate derived from the TCA cycle is transported to
the cytosol via the citrate carrier (CIC), a member of the solute
carrier transporter family (SLC25A1), and the majority of stud-
ies to date have focused on this citrate transporter (14). For
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instance, limitation of citrate output from the mitochondria by
CIC silencing is associated with decreased production of lipids
and proinflammatory prostaglandins, as well as compromised
adaptive cell survival responses (15, 16). In addition to mito-
chondrial synthesis and transport, cytosolic citrate can also be
imported from the blood stream via a selective citrate uptake
transporter SLC13A5, which is expressed predominantly in the
liver (17, 18).

As a member of the sodium dicarboxylate/sulfate cotrans-
porter family, SLC13A5 recognizes and transports various
dicarboxylate and tricarboxylate TCA intermediates with cit-
rate as the predominant substrate (19). SLC13A5 is most abun-
dantly expressed in the plasma membrane of hepatocytes and
controls the uptake of citrate into hepatocytes from the blood-
stream, where the citrate concentration (100 –150 �M) is sev-
eralfold greater than that of all other TCA intermediates com-
bined, suggesting that SLC13A5 may play a key physiological
role in facilitating the use of circulating citrate by the liver (18,
20, 21). The biological importance of SLC13A5 was initially
observed in Drosophila melanogaster and Caenorhabditis
elegans, in which reduced expression of the SLC13A5 homo-
logues (also named Indy (I’m Not Dead Yet)) extends the life
span of both organisms, mimicking caloric restriction (22, 23).
Reduced expression of SLC13A5 protects mice and rats from
high-fat diet (HFD)–induced adiposity and insulin resistance (24,
25). On the other hand, up-regulation of SLC13A5 expression was
observed in obese, non-alcoholic fatty liver disease patients, HFD-
treated rhesus monkeys, and xenobiotic-treated human and
rat hepatocytes (26–28). Despite the emerging importance of
SLC13A5 in hepatic energy homeostasis and metabolic disorders,
it remains largely unknown whether the SLC13A5 gene affects the
metabolism and malignant phenotype of cancer cells, and of hep-
atocellular carcinoma cells in particular.

The present study was undertaken to test the hypothesis that
SLC13A5 functions as a nutrient regulator altering the prolif-
eration of hepatoma cells by modulating energy homeostasis.
Using lentivirus-driven shRNA knockdown, cell proliferation,
colony formation, apoptosis, cell signaling analyses, as well as in
vivo animal experiments, we demonstrated that down-regula-
tion of SLC13A5 attenuates the growth of hepatoma cells both
in vitro and in vivo. Suppression of SLC13A5 expression
resulted in decreased levels of intracellular citrate, the ratio of
ATP/ADP, and expression of ACLY. Additionally, SLC13A5
knockdown altered the activity of the AMP-activated protein
kinase (AMPK)–mechanistic target of rapamycin (mTOR) axis.

Results

Knockdown of SLC13A5 inhibits proliferation of hepatoma
cells

To investigate the role of SLC13A5 in the growth of hepa-
toma cells, HepG2 and Huh7 cells were infected with lentivirus
carrying SLC13A5-shRNAs (sh13A5-1 and sh13A5-2) or the
empty pGreenPuro vector (shCon) as a negative control. As
shown in Fig. 1, A and B, both sh13A5-1 and sh13A5-2 mark-
edly repressed the expression of SLC13A5 gene at the mRNA
and protein levels. Importantly, silencing of SLC13A5 signifi-
cantly repressed the proliferation of HepG2 and Huh7 cells in

comparison with the shCon and non-infection control groups
in a time-dependent manner (Fig. 1, C, D, and E). Moreover,
colony formation assays revealed that depletion of SLC13A5 in
HepG2 and Huh7 cells reduced the number and size of colonies
formed on soft agar (Fig. 1F). In a separate experiment, ectopic
expression of SLC13A5 in HepG2-sh13A5 and Huh7-sh13A5
cells partially rescued the growth of these hepatoma cells (Fig.
1G). On the other hand, the growth of PC3 cells (a prostate
cancer cell line), which do not express SLC13A5, is not affected
by the infection of sh13A5 (supplemental Fig. S1, A and B). In
addition, knockdown of SLC13A5 in HepG2 and Huh7 cells has
no significant influences on the expression of SLC25A1, the
mitochondrial citrate transporter that is functionally related to
SLC13A5 (supplemental Fig. S2). Together, these results sug-
gest that SLC13A5 plays an important role in the growth and
malignancy of human hepatoma cells such as HepG2 and Huh7
cells, in which this gene is highly expressed (supplemental Figs.
S10 –S12).

Knockdown of SLC13A5 inhibits cell cycle progression in
HepG2 and Huh7 cells

Next, we tested whether the cell cycle of hepatoma cells was
affected by knockdown of SLC13A5. Flow cytometry analysis
revealed that silencing of SLC13A5 in HepG2 cells resulted in
significant G1 arrest, with 60% of sh13A5-infected cells in the
G0/G1 phase versus 36% of control cells (p � 0.05), while the cell
population in the S and G2 phase was decreased to 20% versus
40% (p � 0.05) and 6% versus 14% (p � 0.01), respectively (Fig.
2A). Similar trends were observed when comparing sh13A5-
transfected and control Huh7 cells (Fig. 2B). These results indi-
cate that knockdown of SLC13A5 suppresses the growth of
hepatoma cells, most likely through the induction of cell cycle
arrest at the G1 phase. Further, RT-PCR and Western blotting
analyses revealed that knockdown of SLC13A5 in HepG2 and
Huh7 cells is associated with decreased expression of cyclin B1
(Fig. 2, C and D). Interestingly, although SLC13A5 silencing
increased the expression of p21 in HepG2 cells, such a change is
unclear in Huh7 cells due to the extremely low basal expression
of p21 (Fig. 2, E and F), suggesting that p21-mediated cyclin-de-
pendent kinase (CDK) inhibition contributes to the observed
cell cycle arrest in HepG2 cells, while only playing a negligible
role in Huh7 cells.

Knockdown of SLC13A5 does not induce apoptosis in HepG2
and Huh7 cells

To determine whether SLC13A5 knockdown-mediated sup-
pression of hepatoma cell growth resulted from cell death and
DNA damage, Hoechst 33342 and propidium iodide (PI) stain-
ing were employed to assess apoptotic nuclei and necrosis in
HepG2 and Huh7 cells infected with SLC13A5-shRNA. As
expected, MG132, a proteasome inhibitor, markedly increased
the number of apoptotic and PI-positive secondary necrotic
cells, while silencing of SLC13A5 did not affect either of these
parameters (Fig. 3, A and B). Further assessment of the caspase
3 activity and DNA fragmentation revealed that SLC13A5
knockdown is not associated with either enhanced cleavage of
caspase 3 or increased DNA fragmentation, which could be
observed clearly in the treatment of MG132 as positive control
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(Fig. 3, C and D). These results indicate that SLC13A5 knock-
down inhibits HepG2 and Huh7 cell growth without inducing
significant apoptosis or DNA damage.

Knockdown of SLC13A5 influences intracellular levels of
citrate and ATP, as well as AMPK–mTOR signaling in HepG2
and Huh7 cells

The primary function of SLC13A5 is to import circulating
citrate into liver cells and maintain the intracellular energy bal-
ance (18). As demonstrated in Fig. 4, A and B, selective deple-
tion of SLC13A5 resulted in significant reduction of intracellu-
lar citrate and the ATP/ADP ratio in HepG2 and Huh7 cells.
Importantly, this change in cellular energy status is associated
with increased phosphorylation of AMPK� and decreased activity
of mTOR, two signaling molecules that serve as crucial cellular
sensors for energy homeostasis and oxidative stress (Fig. 4C). On
the other hand, exposure of Huh7 cells to higher levels of citrate
resulted in decreased phosphorylation of AMPK� and an
increased ATP/ADP ratio, while such changes were minimized
when expression of SLC13A5 was depleted (Fig. 4, D and E). Col-
lectively, these results suggest that reduction of intracellular citrate
due to SLC13A5 depletion may contribute to the suppression of
HepG2 and Huh7 cell proliferation through perturbation of the
ATP/ADP ratio and AMPK–mTOR signaling.

Knockdown of SLC13A5 suppresses ACLY expression in HepG2
and Huh7 cells

ACLY converts cytosolic citrate into acetyl-CoA, which has
been viewed as the rate-limiting step of de novo lipogenesis in
most cancers (29). The elevation of ACLY expression in many
cancer cells suggests that ACLY inhibition may represent an
attractive approach for cancer therapy (13). We next examined
whether SLC13A5 knockdown affects the expression of ACLY
in HepG2 and Huh7 cells. RT-PCR and Western blotting
analyses showed that expression of ACLY was remarkably
decreased at both the mRNA and protein levels after SLC13A5
depletion (Fig. 5, A and B). In addition, knockdown of SLC13A5
in HepG2 and Huh7 cells led to reduced intracellular phospho-
lipids in comparison with cells infected with shCon control
(Fig. 5, C and D). These data further support that SLC13A5
knockdown down-regulates ACLY expression and affects its
function in lipogenesis.

SLC13A5 knockdown inhibits the growth of HepG2 xenograft
in vivo

To determine whether depletion of SLC13A5 also attenuates
growth of hepatoma cells in vivo, HepG2 cells transfected with
SLC13A5-shRNA or shCon were injected subcutaneously into
nude mice as detailed under “Experimental Procedures.”
Tumor growth was monitored over a period of 6 weeks after
tumor cell implantation. Our results showed that the average

tumor volume and weight in the HepG2-sh13A5 group were
significantly lower than tumors in the HepG2-shCon control
group (p � 0.05) (Fig. 6, A–C). As expected, expression of
SLC13A5 was significantly repressed in HepG2-sh13A5 xeno-
grafts (Fig. 6D). Marked repression of cyclin B1 and ACLY
expression was observed in tumors derived from HepG2-
sh13A5 in comparison with those from HepG2-shCon cells
(Fig. 6, E and F). In agreement with the in vitro results, knock-
down of SLC13A5 also resulted in increased phosphorylation of
AMPK� and decreased phosphorylation of mTOR in vivo
(Fig. 6G). Collectively, these data indicate that disruption of
SLC13A5 suppresses human hepatoma cell proliferation both
in vivo and in vitro by affecting energy metabolism and de novo
lipid synthesis.

Discussion

Increased de novo lipogenesis is a key characteristic of rapidly
proliferating cancer cells, in which conversion of cytosolic cit-
rate into acetyl-CoA and oxaloacetate by ACLY represents the
initial and rate-limiting step for the biosynthesis of long-chain
fatty acids and cholesterol as building blocks for cell growth (29,
30). In the liver, the level of cytosolic citrate is well-maintained
through CIC-mediated export from the TCA cycle in mito-
chondria and SLC13A5-mediated uptake from the circulation
(24, 31). Recent studies reveal that reduced expression of
SLC13A5 in mice and rats or its analogues in D. melanogaster
and C. elegans resulted in a number of metabolic benefits that
either protect mice from HFD-induced obesity and insulin resis-
tance or promote longevity in fruit flies and worms (22–25, 32).
Given the emerging significance of SLC13A5 in hepatic energy
homeostasis, we sought to determine whether SLC13A5 plays a
role in the growth of human hepatoma cells. In the present
study, we show for the first time that depletion of SLC13A5 in
HepG2 and Huh7 cells suppressed cell proliferation and colony
formation, while inducing cell cycle arrest. Metabolically,
knockdown of SLC13A5 leads to significant decreases in intra-
cellular levels of citrate, the ATP/ADP ratio, phospholipid con-
tent, and ACLY expression in HepG2 and Huh7 cells. More-
over, both in vitro and in vivo assays demonstrated that
depletion of SLC13A5 also activates the cellular energy sensor
AMPK, accompanied by the subsequent deactivation of onco-
genic mTOR signaling. Together, these metabolic changes
attenuate the growth of hepatocellular carcinoma cells (Fig. 7).

Induction of energy depletion has long been sought as an
appealing strategy in the treatment of different malignancies (3,
33). Originally cloned from HepG2 cells, SLC13A5 is highly
expressed in HepG2 and Huh7 cell lines in comparison with
extrahepatic tumor cells. Our data demonstrate that selective
knockdown of SLC13A5 attenuates the growth of these hepa-
toma cells without affecting the growth of other cancer cells
exhibiting negligible expression of SLC13A5, which suggests

Figure 1. Knockdown of SLC13A5 suppresses the growth of hepatoma cells in vitro. A and B, expression of mRNA and protein of SLC13A5 in HepG2 and
Huh7 cells 72 h after SLC13A5 knockdown via lentivirus shRNA targeting different regions of SLC13A5 (sh13A5-1 and sh13A5-2). C and D, depletion of SLC13A5
in HepG2 and Huh7 cells results in suppression of cell growth in a time-dependent manner through both sh13A5-1 and sh13A5-2. E, HepG2 and Huh7 cells were
visualized by Coomassie Blue staining 6 days after infection with lentivirus sh13A5-1, sh13A5-2, or shCon. F, knockdown of SLC13A5 in HepG2 and Huh7 cells
inhibits colony formation in soft agar. Representative colony images are shown at magnifications of �40 or �200. The histograms represent mean � S.D. of the
cloning efficiency (%). G, the time-dependent growth curves of HepG2 and Huh7 cells infected with shCon or sh13A5 in the presence or absence of concom-
itant expression of ectopic SLC13A5. Results are expressed as mean � S.D. from three independent experiments. *, p � 0.05, **, p � 0.01.

SLC13A5 suppression inhibits hepatoma cell proliferation

J. Biol. Chem. (2017) 292(33) 13890 –13901 13893



Figure 2. Knockdown of SLC13A5 inhibits cell cycle progression in HepG2 and Huh7 cells. A and B, cell cycle analysis of HepG2 and Huh7 cells 6 days after
infection with sh13A5 or shCon. The percentage of cells in different cell cycle phases was compared between cells infected with sh13A5 and shCon. C, RT-PCR
was used to measure the mRNA expression of cyclin B1. D, Western blotting was carried out to measure the protein levels of cyclin B1 in HepG2 and Huh7 cells
infected with sh13A5 or shCon. E and F, expression of p21 mRNA and protein was measured in HepG2 and Huh7 cells infected with sh13A5 or shCon. Data were
collected from three independent experiments and expressed as mean � S.D. *, p � 0.05; **, p � 0.01.
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that this citrate uptake transporter is essential for the growth of
a subset of hepatoma cells. Thus, SLC13A5 might represent a
risk factor for at least a subgroup of liver cancers.

Suppression of neoplastic progression generally involves
decreased cell proliferation and/or stimulated cell death. Our
results show that depletion of SLC13A5 suppressed the prolif-
eration of HepG2 and Huh7 cells with significant G1 phase
arrest along with decreased expression of cyclin B1 without
affecting apoptosis or DNA damage. This is consistent with a
previous study in which metformin, a known modulator of lipid
metabolism, repressed HepG2 cell proliferation without affect-
ing cell death (34). Notably, we observed that knockdown of
SLC13A5 resulted in markedly increased expression of p21 in
HepG2 but not in Huh7 cells. It is well-known that the transcrip-
tion of the p21 gene is positively regulated by wild-type p53 protein
(35). Given that HepG2 (wild-type p53) and Huh7 (mutant p53)
cells hold different statuses of the p53 gene, the p53 mutation in
Huh7 cells may contribute to the low level of p21 expression (36).
Although deciphering the exact effects of p53 on the expression of
p21 is out of the scope of this study, it is clear that induction of p21
by SLC13A5 silencing may contribute to the observed cell cycle
arrest in HepG2 but not in Huh7 cells.

AMPK, a central regulator of cellular metabolism, plays a key
role in the suppression of cancer cell growth in response to energy
constriction. Under nutritional stress, reduction of the ATP/ADP
ratio stimulates the activation of AMPK, which in turn directly
phosphorylates and inhibits the activity of several downstream
substrates, including acetyl-CoA carboxylase (ACC) and 3-hy-
droxy-3-methyl-glutaryl-CoA reductase (HMG-CoA), that are
pivotal for lipid synthesis (37). Alternatively, AMPK also limits
cancer cell growth by inhibiting tumorigenic mTOR signaling,
which up-regulates energy use and protein synthesis during cancer
progression (38). We found that knockdown of SLC13A5 is suffi-
cient to decrease the intracellular levels of citrate and the ATP/
ADP ratio in cultured HepG2 and Huh7 cells. These phenomena
may mediate the observed phospho-activation of AMPK� and the
subsequent inhibition of mTOR. Importantly, similar alterations
of the AMPK–mTOR axis were confirmed in vivo with HepG2
cell-derived xenografts in nude mice, suggesting that depletion of
SLC13A5 represses hepatoma cell proliferation through its impact
on lipid metabolism and AMPK activity. Indeed, accumulating
evidence indicates that many prototypical AMPK activators
exhibit anti-cancer activities in both pre-clinical and clinical stud-

Figure 3. SLC13A5 knockdown does not affect apoptosis of HepG2 and Huh7 cells. A and B, HepG2 and Huh7 cells were infected with sh13A5 or shCon for
6 days or treated with MG132 (1 �M) for 24 h as positive control. Cell density was visualized under phase-contrast microscopy. Representative fluorescence
photographs depict apoptotic nuclei (white arrows) and PI-positive secondary necrotic nuclei (yellow arrows). C, caspase 3 activity was analyzed with Western
blotting to detect the large fragment (17/19 kDa) of cleaved caspase 3 in HepG2 and Huh7 cells with or without SLC13A5 knockdown. �-Actin was used to
normalize protein loading. D, DNA fragmentation was illustrated on agarose electrophoresis of genomic DNA extracted from HepG2 and Huh7 cells infected
with sh13A5 or shCon or treated with MG132 (2 �M) for 48 h. Data presented are representative images from three independent experiments.
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ies, and a number of known chemotherapeutic drugs are associ-
ated with the activation of AMPK (39, 40).

To fulfill the high energy requirements for excessive prolif-
eration, cancer cells rewire metabolic pathways to increase
lipogenesis and generate more biomass for membrane forma-
tion. ACLY is at the center of this metabolic shift, transferring
metabolites from glycolysis to lipid synthesis using cytosolic
citrate as its substrate and precursor (41). Enhanced activity or
expression of ACLY has been documented in a number of can-
cers, making this enzyme an attractive therapeutic target with a
number of selective inhibitors in development displaying anti-
cancer property in both cell lines and animal models (29, 42).
Mechanistically, activation of AMPK is believed to be one of the
major pathways to inhibit ACLY expression by limiting the
transcriptional activity of the sterol regulatory element-binding
protein-1c (SREBP1c) (12, 43). On the other hand, a recent
report showed that selective knockdown of ACLY can induce
the phosphorylation and activation of AMPK in multiple can-
cer cell lines (45). In the current study, we found that depletion
of SLC13A5 increased the activation of AMPK and reduced the
expression of ACLY both in cultured hepatoma cells in vitro
and in a xenograft model in vivo. Regardless of the undeter-
mined causal relationship between AMPK and ACLY, it

appears that energy restriction induced by SLC13A5 knock-
down may trigger a feed-forward loop between AMPK activa-
tion and ACLY repression that leads to growth suppression in
these human hepatoma cells.

In conclusion, the results described in this study support a
novel role of SLC13A5 in the proliferation of a subset of human
hepatocellular carcinoma cells. Using combined in vitro and in
vivo approaches, we demonstrated that depletion of SLC13A5
leads to a reduction in the growth of HepG2 and Huh7 cells
along with decreases in de novo lipogenesis, which may result
from the activation of AMPK followed by the inhibition of
mTOR activity and ACLY expression. Overall, our findings link
the role of SLC13A5 in hepatic lipid homeostasis and its poten-
tial effects on the growth of human hepatoma cells, and suggest
that SLC13A5 may represent a potential therapeutic target for
both metabolic disorders and liver cancers.

Experimental procedures

Chemicals and biologic reagents

Citrate, Hoechst 33342, PI, Noble agar and MG132 were pur-
chased from Sigma-Aldrich. Oligonucleotide primers were
synthesized by Integrated DNA Technologies, Inc. (Coralville,

Figure 4. SLC13A5 knockdown influences intracellular levels of citrate and ATP, as well as AMPK–mTOR signaling. HepG2 and Huh7 cells were infected with
lentivirus encoding the sh13A5 or shCon for 72 h. A and B, intracellular levels of citrate and the ratio of ATP/ADP were significantly decreased in SLC13A5-deficient cells.
C, the protein levels of phospho-AMPK� (p-AMPK�), total AMPK�, phospho-mTOR (p-mTOR), total mTOR, and �-actin were analyzed by immunoblotting. In separate
experiments, Huh7 cells infected with sh13A5 or shCon for 72 h were treated with citrate at 0, 0.2, and 0.4 mM for another 24 h. D, the protein levels of phospho-AMPK�,
total AMPK, and �-actin were subjected to immunoblotting analysis. E, the ratio of ATP/ADP was also analyzed as described under “Experimental Procedures.” Data
were collected from three independent experiments and expressed as mean � S.D. in A, B, and E. *, p � 0.05; **, p � 0.01.
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IA). The antibodies used in this study include anti-SLC13A5
(ab89181; Abcam), anti-�-actin (Sigma-Aldrich), anti-cyclin
B1 (sc-245; Santa Cruz Biotechnology), anti-p21 (sc-397; Santa
Cruz Biotechnology), and antibodies against caspase 3 (9662S),
phospho-mTOR (Ser-2448) (5536S), AMPK (2532S), phospho-
AMPK� (Thr-172) (2535S), and ACLY (4332S) from Cell Sig-
naling (Danvers, MA). Other cell culture reagents were pur-
chased from Life Technologies or Sigma-Aldrich.

Cell culture and lentiviral infection

HepG2 cells were obtained from the American Tissue Cul-
ture Collection (Manassas, VA), and Huh7 cells were from
Fisher Scientific. The authenticity of both lines was confirmed by
short tandem repeat profiling analysis. HepG2 and Huh7 cells
were cultured in DMEM supplemented with 10% fetal bovine
serum, 100 units/ml penicillin, and 100 �g/ml streptomycin in
humidified incubator at 37 °C and 5% CO2. SLC13A5 expression
plasmid was generated by cloning the full-length cDNA into the
EcoRI site of a modified pWPXLd lentiviral vector, which was
kindly provided by Dr. Yun Qiu (University of Maryland School of
Medicine) (46). For SLC13A5 knockdown plasmids, DNA oligo-
nucleotides encoding SLC13A5 shRNAs (in which the targeted
sequences were underlined) (sh13A5-1, GATCCGAGATCAAC-
GTGCTGATCTGCTTCTCGAGAAGCAGATCAGCACGTT-
GATCTCTTTTTG; sh13A5-2, GATCCGGGTAGGCTCAGA-
AATGAAGGCTCGAGCCTTCATTTCTGAGCCTACCCTT-
TTTG) were subcloned into the BamHI and EcoRI sites of the
pGreenPuroTM shRNA expression lentiviral vector from System

Biosciences (Mountain View, CA). Lentivirus packaging was car-
ried out following the protocol described previously (47). The
titers of the lentivirus were determined by the Lenti-XTM p24
Rapid Titer Kit (Clontech Laboratories, Inc.) according to the
manufacturer’s instructions. For virus infection, HepG2 and Huh7
cells were infected with the lentivirus at the concentration of 5 �
107 lentiviral particles per well in a 6-well plate. Seventy-two hours
after infection, total RNA and proteins were prepared for real-time
PCR and Western blot analysis as detailed below.

Real-time PCR analysis

Total RNA was isolated using the RNeasy Mini Kit (Qiagen)
and reverse-transcribed using a High Capacity cDNA Archive
Kit (Applied Biosystems, Foster City, CA) following the manu-
facturers’ instructions. Real-time PCR assays were performed
on an Applied Biosystems StepOnePlus (Applied Biosystems).
Sequences of primers for the human SLC13A5, cyclin B1,
ACLY, p21, and �-actin are listed in supplemental Table 1.
Induction values were calculated according to the following
equation: -fold over control � 2��Ct, where �Ct represents the
differences in cycle threshold numbers between the target gene
and �-actin, and ��Ct represents the relative change in these
differences between control and treatment groups.

Western blot analysis

Cell homogenate proteins from cultured HepG2 or Huh7 cells
or xenografts in vivo were resolved on SDS-polyacrylamide gels
(12%) and electrophoretically transferred onto blotting mem-

Figure 5. Knockdown of SLC13A5 suppresses ACLY expression in HepG2 and Huh7 cells. HepG2 and Huh7 cells were infected with lentivirus encoding the
sh13A5 or shCon for 72 h. A, the relative expression levels of ACLY were quantified using real-time PCR. B, the protein levels of ACLY and �-actin were measured
using immunoblotting. C and D, intracellular accumulation of phospholipids was measured using phospholipids conjugated to fluorescent dyes, and repre-
sentative images depict the staining of nuclei (DAPI) and phospholipid visualized under fluorescence microscopy. Data were collected from three independent
experiments and expressed as mean � S.D. in A. **, p � 0.01.
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branes. Subsequently, membranes were incubated with antibodies
against SLC13A5 (diluted 1:200), cyclin B1 (diluted 1:1000),
caspase 3 (diluted 1:1000), phospho-mTOR (diluted 1:1000),
AMPK (diluted 1:1000), phospho-AMPK (diluted 1:1000), ACLY
(diluted 1:1000), or �-actin (diluted 1:3000). Blots were washed
and incubated with horseradish peroxidase secondary antibodies,
and then developed using enhanced chemiluminescence Western
blotting detection reagent from GE Healthcare. Replicates of
Western blots are shown in supplemental Figs. S3–S9. Densitom-
etry was analyzed using National Institutes of Health ImageJ
software.

Cell proliferation analysis

Cell proliferation was assayed using CCK-8 (Enzo Life Sci-
ences, Inc.) according to the manufacturer’s instructions.
HepG2 and Huh7 cells were seeded at the density of 1.5 � 103

per well in 96-well plates. Cells were infected with SLC13A5-
shRNA or control lentivirus on day 0. At the time points of days
0, 2, 4, and 6, CCK-8 reagent (10 �l) was added into each well

followed by incubation at 37 °C for 1.5 h. The absorbance was
read at 450 nm on a 96-well plate reader (Tecan Trading AG,
Männedorf, Switzerland). Relative cell growth rate was normal-
ized against control on day 0. Triplicate samples from each time
point were analyzed.

Soft agar assay

HepG2 and Huh7 cells were infected with SLC13A5-shRNA
or control lentivirus as described above. Forty-eight hours after
infection, cells were trypsinized and suspended in culture
medium containing 0.3% melting agar and 10% FBS. Cell sus-
pensions were then plated in 6-well cell culture plates pre-cov-
ered with 0.6% agar gel at a density of 5 � 103 per well. The
semi-solid agar gels containing cells were fed with DMEM cul-
ture medium every 3 days. The number of colonies from three
randomly chosen fields per well were counted under a phase
contrast microscope 2 weeks after cell plating. The cloning effi-
ciency was calculated according to the following formula: clon-

Figure 6. SLC13A5 depletion inhibits growth of HepG2 xenograft in vivo. HepG2 cells were infected with lentivirus encoding sh13A5 or shCon. Four days
after culture, equal numbers of HepG2-sh13A5 and HepG2-shCon cells were injected into the nude mice for xenograft formation as detailed under “Experi-
mental Procedures.” A–C, tumor growth curves (A), images (B), and weights (C) for xenografts formed between sh13A5-1 (KD) and shCon (control) groups were
measured during or at the end of 6 weeks. D–F, the mRNA expression of SLC13A5 (D), cyclin B1 (E), and ACLY (F) was measured by RT-PCR. G, Western blotting
was used to measure the protein expression of SLC13A5, phospho-AMPK� (p-AMPK�), total AMPK�, phospho-mTOR (p-mTOR), total mTOR, ACLY, cyclin B1,
and �-actin. Data are expressed as mean � S.D. *, p � 0.05; **, p � 0.01.
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ing efficiency (%) � number of clones/number of inocula-
tions � 100%. The experiment was carried out in triplicate.

Flow cytometry and cell death analysis

HepG2 and Huh7 cells were harvested 6 days after SLC13A5-
shRNA or control lentivirus infection. After washing, 1 � 106

cells from each group were resuspended in 200 �l of PBS, and
then fixed by adding 800 �l of ice-cold 100% ethanol. The fixed
cells were resuspended in 500 �l of PI staining solution (50
�g/ml PI, 0.1% Triton-X, 0.2 mg/ml RNase A), vortexed, and
incubated for 20 min at 37 °C. The percentages of cells in dif-
ferent cell cycle phases were determined by flow cytometry
FACScan (Becton Dickinson). HepG2 and Huh7 cells were
stained with Hoechst 33342 (1 �M) for apoptotic nuclei or PI (1
�g/ml) for secondary necrosis or necrosis as described previ-
ously (34). HepG2 and Huh7 cells treated with MG132 (1 �M)
for 24 h were used as positive controls. Stained cells were then
visualized under a fluorescence microscope (Nikon Eclipse
TE-2000E). Cells that displayed intensely condensed and/or
fragment nuclei staining were considered as apoptotic cells.

DNA fragmentation

Genomic DNA either from HepG2 and Huh7 cells infected
with SLC13A5-shRNA or control lentivirus for 72 h or from
HepG2 and Huh7 cells treated with MG132 (2 �M) for 48 h was
extracted and purified using the QIAamp DNA Blood Mini Kit
(Qiagen) following the manufacturer’s instructions. From each
treatment group, 0.4 �g of DNA was electrophoresed on a 2%
agarose gel containing 0.375 �g/ml ethidium bromide in Tris-
acetate-EDTA (TAE) buffer at 100 V for 1 h. Images were
acquired with a ChemiDoc MP System (Bio-Rad) to visualize
the “DNA ladder” formation.

ADP/ATP ratio

HepG2 and Huh7 cells were seeded (1500 cells per well) in a
96-well, flat-bottom, white plate with clear bottoms (Costar)
and grown in the medium described above. Seventy-two hours

after infection by SLC13A5-shRNA or control lentivirus, the
ADP/ATP ratio was measured based on luciferin–luciferase
reaction using the ADP/ATP Ratio Assay Kit (Sigma-Aldrich)
following the manufacturer’s instructions.

Citrate concentration measurement and phospholipid
staining

The level of citrate in HepG2 and Huh7 cells infected with
SLC13A5-shRNA or control virus was determined using a
commercially available citrate assay kit (Sigma-Aldrich) ac-
cording to the manufacturer’s instructions. The phospho-
lipid staining assays were carried out with the HCS Lipid-
TOXTM Red Phospholipidosis Detection Reagent (catalogue
number: H34351; Thermo Fisher) following the manufacturer’s
instructions.

Xenograft analysis

All procedures of the animal studies were approved by the
Institutional Animal Care and Use Committee (IACUC) of the
University of Maryland School of Medicine. All animal experi-
ments met the Animal Welfare guidelines. Mice were housed in
laminar flow cabinets under specific pathogen-free conditions
at room temperature with a 24-h night/day cycle and fed with
pellets and water ad libitum. On day 4 after infection by
SLC13A5-shRNA or control lentivirus, 3 � 106 HepG2 cells
were suspended in DMEM medium (100 �l) without FBS. After
storing on ice for 1 h, cells were mixed with 50 �l of Matrigel
and injected subcutaneously in the left and right flanks of
6-week-old female nude mice (n � 5) according to a previous
publication (44). Mice in control and SLC13A5-shRNA groups
were checked daily for toxicity/mortality. Tumors were mea-
sured twice a week with Vernier calipers for 6 weeks. Tumor
volumes were calculated by the formula: r1

2 � r2/3 (r1 is the
shortest and r2 is the longest diameter). The tumors were dis-
sected and weighted at the end of the experiment. RNA and
protein samples of the tumors were harvested for gene expres-
sion analysis.

Statistical analysis

All data represent at least three independent experiments
and were expressed as the mean � S.D. Statistical comparisons
were made using one-way analysis of variance followed by a
post hoc Dunnett’s test or Student’s t test where appropriate.
Statistical significance was set at *, p � 0.05 and **, p � 0.01.
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Figure 7. Schematic illustration of potential mechanisms by which
SLC13A5 knockdown leads to the inhibition of hepatoma cell growth.
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Note added in proof—In the version of this article that was published
as a Paper in Press on June 27, 2017, Fig. 1, C and D, used the same
shCon and non-infection controls. For clarity, these data have been
reorganized without altering the data.
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