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ABSTRACT
AS160 (TBC1D4) has been implicated in multiple biological processes. However, the role and the
mechanism of action of AS160 in the regulation of cell proliferation remain unclear. In this study, we
demonstrated that AS160 knockdown led to blunted cell proliferation in multiple cell types, including
fibroblasts and cancer cells. The results of cell cycle analysis showed that these cells were arrested in the
G1 phase. Intriguingly, this inhibition of cell proliferation and the cell cycle arrest caused by AS160
depletion were glucose independent. Moreover, AS160 silencing led to a marked upregulation of the
expression of the cyclin-dependent kinase inhibitor p21. Furthermore, whereas AS160 overexpression
resulted in p21 downregulation and rescued the arrested cell cycle in AS160-depeleted cells, p21 silencing
rescued the inhibited cell cycle and proliferation in the cells. Thus, our results demonstrated that AS160
regulates glucose-independent eukaryotic cell proliferation through p21-dependent control of the cell
cycle, and thereby revealed a molecular mechanism of AS160 modulation of cell cycle and proliferation
that is of general physiological significance.
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Introduction

AS160 (TBC1D4), a GTPase-activating protein (GAP) that
functions downstream from Akt,1 inhibits the activity of the
small GTPases that control intracellular trafficking of vesicles,
including the vesicles that traffic GLUT4, insulin, AQP2, NaC/
KC-ATPase, and NaC channels.2-6 In adipose tissues and skele-
tal muscles in particular, AS160 has been extensively studied in
the control of GLUT4 transport in response to insulin: AS160
modulates GLUT4 transport through a PI3-kinase-dependent
mechanism by directly regulating the activities of Rab10,
Rab13, and/or Rab8,7-10 and its role in this process has been
partially supported by experiments conducted in vivo.11-15

Emerging evidence indicates that AS160 also functions in
other biological processes, including the regulation of R-wave
amplitude in the heart and lipid droplet fusion and growth.16,17

Recently, one study reported that AS160 might play a central
role in b-cell function and survival: Primary cultures of b-cells
and MIN6B1 cells expressing reduced levels of AS160 showed
increased apoptosis and a loss of glucose-induced proliferation,
as revealed through the measurement of 5-bromo-20-deoxyuri-
dine incorporation.6 TBC1D1, a paralog of TBC1D4, has also
been shown to affect rat b-cell function and survival.18 More-
over, AS160 phosphorylation at the key residue T642 (p-
AS160) was markedly higher in breast cancer tissue than in
normal adjacent tissues; here, p-AS160 was positively corre-
lated with tumor size and the cell-proliferation marker Ki-67.19

These results indicated a potential role of AS160 in cell prolifer-
ation. However, the exact role played by AS160 in cell prolifera-
tion is unclear, and the molecular mechanism by which AS160
regulates cell proliferation remains unknown.

In this study, we comprehensively demonstrated that AS160
silencing blunted cell proliferation at the rapid-growth phase
by arresting fibroblasts and various cancer cells in the G1 phase,
and that AS160 produced its effect on cell cycle by regulating
the cyclin-dependent kinase (CDK) inhibitor p21 in multiple
cell types. Our findings reveal a clear function and mechanism
of action of AS160 in the modulation of eukaryotic cell prolifer-
ation, which might be of broad physiological significance.

Results

AS160 knockdown suppresses cell proliferation and
induces cell cycle arrest in the G1 phase in multiple cell
types

To determine the role of AS160 in cell proliferation, we first
knocked down AS160 protein expression in mouse 3T3-L1
fibroblasts by using shRNA against the most reported AS160
target sequence,9 and then monitored the cell numbers for 5
d.20 The AS160-specific shRNA but not control shRNA
efficiently and stably reduced AS160 expression in 3T3-L1
fibroblasts (>90% depletion; Fig. 1A); notably, the proliferation
of these cells was inhibited by approximately 50% in the rapid-
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growth phase (starting from the third day; Fig. 1B). Next, we
tested whether this role of AS160 in cell proliferation applies
broadly to other cell types. Given that cancer cells grow faster
than normal cells, we evaluated cell proliferation in 2 human
cancer cell lines, MCF7 and Huh7. As per our expectation,
both of the AS160-specific siRNAs that we tested (see Methods)
silenced AS160 expression by 50%–70% in these cells (Figs 1C,
E), and this was sufficient for markedly inhibiting the prolifera-
tion of these cells (Figs 1D, F).

Apoptosis occurs normally during development and aging
and serves as a homeostatic mechanism for maintaining cell
populations in tissues. To determine whether the regulatory

effect of AS160 on cell proliferation was specific, we examined
how AS160 depletion affected apoptosis. As expected, apoptosis
analysis performed using Annexin-V/propidium iodide (PI)
staining and flow cytometry revealed that shRNA-mediated
AS160 depletion did not affect apoptosis in 3T3-L1 fibroblasts
(Fig. S1).

A critical mechanism for controlling the proliferation of
cells is the cell cycle. Thus, to further characterize the effect of
AS160 in the regulation of cell proliferation, we next tested
whether AS160 knockdown affects the cell cycle in various cell
types. The results of flow cytometric analysis revealed that in
3T3-L1 fibroblasts, the AS160-specific shRNA induced the

Figure 1. AS160 silencing suppresses cell proliferation and induces cell cycle arrest in the G1 phase in multiple cell types. (A) Levels of the indicated protein in 3T3-L1
fibroblasts infected with a scrambled (SCR) or AS160-specific shRNA (KD) were determined by performing protein gel blotting with duplicate sample loading; b-actin
served as a loading control. (B) Proliferation of cells from (A) was determined by counting cells and normalizing the numbers relative to the initial cell numbers. Data rep-
resent mean § s.e.m. (n D 3 represents 3 replicated experiments, same below); here and below, �p < 0.05 and ��p < 0.01 compared to SCR, 2-tailed t test. (C) Western
blots of MCF7 cells transfected with 2 AS160 siRNAs (KD1 and KD2) or scrambled siRNA (SCR), at 48 and 72 h post-transfection. (D) Proliferation levels of MCF7 cells from
(C) were determined using the MTS assay and normalized relative to the respective initial OD values. Data represent mean§ s.e.m. (nD 3). (E) Western blots of Huh7 cells
transfected with 2 AS160 siRNAs (KD1 and KD2) or scrambled siRNA (SCR), at 48 and 72 h post-transfection. (F) Proliferation levels of Huh7 cells from (E) were determined
using the MTS assay and normalized relative to the respective initial OD values. Data represent mean § s.e.m. (n D 3). (G) Cell cycle analysis of SCR and KD 3T3-L1 fibro-
blasts. Results represent percentages of cells in G1, S, and G2/M phases for the representative experiment (left) and mean § s.e.m. (right, n D 3); here and below, �p <

0.05 compared to SCR, t test. (H) Cell cycle analysis of MCF7 cells transfected with 2 AS160 siRNAs (KD1 and KD2) or scrambled siRNA (SCR).
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arrest of 63.11% of the cells in the G1 phase, whereas the
scrambled shRNA induced the G1 arrest of 50.40% of the cells
(Fig. 1G). Moreover, this effect was not limited to 3T3-L1 fibro-
blasts: AS160 silencing in MCF7 cells by using the 2 specific
siRNAs caused the G1 arrest of 71.36% and 67.81% of the cells
as compared to 53.59% with the scrambled siRNA (Fig. 1H).

Altering glucose or lactate does not rescue increased G1
arrest or blunted cell proliferation induced by AS160
depletion

AS160 has been mostly reported to function as a GAP for the
small GTPases that control GLUT4 trafficking to the plasma
membrane; this indicates that AS160 is related to glucose
uptake, metabolism, and homeostasis. Therefore, we investi-
gated whether the effect of AS160 depletion on the proliferation
of 3T3-L1 fibroblasts is directly related to the amount of glu-
cose and metabolic lactate in these cells.

Because 3T3-L1 cells have been extensively used for studying
adipogenesis, we first evaluated whether AS160-depleted 3T3-L1
fibroblasts can undergo normal differentiation. Here, AS160
knockdown did not affect the differentiation of 3T3-L1 fibro-
blasts into adipocytes, as revealed by oil red staining and quanti-
fication (Fig. 2A). Moreover, we introduced an HA-GLUT4-GFP
construct into the adipocytes and then imaged GLUT4 distribu-
tion and quantified its surface-to-total ratio. As expected, AS160
depletion also induced a 2-fold increase in GLUT4 distribution
to the plasma membrane (Fig. 2B) and increased glucose uptake
under basal conditions in differentiated adipocytes (Fig. 2C),
which indicated that these 3T3-L1 fibroblasts were capable of
normal and functional differentiation.

Next, we measured glucose uptake in 3T3-L1 fibroblasts.
Our results demonstrated that AS160-depleted 3T3-L1 fibro-
blasts maintained an increased glucose-uptake level (relative to
control) during the entire growth period (Fig. 2D), which led
us to investigate whether artificially altering glucose levels in
the culture medium can rescue the AS160-depletion-dependent
inhibited cell proliferation and/or arrested cell cycle. In addi-
tion to using the normal conditions, we added 10 or 5 mM glu-
cose to scrambled-siRNA-treated cells (scramble cells) and
AS160-depleted cells, respectively; the use of this approach
resulted in an equal amount of glucose being taken up into the
scramble and AS160-depleted cells (Fig. 2E). Under these con-
ditions, the scramble cells exhibiting increased glucose uptake
still maintained a lower percentage (»31%) of cells in G1,
whereas the AS160-depleted cells exhibiting reduced glucose
uptake maintained a higher percentage (»49%) of cells in G1
(Fig. 2E, F). Thus, although we ensured that the overall amount
of glucose uptake into these cells was same by altering the glu-
cose level in the culture medium, the percentage of scramble
and AS160-depleted cells in the G1 and S phases differed signif-
icantly (Fig. 2E, F, black and blue bars).

In addition to the increased glucose uptake in AS160-
depleted 3T3-L1 fibroblasts, we expected to observe an increase
in the lactate level in the culture medium; accordingly, mea-
surement of lactate levels revealed that lactate was maintained
at higher levels relative to control in the culture medium of
AS160-depleted cells during a 4-d growth period (Fig. 2G).
Thus, to determine whether or not the effect on cell

proliferation in AS160-depleted cells is related to this increased
lactate level, we added an extra 0.6 mM lactate in the medium
used for culturing the scramble cells; this ensured that the lac-
tate levels were equal in the culture medium of both scramble
cells and AS160-depleted cells (Fig. 2H). Our results showed
that the scramble cells exposed to additional lactate grew at the
same rate as the regular scramble cells even when we examined
a longer (7-d) growth period (Fig. 2I), which revealed that the
blunted cell proliferation in the AS160-depleted cells was not
related to the metabolic end-product lactate. Collectively, these
data indicated that AS160-regulated cell proliferation is inde-
pendent of glucose-related mechanism(s).

AS160 knockdown upregulates the expression of the CDK
inhibitor p21 in multiple cell types

A series of CDK inhibitors play key roles in cell cycle, particu-
larly in the G1 phase (29). Therefore, we assessed the mRNA
levels of the CDK inhibitors p16, p19, p21, and p27 at 12, 16,
and 24 h after plating control and AS160-depleted 3T3-L1
fibroblasts. Whereas p21 expression was markedly upregulated
in AS160-depleted cells at 12 and 16 h, p16, p19, and p27 were
unchanged (Fig. 3A), and this upregulation of p21 induced by
AS160 depletion was further supported by the determination of
the protein levels in 3T3-L1 fibroblasts (Fig. 3B). We suspected
that this AS160-depletion-induced upregulation of p21 is likely
to be of general physiological significance, and thus measured
p21 protein levels in MCF7, HeLa, Huh7, and HEK-293 cells.
Our results showed that in these cells, 2 siRNAs targeting dis-
tinct sequences efficiently depleted AS160 and led to upregu-
lated p21 protein expression at both 48 and 72 h of silencing
(Fig. 3C).

Activation of G1-phase CDKs is also known to lead to the
phosphorylation of retinoblastoma protein (Rb), a critical
downstream effector in the p21-CDK4/6 axis that regulates the
expression of a host of target genes through interactions with
E2F and other transcription factor complexes.20-23 Therefore,
we evaluated phosphorylated-Rb as a downstream readout of
changes in p21: In a line with the p21 upregulation induced by
AS160 knockdown, phosphorylated-Rb levels were suppressed
in 3T3-L1 fibroblasts following AS160 depletion (Fig. 3D).

AS160 overexpression or p21 silencing in AS160-depeleted
cells rescues AS160-depletion-induced blunted cell
proliferation and cell cycle

Because AS160 depletion resulted in an upregulation of p21, we
speculated that this negative correlation between AS160 and p21
could be revealed by performing double-knockdowns of AS160
and p21 or by overexpressing AS160. However, transfecting the
siRNAs into 3T3-L1 fibroblasts efficiently was challenging, and
thus we introduced p21 and/or AS160 siRNAs into MCF7 cells. In
agreement with the data presented in the preceding subsection,
both of the AS160 siRNAs efficiently knocked down the AS160
protein expression and induced a similar amount of p21 increase
in MCF7 cells (Figs 4A, B), which precisely matched the increased
percentage (58.83%) of AS160-depleted cells arrested in the G1
phase as compared to the fraction (44.18%) of scramble cells
arrested in G1 (Fig. 4C, D).
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Next, we found that 2 siRNAs against p21, p21-KD1 and
p21-KD2, induced the G1 arrest of 33.93% and 40.36% of
the cells, respectively (Fig. 4C, D), which was correlated with
the levels to which p21 protein expression was silenced by these
siRNAs (p21-KD1 was more effective than p21-KD2; Fig. 4A,

B). Interestingly, p21 silencing did not affect the expression of
AS160 (Fig. 4A, B).

We also introduced p21 siRNAs into AS160-silenced cells.
As per our expectation, this led to a marked rescue of the cells
in G1: the fraction was lowered to 47.72% (compared to

Figure 2. Altering glucose or lactate does not rescue AS160-depletion-induced blunted cell proliferation or cell cycle arrest in G1 in 3T3-L1 fibroblasts. (A) Representative
images of oil-red-stained 3T3-L1 adipocytes infected with scrambled (SCR) or AS160-specific shRNA (KD). Quantified Results represent normalized mean§s .e.m. of OD
values of oil-red staining (right, n D 3 represents 3 replicated experiments, same below); here and below, NS, not significant. (B) Representative GFP and Cy3 images of
3T3-L1 SCR and KD adipocytes electroporated with the HA-GLUT4-GFP construct and immunostained with Cy3-conjugated HA antibodies in the basal state. Quantified
data represent normalized Cy3/GFP fluorescence ratio (right, nD 3). (C) Glucose uptake into 3T3-L1 adipocytes from (B), determined by measuring glucose in the superna-
tant and the cell numbers. Data represent normalized mean§ s.e.m. (nD 3); �p< 0.05, 2-tailed t test, same below. (D) Glucose uptake into 3T3-L1 SCR and KD fibroblasts
in a 4-d period of cell proliferation. Data represent normalized mean § s.e.m. (n D 3); here and below, �p < 0.05 compare to SCR, t test. (E) Glucose uptake into 3T3-L1
SCR and KD fibroblasts exposed to the indicated glucose concentration in the culture medium. The amounts of glucose taken up into the fibroblasts were equal when
10 mM glucose was included in the medium used for SCR cells and 5 mM glucose was added in the medium for KD cells. The result represent mean § s.e.m. (n D 4).
(F) Cell cycle analysis of 3T3-L1 fibroblasts from (E). Data shown are mean § s.e.m. (n D 4); �p < 0.05, t test. G, Lactate levels in the supernatants of 3T3-L1 SCR and KD
fibroblasts in a 4-d period of cell proliferation (nD 3). H, Lactate levels in the supernatants of 3T3-L1 SCR and KD fibroblasts in a 7-d period of cell proliferation. The lactate
levels were equal in the supernatants of KD and SCR cells when the SCR cell-culture medium was supplemented an extra 0.6 mM lactate (n D 3); ��p < 0.01, t test. I,
Proliferation of 3T3-L1 fibroblast from (H) was quantified through cell counting and normalized relative to the initial cell numbers. Results represent normalized mean
§ s.e.m. (n D 3).
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58.83% in the case of AS160-silenced cells or 44.18% for scram-
ble cells) (Fig. 4A, B, C, D).

To examine in detail the mechanism of action of AS160 in
the regulation of cell cycle and proliferation, we next overex-
pressed wild-type (WT) AS160 in the AS160-silenced cells; our
results showed that this again led to a marked rescue of cells in
the G1 phase: the fraction was lowered to 48.77% (compared to
58.83% for AS160-silenced cells), which fit well with p21 down-
regulation through the overexpression of WT-AS160 in the
AS160-silenced cells (Fig. 4A, B). Moreover, this effect was not
limited to MCF7 cells: a similar result was obtained with HEK-
293 cells (Fig. S2).

In another set of experiments, we plated the transfected
cells and measured cell proliferation. In agreement with the
cell cycle data, these results showed that p21 silencing in
AS160-KD1 cells (Fig. 4E) or -KD2 cells (Fig. 4F) potently
rescued the inhibited cell proliferation caused by AS160
depletion in MCF7 cells. Furthermore, we observed that
the p21-silenced cells tended to show an increased growth
rate.

Collectively, the results of this study demonstrated that 1)
AS160 regulates cell proliferation and cell cycle in multiple
cell types; 2) AS160-regulated cell proliferation is not related
to glucose uptake and metabolism; and 3) AS160 negatively
modulates the expression of the CDK inhibitor p21. These
findings reveal a detailed and clear-cut function and a previ-
ously unrecognized mechanism of action of AS160 in the
regulation of glucose-independent cell proliferation, which
involves AS160 modulation of p21-dependent control of the
cell cycle.

Discussion

In this study, we comprehensively investigated the details of
AS160-regulated cell proliferation in multiple cell types. We
found that AS160 silencing led to blunted cell proliferation in
3T3-L1 fibroblasts and other cells, including MCF7 and Huh7
cells. Therefore, this regulation might not limited to b-cells,6

breast cancer,19 the multiple types of cells in this study and
could be of general physiological significance.

Previously, AS160 knockdown was shown to result in a par-
tial redistribution of GLUT4 from intracellular compartments
to the plasma membrane, a concomitant increase in basal glu-
cose uptake, and a 3-fold increase in basal GLUT4 exocytosis.24

In agreement with this report, in our study, cultured AS160-
depleted 3T3-L1 cells differentiated into adipocytes normally,
and under basal conditions, both GLUT4 distribution to the
plasma membrane and glucose uptake in these cells were
increased; this demonstrated that a normal and functional dif-
ferentiated cell system was obtained using our cultures. Consid-
ering the crucial role that AS160 plays in glucose metabolism
and energy homeostasis,15,25,26 we initially suspected that
AS160-dependent regulation of cell proliferation might be
related to increased glucose uptake and metabolism. Thus, we
sought to confirm the effect of glucose on the blunted cell pro-
liferation, and therefore modulated glucose concentrations in
the culture medium to ensure equal glucose uptake into scram-
ble and AS160-depleted cells (Fig. 2E). Unexpectedly, we
detected no differences in cell cycle characteristics between nor-
mal scramble cells and scramble cells exposed to altered glucose
levels, or between AS160-depleted cells and AS160-depleted

Figure 3. AS160 knockdown upregulates the CDK inhibitor p21 in multiple cell types. (A) Screening of mRNA levels of AS160, p16, p19, p21, and p27 in 3T3-L1 fibroblasts
infected with scrambled (SCR) or AS160-specific (KD) shRNAs, at indicated times post-plating. Data shown are normalized mean § s.e.m. (n D 3 represents 3 replicated
experiments, same blow). (B) Levels of the indicated proteins in 3T3-L1 SCR and KD fibroblasts, determined with triplicated sample loading. Tubulin severed as the load-
ing control. (C) Western blots of MCF7, HeLa, Huh7, and HEK-293 cells transfected with 2 AS160 siRNAs (KD1 and KD2) or a scrambled siRNA (SCR), at 48 and 72 h post-
transfection. (D) Protein levels of phosphorylated-Rb and AS160 in 3T3-L1 SCR and KD fibroblasts.
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cells exposed to altered glucose levels (Fig. 2F). Similarly, alter-
ing the lactate level in the culture medium also did not cause
any change in cell proliferation (Fig. 2I). Therefore, we propose
that the AS160-depletion-induced inhibition of cell prolifera-
tion is not related to glucose metabolism.

CDK inhibitors are essential for controlling cell cycle and
cell proliferation.22 The CDK inhibitor p21 is a key regulator of
the G1-phase cell cycle checkpoint: p21 functions by inducing
cell cycle arrest through CDK inhibition and/or impairment of
DNA replication by interacting with proliferating-cell nuclear
antigen, a molecular platform for several factors involved in
DNA metabolism.21,23,27 Accurate transition from the G1 phase
to S phase of the cell cycle is crucial for the control of eukary-
otic cell proliferation, and its misregulation promotes oncogen-
esis. During the G1 phase, CDK activity promotes DNA

replication and initiates G1-to-S transition. Our screening of
CDK inhibitors revealed for the first time that p21 was upregu-
lated in multiple AS160-silenced cells, including 3T3-L1 fibro-
blasts and HeLa, Huh7, and HEK-293 cells (Fig. 3), which
demonstrated that AS160-modulated p21 upregulation is of
broad physiological significance.

In other assays, we found that overexpression of WT
AS160 inhibited p21 expression and rescued the blunted cell
cycle and cell proliferation observed following AS160 silenc-
ing, but that p21 knockdown did not affect AS160 expres-
sion; this finding indicates that AS160 might regulate p21 as
an upstream factor. We also attempted to determine whether
AS160 regulates the transcriptional or translational process
by measuring the half-life of p21 by using the cycloheximide
(CHX) chase assay; our data revealed that AS160 depletion

Figure 4. p21 silencing or AS160 overexpression in AS160-silenced cells rescues blunted cell cycle and cell proliferation caused by AS160 knockdown. (A) Levels of indi-
cated proteins in MCF7 cells transfected with 2 AS160 siRNAs (AS160-KD1 and AS160-KD2) and/or p21 siRNAs (p21-KD1 and p21-KD2), scrambled siRNA (SCR), or a wild-
type AS160 construct (WT AS160), as indicated. (B) Quantified levels of p21 and AS160 proteins from (A); the data were averaged and normalized relative to the scramble
cells, respectively (n D 3 represents 3 replicated experiments, same below); here and below, NS, not significant; 2-tailed t test, �p < 0.05, ��p < 0.01 compared to AS160
level of SCR; #p< 0.05 compared to p21 level of SCR; and p< 0.05. (C) Cell cycle analysis of MCF7 cells from (A and B). Results represent mean§ s.e.m. (nD 3). (D) Quan-
tification of the percentage of cells in G1 phase from (C); n D 3, here and below, �p < 0.05 and ��p < 0.01. (E) Proliferation of SCR and KD (AS160-KD1) MCF7 cells from
(A–D) was measured using the MTS assay and normalized relative to the initial OD values. Data shown are mean § s.e.m. (n D 3). (F) Proliferation of SCR and KD (AS160-
KD2) MCF7 cells from (A–D) was measured using the MTS assay and normalized relative to the initial OD values. Data shown are mean § s.e.m. (n D 3).
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did not affect the half-life of p21. Considering that the p21
mRNA was upregulated following AS160 silencing (Fig. 3A),
we collectively propose the radical hypothesis that AS160
functions in the transcriptional process (Fig. S3). The
detailed modulation mechanism involved here warrants elu-
cidation in the near future.

In summary, we have shown that AS160 functions in cell
proliferation by regulating the expression of the CDK inhibitor
p21 and eventually modulating the cell cycle. Our findings
reveal a previously unrecognized mechanism of AS160 regula-
tion of cell proliferation that is of general physiological
significance.

Materials and methods

Cell culture, differentiation, constructs, viral infections,
retroviral shRNA silencing, and electroporation

We tested 3T3-L1 fibroblasts (ATCC, CL-173) for mycoplasma
contamination and cultured in DMEM (Hyclone,
SH30022.01B) supplemented with 25 mM glucose (Sigma,
G8769), 10% calf serum (Bilological Industries, 1421032), and
1% penicillin/streptomycin (Bilological Industries, 1531326) at
37�C and 10% CO2. To induce the differentiation of 3T3-L1
cells, confluent cells were exposed to an adipogenic mixture for
3 d: 10% FBS (Bilological Industries, 1447832), 1 mM dexa-
methasone (Adamas, 60231A), 0.5 mM 3-Isobutyl-1-methyl-
xanthine (Sigma, I5879), 1 mM rosiglitazone (Sigma, R2408)
and 1 mg/mL insulin (Roche, 11376497001).28

HEK-293, MCF7, HeLa, Huh7, and Eco cells were tested for
mycoplasma contamination and maintained in DMEM supple-
mented with 10% FBS and 1% penicillin/streptomycin at 37�C
and 10% CO2.

For stable knockdown of AS160 in 3T3-L1 fibroblasts, oligo-
nucleotides for pSIREN-RetroQ retroviral vectors (Clonetech,
PT3739-1) were designed with BamHI- and EcoRI-compatible
extensions and annealed and cloned into the vectors, and the
constructed vectors were sequenced to ensure accuracy. The
targets for mouse AS160 and the scrambled oligos were 50-
GACTTAACTCATCCAACGA-30 and 50-GCGAAAGATGA-
TAAGCTAA-30, respectively. Reconstructed retroviral vectors
were transfected into Eco packaging cells, and supernatants
were collected at 48 h post-transfection, passed through a 0.45-
mm nitrocellulose filter, and applied on 3T3-L1 cells together
with 5 mg/m polybrene (Sigma, AL-118). The cells were re-
infected the next day and selected with 10 mg/mL puromycin
(Invitrogen, A1113803) for 5 d.

For transient knockdown of AS160 in other cell lines,
1 £ 105 cells were plated in 6-well plates and transfected with
2 siRNAs targeting distinct human AS160 sequences, 50-GAG-
CAAGCCTTTGAAATGC-30 and 50-GCACAAAGAGAAAGC
UGAA-30, or transfected with the scrambled sequence 50-
TTCTCCGAACGTGTCACGT-30 (Genepharma, China); HEK-
293, MCF7, HeLa, and Huh7 cells were transfected with the
siRNAs by using Lipofectamine 3000 (Invitrogen, 1718526).

HA-GLUT4-GFP (a gift from Samuel Cushman, NIH) was
transfected into differentiated 3T3-L1 adipocytes by means of
electroporation (Eppendorf, Germany). WT AS160 was pur-
chased from Addgene, USA.

Antibody and reagents

The antibodies used in this study were against AS160 (Milli-
pore, 07-741), phosphorylated-Rb (CST, 9308), b-tubulin
(CST, 2128), b-actin (Santa Cruz, sc-81178), HA.11 (Covance,
MMS-101P), Cy3 Goat Anti-Mouse IgG (Jacksonimmuno,
115-165-003) and p21 (BD Biosciences, ab109199).

PtdIns, RNase, and oil red were obtained from Sigma-
Aldrich (25535-16-4, 9001-99-4, O0625 respectively). Cell
viability was measured using the Cell Titer GloH Luminescent
Cell Viability Assay (Promega, G358A). Lipofectamine 3000
transfection reagent and SYBR� Green Master Mix were pur-
chased from Invitrogen, USA (150603).

Glucose and lactate measurements

Supernatants of cultured 3T3-L1 fibroblasts were collected at
various times (indicated in figures) during the culture period;
cell proliferation was evaluated at the time points and the lac-
tate and glucose were measured using the respective kits (Nan-
JingJiancheng, China). Subsequently, the quantified values were
standardized using the measured cell numbers (see “Cell-prolif-
eration assay”).

Cell cycle and apoptosis analysis

Scramble and AS160-depleted 3T3-L1 fibroblasts were cultured
for 24 h before cell cycle analysis, whereas MCF7 cells were cul-
tured for 30 h after siRNA transfection. The cells were fixed
with 70% (v/v) cold ethanol overnight, washed once with phos-
phate-buffered saline (PBS), and resuspended in 500 mL of PBS
containing 100 mg/mL RNase for 30 min at 37�C, and then
incubated (for 15 min) with the nuclear stain PI at a final con-
centration of 40 mg/mL. We analyzed 1 £ 104 cells/sample by
using a BD AccuriC6 flow cytometer (BD Biosciences, USA).

Apoptosis of 3T3-L1 fibroblasts was assessed by using
Annexin V-FITC/PtdIns kits (Invitrogen, USA) according to
the manufacturer’s instructions. Stained cells were analyzed by
means of flow cytometry performed using the BD AccuriC6
flow cytometer. Cell cycle and apoptosis levels were further
analyzed using FlowJo software.

Cell-proliferation assay

Cells were seeded in 96-well plates at 0.5 £ 104 cells/well and
cultured for different number of days (indicated in figures). To
count 3T3-L1 fibroblasts, nuclei were stained with 40,6-diami-
dino-2-phenylindole (DAPI) and then the cells were imaged
(Nikon Ti-E, Japan) and their numbers were determined using
MetaMorph software (Molecular Devices, USA). For MCF7
and Huh7 cells, 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxyme-
thoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (Promega,
G3582) was diluted 1:4 with fresh culture medium and this
mixture was added to cells in 96-well plates; the cells were incu-
bated with the mixture for 4 h, and then the color intensity,
which reflects cell viability, was measured at 492 nm. The quan-
tifications of cell proliferation were normalized relative to the
initial nucleus numbers (3T3-L1 fibroblasts) or optical density
(OD) values (MCF7 and Huh7 cells).
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Western blotting analysis

Cells were rinsed twice with ice-cold PBS and then lysed in
appropriate RIPA extraction buffer (Beyotime, P0013C) on ice
for 30 min by pipetting several times every 5 min. Protein sam-
ples were separated using sodium dodecyl sulfate–polyacryl-
amide gel electrophoresis (SDS¡PAGE) and transferred to
polyvinylidene fluoride (PVDF) membranes (Millipore,
IPVH00010). Membranes were blocked in 5% skim milk in
Tris-Buffered Saline and Tween 20 (TBST) for 1 h and then
incubated with primary antibodies in TBST containing 3%
skim milk (4�C, overnight). After rinsing 5 times in TBST,
membranes were incubated with secondary antibodies for 2 h
at room temperature in TBST containing 3% skim milk, rinsed
again in TBST, and then developed using Western Lightning
Chemiluminescence Reagent (Perkin-Elmer Life Science,
USA). Protein bands in western blots were quantified using
MetaMorph software.

Quantitative PCR

We used quantitative PCR (qPCR) to examine the mRNA levels
of AS160, p16, p19, p21, and p27 in scramble and stable-
AS160-knockdown 3T3-L1 fibroblasts. Total RNAs were pre-
pared from cultured cells by using TRIzol A reagents (Invitro-
gen, 15596026), and 1 mg of total RNA was reverse-transcribed
using a cDNA Synthesis Kit (Bio-Rad, K1622). The primers for
qPCR were the following:

P21: F-CCTGGTGATGTCCGACCTG, R-CCATGAGCGC
ATCGCAATC;

P19: F-CTGAACCGCTTTGGCAAGAC, R-
GCCCTCTCTTATCGCCAGAT;

P16: F-GCTCAACTACGGTGCAGATTC, R-
GCACGATGTCTTGATGTCCC;

P27: F-TAATTGGGGCTCCGGCTAACT, R-
TGCAGGTCGCTTCCTTATTCC;

AS160: F-GCATTCAGGATGAGCCTTTCC, R-
CTCCCACGTACCATAGCCG;

b-actin: F-GGCTGTATTCCCCTCCATCG, R-
CCAGTTGGTAACAATGCCATGT.

Statistics

Statistical analysis to calculate P-value was carried out using a
2-tailed t test. The level of significance was set to P<0.05 or as
indicated in Figure Legends.
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