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The requirement of Akt for cell proliferation and onco-

genesis is mammalian target of rapamycin complex 1

(mTORC1) dependent. SV40 large T expression in

Akt-deficient cells restores cell proliferation rate, but is

insufficient for exiting contact inhibition and oncogene-

induced anchorage-independent growth, because of a fail-

ure to promote Skp2 mRNA translation. Skp2 mRNA and

protein are induced upon exiting contact inhibition, which

enables entry into mitosis. While Skp2 mRNA is induced

in Akt-deficient cells, it is not translated, preventing entry

into mitosis. Restoring Skp2 expression in Akt-deficient

cells is sufficient to restore exit from contact inhibition and

oncogenesis. Skp2 mRNA translation is dependent on

mTORC1 and the eukaryotic translation initiation factor

4E (eIF4E). Thus, the requirement of Akt for exiting

contact inhibition is mediated by the induction of Skp2

mRNA translation in eIF4E-dependent mechanism. These

results provide a new insight into the role of the Akt/

mTORC1/eIF4E axis in tumourigenesis. Akt-dependent

Skp2 mRNA translation is also required for mitotic clonal

expansion (MCE)—the earliest event in adipogenesis.

Skp2 re-expression in Akt-deficient preadipocytes, which

are impaired in adipogenesis, is sufficient to restore adi-

pogenesis. These results uncover the mechanism by which

Akt mediates adipogenesis.
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Introduction

Akt is perhaps the most frequently activated oncoprotein in

human cancers. Hyperactivation of Akt contributes to the

genesis of cancer through multiple mechanisms, including

inhibition of apoptosis, increased cell metabolism, abrogation

of cell-cycle checkpoint, and increased proliferation (Bhaskar

and Hay, 2007; Robey and Hay, 2009). A large number of

substrates that can potentially be phosphorylated by Akt and

contribute to the genesis of cancer (Lawlor and Alessi, 2001).

However, it is still unclear which targets are the most critical

for Akt’s role in cell proliferation and oncogenic transforma-

tion. We had previously shown that Akt is required for entry

into cell cycle and for normal cell proliferation, as well as for

oncogenic transformation, independently of its anti-apoptotic

function (Skeen et al, 2006). Previously, we showed that the

most critical downstream effector of Akt that is required for

cell proliferation and oncogenic transformation, is the mam-

malian target of rapamycin complex 1 (mTORC1; Skeen et al,

2006). We showed that when mTORC1 is hyperactivated, the

requirement of Akt for cell proliferation and oncogenic

transformation is diminished. However, it is not known

how mTORC1 executes Akt’s function in cell proliferation

and oncogenic transformation. mTORC1 contributes to can-

cer development and tumourigenesis through multiple me-

chanisms most notably through its effect on protein synthesis

and lipid metabolism (Laplante and Sabatini, 2009). The

most well-known targets of mTORC1 are S6 kinase 1 (S6K1)

and the eukaryotic translation initiation factor 4E-binding

proteins (4E-BPs), both of which are implicated in mRNA

translation (Hay and Sonenberg, 2004). In particular, phos-

phorylation of 4E-BPs by mTORC1 alleviates the inhibitory

activity of 4E-BPs on mRNA translation by facilitating its

dissociation from eukaryotic translation initiation factor 4E

(eIF4E), enabling eIF4E to interact with eIF4G to initiate

mRNA translation (Hay and Sonenberg, 2004). Thus, the

phosphorylation of 4E-BPs by mTORC1 may constitute a

rate-limiting step in mRNA translation. In general, eIF4E is

required for 50-cap-dependent mRNA translation and specifi-

cally for the translation of mRNAs with a long and structured

50 untranslated region (UTR). S6 kinase contributes to mRNA

translation by phosphorylating translation factors (Hay and

Sonenberg, 2004), as well as by affecting the levels of eIF4A

(Dorrello et al, 2006). In addition, as a kinase, S6K1 can

phosphorylate other target proteins, which might be required

for cell-cycle progression and oncogenic transformation.

However, as was recently shown, eIF4E plays a predominant

role in cell proliferation downstream of mTORC1 (Dowling

et al, 2010).

Because we found that Akt is required for pRB phosphor-

ylation during entry into cell cycle (Skeen et al, 2006), we

expressed SV40 large T (LT) to sequester and impair pRB

function with the aim of restoring normal cell proliferation in

Akt1 and Akt2 doubly deficient cells. Indeed, LT restored

normal cell proliferation of Akt-deficient cells under

normal growth conditions. Surprisingly, however, LT was

not sufficient to restore oncogenic transformation of Akt-

deficient cells as assessed by anchorage-independent growth.
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In addition, LT was sufficient to drive wild-type cells out of

contact inhibition but not Akt-deficient cells. Thus, Akt is

required for exit from contact inhibition and anchorage-

independent growth—two hallmarks of cancer cells, inde-

pendently of pRB. As demonstrated in our current studies,

this activity of Akt is also dependent on mTORC1 and its

downstream effector, eIF4E. We show here that Akt is re-

quired for the translation of S phase kinase-associated protein

2 (Skp2) mRNA during exit from contact inhibition. Skp2 is

an F-box binding protein, which is required for the degrada-

tion of p21 and p27. p21 and p27 degradation is required for

the activation of cyclin-dependent kinase 1 (CDK1), facilitat-

ing cell-cycle progression through the G2 phase and entry

into mitosis even in the absence of pRb (Nakayama and

Nakayama, 2005; Frescas and Pagano, 2008). Therefore,

ectopic expression of Skp2 in Akt-deficient cells is sufficient

to restore the ability to exit from contact inhibition and

promote anchorage-independent growth. Thus, our studies

not only uncovered a new mechanism by which Akt con-

tributes to cell proliferation and oncogenic transformation,

but also a new mechanism by which eIF4E contributes to

these processes.

Finally, we showed that the role of the Akt/mTORC1/eIF4E

axis in mediating Skp2 mRNA translation is also required for

adipocyte differentiation. Our results showed that Akt is

required for the expression of all the transcriptional regula-

tors, whose expression is dependent on mitotic clonal expan-

sion (MCE). MCE is a cell division process, which is a

prerequisite for the induction of the adipogenesis transcrip-

tional cascade (Tang et al, 2003). This process was shown to

be dependent on Skp2 and the lack of Skp2 impairs adipo-

genesis in vivo and in vitro (Cooke et al, 2007; Sakai et al,

2007). Thus, the function of the Akt/mTORC1/eF4E axis in

cell proliferation and Skp2 expression is also required for

adipocyte differentiation.

Results

SV40 LT restores a normal cell proliferation rate for

Akt1/2 DKO cells but is not sufficient to restore

oncogenic transformation and promote exit from

contact inhibition

We previously showed that mouse embryo fibroblasts (MEFs)

derived from Akt1 KO or Akt1/2 double knockout (DKO)

mice are impaired in their ability to enter the S phase of the

cell cycle, and in the phosphorylation and inactivation of

pRb. Therefore, we expressed SV40 LT, which neutralizes pRb

in Akt1/2 DKO MEFs. The expression of LT was sufficient to

promote a similar proliferation rate of Akt1/2 DKO cells to

that of WT cells (Figure 1A). Surprisingly, however, LT was

not sufficient to restore Ras-oncogenic transformation of

Akt1/2 DKO cells (Figure 1B). In addition, while LT could

promote exit from contact inhibition of WT cells, it could not

promote exit from contact inhibition of Akt1/2 DKO cells

(Figure 1C). Taken together, the results suggest: first, in

addition to its role in G1/S progression, Akt is required

for exit from contact inhibition, through a mechanism,

which cannot be compensated for by LT. Second, the role of

Akt in the exit from contact inhibition is coupled to its

role in oncogenic transformation and anchorage-independent

growth.

Akt1/2 DKO (LT) cells fail to reduce p21 and p27 proteins

and elevate Skp2 protein during exit from contact

inhibition

To determine why Akt1/2 DKO cells are impaired in exit from

contact inhibition, we first verified whether LT could drive

Akt1/2 DKO cells through the S phase of the cell cycle. As

expected, we found that LT is sufficient to drive both WT and

Akt-deficient cells through the S phase of the cell cycle as

measured by BrdU incorporation 12 h following induction of

exit from contact inhibition (Figure 2A). However, Akt-defi-

cient cells were markedly inhibited in their entry into mitosis

as measured by phospho histone H3 (pH3), a marker of

mitosis (Figure 2B). Both p21 and p27 protein levels de-

creased during exit from contact inhibition in WT cells but

were maintained at a relatively high levels in Akt-deficient

cells even 24 h after induction of exit from contact inhibition

(Figure 2B). Importantly, expression of Skp2, which targets

p21 and p27 for degradation, was elevated in WTcells but not

in Akt-deficient cells (Figure 2B). Thus, it appears that Akt is

required for Skp2 expression during exit from contact inhibi-

tion and for the downregulation of p21 and p27. Since LT

could drive Akt-deficient cells through G1/S but not through

mitosis, we concluded that high p21 and p27 protein levels

impair progression through the G2 phase of the cell cycle and

entry into mitosis. Elevated levels of p21 and p27 could thus

inhibit CDK1 activation, which is required for G2 progression

and entry into mitosis. Indeed, CDK1 phosphorylation at Thr

161 is impaired in Akt1/2 DKO (LT) cells after induction of

exit from contact inhibition (Figure 2C). These results raised

the possibility that the impaired expression of Skp2 in Akt-

deficient cells prevents proteasomal degradation of p21 and

p27. This possibility is consistent with previous observations

showing that Skp2 is mainly required during the G2 phase of

cell cycle to downregulate p27 (Nakayama et al, 2004;

Nakayama and Nakayama, 2005).

To verify this possibility, we analysed the mechanism by

which p21 and p27 proteins are downregulated during exit

from contact inhibition. Surprisingly, p21 and p27 mRNA

levels were elevated during exit from contact inhibition in

both WT and Akt1/2 DKO cells, albeit not to the same extent

(Figure 2D). The higher levels of p21 and p27 mRNAs in

Akt1/2 DKO cells, are probably due to impaired phosphor-

ylation of FoxO transcription factors (Nogueira et al, 2008),

increasing FoxOs’ activity and thereby elevating its transcrip-

tional targets, p21 and p27. Thus, there is no direct correla-

tion between p21 and p27 mRNA levels and their protein

levels. Indeed, during exit from contact inhibition, the p27

protein level is largely regulated by proteasomal degradation

as treatment with the proteasome inhibitor, MG132, elevated

p21 and p27 protein levels in WT cells but not in Akt1/2 DKO

cells (Figure 2E). These results are consistent with the notion

that during exit from contact inhibition, downregulation of

p21 and p27 proteins is largely dependent on Skp2-mediated

proteasomal degradation.

Ectopic expression of Skp2 in Akt1/2 DKO (LT) cells is

sufficient to downregulate p21 and p27 to promote exit

from contact inhibition, and to restore oncogenic

transformation

To determine whether the inability of Akt1/2 DKO (LT) cells

to downregulate p21 and p27 proteins, with subsequent fail-

ure to exit from contact inhibition and promote oncogenic
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transformation is due to their failure to induce Skp2 expres-

sion, we ectopically expressed Skp2 in these cells. Ectopic

expression of Skp2 in Akt1/2 DKO (LT) cells was sufficient to

promote both exit from contact inhibition (Figure 3A) and

anchorage-independent growth, induced by activated Ras

(Figure 3B). The expression of Skp2 in Akt1/2 DKO (LT)

cells promotes entry into mitosis concomitant with p27

downregulation (Figure 3C). We therefore concluded that

Akt1/2 DKO (LT) cells are prohibited from exiting contact

inhibition and are resistant to oncogenic transformation

because they fail to express sufficient amounts of Skp2

protein.

Figure 2 SV40 large T is sufficient to promote DNA synthesis in Akt1/2 DKO cells following induction of exit from contact inhibition, but is
insufficient to promote entry into mitosis. (A) BrdU incorporation in contact inhibited WT (LT) and Akt1/2 DKO (LT) MEFs following addition
of 20% FBS. BrdU incorporation was measured by counting at least 300 cells from at least 5 fields of view. The average of triplicate plates is
presented. Error bars represent ±s.e. (B) Immunoblot analysis following addition of 20% FBS to contact inhibited WT (LT) and Akt1/2 DKO
(LT) MEFs. Cell lysates of WT (LT) and Akt1/2 DKO (LT) MEFs were prepared at 0, 12, 16, 20, and 24 h post FBS stimulation and subjected to
immunoblotting with anti-phospho-H3, p27, p21, Skp2, and tubulin antibodies. (C) The same lysates prepared in (B) were subjected to
immunoblotting with anti-phospho-CDK1 (Thr 161), CDK1, and tubulin antibodies. (D) RNA isolated from WT and Akt1/2 DKO cells at 0, 12,
and 20 h after FBS stimulation were analysed by quantitative RT–PCR with primers for p21, p27, and b-actin. Results are expressed relative to
b-actin and represent the average±s.e. of three independent experiments. (E) WT and Akt1/2 DKO cells were grown to confluence and
stimulated with FBS for 16 h in the presence or absence of the proteasomal inhibitor, MG132 (10mM) for 3 h prior to harvesting cell lysates. Cell
lysates were analysed by immunoblotting with anti-p21, p27, and tubulin antibodies.

Figure 1 SV40 large T neither restores oncogenic transformation of Akt1/2 DKO cells, nor promotes exit from contact inhibition. (A) WT-MEFs
or Akt1/2 DKO MEFs were immortalized with SV40 large Tantigen and cell proliferation rate was measured by counting number of cells in the
plates for 4 consecutive days. The experiment was performed in triplicate at least three times. Error bars represent ±s.e. (B) WT (LT) and Akt1/
2 DKO (LT) MEFs expressing H-Rasvaline12 were plated in 0.35% agarose-containing medium, as described in Materials and methods, and
allowed to grow with twice-weekly media changes for B3 weeks. The bar graph represents the quantitation of soft agarose colonies. The
experiment was performed in triplicate at least three times. Error bars represent ±s.e. (C) Two days post confluency, cells were induced with
20% FBS and cell number was measured at 0, 24, 36, and 72 h after stimulation. The relative increase in cell number compared with time 0 is
depicted. The results represent the average ±s.e. of three independent experiments.
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Akt is required for Skp2 mRNA translation in an

mTORC1 and eIF4E-dependent manner during exit from

contact inhibition

Previous studies suggested that Akt affects Skp2 function and

stability through direct phosphorylation (Gao et al, 2009; Lin

et al, 2009), but subsequent studies did not support these

conclusions (Bashir et al, 2010; Boutonnet et al, 2010; Wang

et al, 2010). Since ectopic expression of Skp2 in Akt1/2 DKO

(LT) cells was sufficient to phenocopy WT (LT) cells, it

suggests that Akt does not regulate Skp2 function

during exit from contact inhibition in a post-translational

mechanism, such as phosphorylation. Furthermore, ectopi-

cally expressed Skp2 protein has a similar half-life in

both WT and Akt1/2 DKO cells (Supplementary Figure S1).

Thus, our results are consistent with previous observations

showing that Akt may not regulate Skp2 function through

a direct phosphorylation or a post-translational

mechanism (Bashir et al, 2010; Boutonnet et al, 2010; Wang

et al, 2010).

To understand the mechanism by which Akt mediates

Skp2 protein expression and promote subsequent downregu-

lation of p21 and p27 proteins during exit from contact

inhibition, we examined Skp2 mRNA levels during exit

from contact inhibition. Surprisingly, Skp2 mRNA was in-

duced to a similar extent in both WT and Akt1/2 DKO cells

(Figure 4A), suggesting that Akt is required for Skp2 mRNA

translation during exit from contact inhibition.

To directly determine whether Skp2 mRNA translation is

dependent on Akt during exit from contact inhibition, we

isolated polysomes from WT (LT) or Akt1/2 DKO (LT) cells

during exit from contact inhibition to assess Skp2 mRNA

translation. As shown in Figure 4B, Skp2 mRNA was found

associated with the polysomes isolated from WT cells but not

with polysomes isolated from Akt1/2 DKO cells, clearly

showing that Skp2 mRNA translation during exit from con-

tact inhibition is Akt dependent.

Akt regulates mRNA translation through its effect on

mTORC1 and its downstream effector, eIF4E. Translation of

certain mRNAs is more dependent on eIF4E than others. The

subset of mRNAs whose translation is highly dependent

on eIF4E are mRNAs that possess highly structured 50

UTRs (Hay and Sonenberg, 2004). Analysis of mouse and

human Skp2 mRNA revealed highly structured 50 UTRs

(Supplementary Figure S2). Therefore, we cloned the 50

UTR of mouse Skp2 mRNA upstream of the luciferase gene

as a reporter for mRNA translation. The reporter plasmid

was driven by an SV40 promoter to uncouple transcription

from translation (Figure 4C). The Skp2 50 UTR reporter

plasmid was co-transfected with the Renilla luciferase re-

porter plasmid into WT and Akt1/2 DKO cells, prior to

subjecting the cells to exit from contact inhibition. The

Renilla luciferase construct is constitutively expressed and

serves as a transfection control. Luciferase activity was

quantified after induction of exit from contact inhibition.

To control for transfection efficiency, the ratio of firefly to

Renilla luciferase activity was taken as the relative light

units (RLUs), and used in our comparisons between WT and

DKO Skp2 5UTR luciferase activity. RLU was about five-fold

higher in WT cells compared with Akt1/2 DKO cells

(Figure 4D). These results are consistent with the notion

that Akt is required for Skp2 mRNA translation during exit

from contact inhibition in an mTORC1- and eIF4E-dependent

manner. To directly determine that eIF4E is a downstream

effector of Akt, which is required for the expression of Skp2

and for exiting contact inhibition, we knocked down 4E-BP1

and 4E-BP2 in Akt1/2 DKO cells (Figure 4E). The knock-

down of 4E-BP1/2 in Akt1/2 DKO cells restored Skp2

expression upon serum stimulation of contact inhibited

cells (Figure 4E), and promoted exit from contact inhibition

(Figure 4F). Taken together, these results show that eIF4E

activation is required and sufficient for Akt-mediated exit

from contact inhibition.

Figure 3 Restoring Skp2 expression in Akt1/2 DKO (LT) MEFs is sufficient to restore exit from contact inhibition, entry into mitosis, and
oncogenic transformation. (A) Ectopic expression of Skp2 in Akt1/2 DKO MEFs is sufficient to promote exit from contact inhibition. Results
represent the average ±s.e. of three independent experiments. (B) Ectopic expression of Skp2 in Akt1/2 DKO (LT) MEFs is sufficient to
promote anchorage-independent growth. Results represent the average ±s.e. of three independent experiments. (C) Cell lysates of Akt1/2 DKO
(LT) and Akt1/2 DKO (LT) expressing Skp2 MEFs were prepared at 0, 12, 16, 20, and 24 h post FBS stimulation and subjected to
immunoblotting with anti-phospho-H3, Skp2, p27, and tubulin antibodies.

Akt-dependent Skp2 mRNA translation
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The deletion of Tsc2 or the deletion of 4E-BP1/2 is

sufficient to induce exit from contact inhibition

The results described above imply that when mTORC1 or

eIF4E is hyperactivated, they could promote exit from contact

inhibition. We therefore subjected Tsc2�/� cells, in which

mTORC1 is hyperactivated, and 4E-BP1/2 DKO, in which

eIF4E is hyperactivated, to exit from contact inhibition and

found that both Tsc2�/� and 4E-BP1/2 DKO cells were able to

exit contact inhibition while the control cells could not

(Figure 5A and B), which is also manifested by entry into

mitosis, as measured by pH3 (Figure 5C and D). Notably, the

onset of pH3 detection occurs much earlier in Tsc2�/� cells

(Figure 5C). Consistently, we noticed that Tsc2�/� cells are

continuously dividing and are resistant to contact inhibition.

We also found that Skp2 is expressed at higher levels

in Tsc2�/� and 4E-BP1/2 DKO cells than in control cells

(Figure 5C and D). Importantly, the half-life of Skp2 protein

in Tsc2þ /� and Tsc2�/� is similar, despite the low Akt

activity in Tsc2�/� cells (Figure 5E). Similarly, the higher

levels of Skp2 in 4E-BP1/2 DKO cells are not due to the higher

stability of Skp2 in these cells (Figure 5E). Finally, we

subjected Tsc2�/� and 4E-BP1/2 DKO cells, to a luciferase

assay using the Skp2 50 UTR reporter plasmid, during exit

from contact inhibition. The results in Figure 5F clearly

indicate that Skp2 mRNA translation is markedly elevated

in Tsc2 KO and 4E-BP1/2 DKO cells during exit from contact

inhibition. Taken together, these results strongly suggest that

Akt is required for oncogenic transformation through its

effect on eIF4E to mediate Skp2 mRNA translation.

If the expression of Skp2 protein is largely dependent on

eIF4E, it is expected that inhibition of mTORC1 activity in

Tsc2�/� cells should impair exit from contact inhibition while

the inhibition of mTORC1 in 4E-BP1/2 DKO cells should

not affect exit from contact inhibition. To examine this

prediction, we inhibited mTORC1 activity with rapamycin

(Figure 6A). While inhibition of mTORC1 inhibits exit from

Figure 4 Skp2 mRNA translation is induced in WT (LT) MEFs during exit from contact inhibition, but not in Akt1/2 DKO (LT) MEFs due to the
inhibition by 4E-BPs. (A) RNA isolated from WT and Akt1/2 DKO cells at 0, 12, and 20 h after FBS stimulation were analysed by quantitative
RT–PCR with primers for Skp2 and b-actin. Results are expressed relative to b-actin and represent the average ±s.e. of three independent
experiments. (B) (Left panels) Representative absorption profiles of ribosomes from WT and Akt1/2 DKO cells treated for 16 h with 20% FBS.
40S and 60S denote the corresponding ribosomal subunits and 80S the monosome. (Right panel) RNA was visualized by ethidium bromide
(EtBr). Distribution of Skp2 and b-actin mRNAs was determined by semi-quantitative RT–PCR (representative results of four independent
experiments). (C) Schematic of 50 UTR of mouse Skp2-Luciferase reporter construct. (D) WT and Akt1/2 DKO MEFs were co-transfected with
Renilla and pGL3 Skp2 50 UTR luciferase vector as described in Materials and methods. The cells were then grown to confluence and analysed
with the Dual Luciferase Reporter Assay system. Relative light units (RLUs) are depicted in the graph. Results are expressed relative to Renilla
luciferase luminescence and represent the average±s.e. of four independent experiments. (E) Akt1/2 DKO (LT) MEFs stably expressing a
scrambled or 4EBP1 and 4EBP2-specific shRNA (sh-4EBP1/2) were grown to confluency. Two days post confluency, medium was replaced with
medium containing 20% FBS and cell lysates of Akt1/2 DKO scrambled control and sh-4EBP1/2 MEFs were prepared at 0, 16, 20, and 24 h post
FBS stimulation and subjected to immunoblotting with anti-4EBP1, 4EBP2, phospho-H3, Skp2, and tubulin antibodies. (F) In a parallel
experiment, cell number was measured at 0, 16, 24, 36, and 72 h after FBS stimulation. The relative increase in cell number (compared with
time 0) is depicted. Results represent the average ±s.e. of three independent experiments.
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contact inhibition of Tsc2�/� cells, mTORC1 inhibition failed to

inhibit exit from contact inhibition of 4E-BP1/2 DKO cells

(Figure 6B). 4E-BP1/2 DKO cells were still capable of exiting

contact inhibition, regardless of mTORC1 inhibition. The inhibi-

tion of mTORC1 in Tsc2�/� cells prohibited Skp2 protein

expression and histone H3 phosphorylation following induction

of exit from contact inhibition (Figure 6C). In contrast, mTORC1

inhibition in 4E-BP1/2 DKO cells still maintains relatively high

levels of Skp2 protein expression and histone H3 phosphoryla-

tion after induction of exit from contact inhibition (Figure 6D).

We therefore concluded that eIF4E activity is critical for exit

from contact inhibition. This activity of eIF4E is mediated

through the induction of Skp2 mRNA translation.

Consistently, Skp2 null cells expressing SV40 LT cannot exit

contact inhibition (Supplementary Figure S3A), even if they

express activated Akt (Supplementary Figure S3B). In Skp2 null

cells, histone H3 is not phosphorylated, and p21 and p27 are not

downregualted (Supplementary Figure S3C), even if the cells

express activated Akt (Supplementary Figure S3D).

The requirement of Akt for adipocyte differentiation is

mediated by Skp2 mRNA translation

Previously, we had shown that Akt1/2 DKO mice display an

almost complete impairment of adipogenesis (Peng et al,

2003). MEFs derived from these mice are impaired in their

ability to differentiate into adipocytes in vitro (Peng et al,

2003). These results indicate that Akt is likely the most

critical downstream signalling effector required for executing

insulin action in adipogenesis. The role of Akt in human

adipogenesis is underscored by the discovery of a family that

Figure 5 Tsc2�/� and 4E-BP1/2 DKO cells are capable of exiting contact inhibition and entering into mitosis with concomitant high Skp2
protein expression. (A, B) Two days post confluency, Tsc2þ /�, Tsc2�/� MEFs (A) and 4E-BP WT, 4E-BP1/2 DKO MEFs (B) medium was
replaced with medium containing 20% FBS, and cell number was measured at 0, 24, 36, and 72 h after stimulation. The relative increase in cell
number (compared with time 0) is depicted. Results represent the average ±s.e. of three independent experiments. (C, D) Cell lysates of
Tsc2þ /�, Tsc2�/� MEFs (C) and 4E-BP WT, 4E-BP1/2 DKO MEFs (D) were prepared at 0, 12, 16, 20, and 24 h post FBS stimulation and
subjected to immunoblotting with anti-phospho-H3, Skp2, and tubulin antibodies. (E) Tsc2þ /�, Tsc2�/�, 4E-BP WT, and 4E-BP1/2 DKO MEFs
were incubated for 0, 2, 4, 6, 8, and 12 h with CHX (25mg/ml) and cell lysates were prepared and subjected to immunoblotting with anti-Akt,
Skp2, and tubulin antibodies. Quantification of at least three experiments was performed and expressed as Skp2 over tubulin protein ratio.
Results represent the average ±s.e. of three independent experiments. (F) Tsc2þ /�, Tsc2�/�, 4E-BP WT, and 4E-BP1/2 DKO MEFs were co-
transfected with Renilla and pGL3 Skp2 50 UTR luciferase vector as described in Materials and methods. The cells were then grown
to confluence and after 2 days medium was replaced with medium containing 20% FBS. At 0, 15, and 24 h post addition of 20% FBS, cells were
harvested and analysed with the Dual Luciferase Reporter Assay system. RLU is depicted in the graph. Results are expressed relative to Renilla
luciferase luminescence and to time 0 and represent the average ±s.e. of four independent experiments.
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carries an Akt2 mutation and display lipoatrophy. This Akt2

mutation acts in a dominant manner and inhibits adipogen-

esis in vitro (George et al, 2004). However, the mechanism by

which Akt exerts its effect on adipogenesis is not fully

understood.

To further characterize the effects and the molecular path-

ways influenced by Akt during adipogenesis in vitro, we

isolated preadipocytes from WT and Akt1/2 DKO 18.5 day

embryos. Preadipocytes were immortalized using SV40 LT,

subjected to differentiation, and assessed for their ability to

differentiate into adipocytes as previously described (Klein

et al, 2002). Compared with WT, Akt1/2 DKO preadipocytes

were almost completely impaired in their ability to differenti-

ate and fail to accumulate lipid as assessed by Oil-Red-O

(ORO) staining and quantification of lipid extracted from

stained plates (Figure 7A). Six days after induction of differ-

entiation, we assessed leptin expression and secretion as one

of the markers of adipocyte differentiation and function.

Compared with WT cells, leptin expression and secretion

were nearly undetectable in Akt1/2 DKO preadipocytes

(Supplementary Figure S4A). Further, adipocyte markers of

differentiation such as the fatty acid binding protein, aP2, fail

to get expressed in Akt1/2 DKO preadipocytes (Figure 7B). On

the other hand, even in the absence of differentiation inducing

agents, expression of activated Akt was sufficient to induce

differentiation as well as leptin expression, as a marker of

fully differentiated cells (Supplementary Figure S4B).

Consistent with the lack of lipid accumulation, Akt1/2

DKO preadipocytes fail to upregulate transcription factors

essential for driving adipogenesis such as the CAAT/enhan-

cer binding protein a (cEBPa), and peroxisome proliferator-

activated receptor g (PPARg), the master regulator of adipo-

genesis (Supplementary Figure S4C). PPARg had been shown

to be necessary and sufficient to drive adipogenesis (Rosen

et al, 1999; Rosen and Spiegelman, 2001). Since PPARg failed

to be upregulated in Akt1/2DKO preadipocytes, we wished to

determine whether the defect in adipogenesis could

stem from failure to induce PPARg. To test this, ectopic

PPARg was stably expressed in DKO cells (Supplementary

Figure S4D). Ectopic PPARg induced cEBPa expression as

expected (Supplementary Figure S4D), since PPARg and

cEBPa regulate each other’s expression (Wu et al, 1999),

PPARg expression was sufficient to drive adipogenesis of

Akt1/2 DKO preadipocytes, as assessed by lipid accumulation

(Supplementary Figure S4E), and the expression of differen-

tiation markers such as aP2 (Supplementary Figure S4F).

Multiple upstream transcriptional regulators regulate

PPARg expression (Rosen and MacDougald, 2006). One of

the most important classical regulators of PPARg is the

adipocyte determination and differentiation factor ADD1

(also known as sterol regulatory binding protein 1c,

SREBP1c), which transactivates PPARg gene transcription

by binding to an E-box motif in its promoter (Fajas et al,

1999; Miard and Fajas, 2005). We therefore assessed SREBP1c

expression in WTand Akt1/2 DKO cells by RT–PCR. SREBP1c

mRNA was elevated in WT cells on day 2 after being induced

to differentiate, and increased progressively until day 6, but

in Akt1/2 DKO cells there was a complete failure in the

induction of SREBP1c (Supplementary Figure S5A).

To examine whether restoration of SREBP1c expression in

Akt1/2 DKO preadipocytes would be able to rescue the

differentiation defect and PPARg expression, we used retro-

viral mediated gene transfer to express a constitutively active

form of SREBP1c (Kim et al, 1998) that always accumulates

in the nucleus (Supplementary Figure S5B). Even though

SREBP1c was expressed to wild-type levels in the DKO

cells, it failed to induce PPARg expression and differentiation

(Supplementary Figure S5B, and data not shown).

Figure 6 Inhibition of mTORC1 activity inhibits exit from contact inhibition of Tsc2�/� cells but not of 4E-BP1/2 DKO cells. (A, B) Two days
post confluency, Tsc2þ /�, Tsc2�/� MEFs (A) and 4E-BP WT, 4E-BP1/2 DKO MEFs (B) were incubated with rapamycin (20 nM) 3 h prior to
being induced with 20% FBS. Cells were then harvested and counted at 0, 24, 48, and 72 h post stimulation. The relative increase in cell
number (compared with time 0) is depicted. Results represent the average ±s.e. of three independent experiments. (C, D) Cell lysates of cells
treated as in (A) and (B) were prepared at 0, 16, and 24 h post addition of 20% FBS, and subjected to immunoblotting with anti-phospho-S6K,
S6K, 4E-BP1, phospho-H3, Skp2, and tubulin antibodies.
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We then studied the expression of other transcription

factors, which have been shown to regulate PPARg expression

during adipocyte differentiation (Rosen et al, 2000). Both

upstream regulators, PGC1a and PGC1b, failed to be induced

in the DKO cells (Supplementary Figure S5C), as well as

cEBPb, which is expressed at approximately the same level in

both WTand Akt1/2 DKO preadipocytes but fails to be further

induced in Akt1/2 DKO preadipocytes (Supplementary

Figure S5D). Finally, there was a failure to downregulate

multiple repressors of differentiation and PPARg transcription

such as GATA2 and Wnt10a in the Akt1/2 DKO preadipocytes

(Supplementary Figure S5E). These results clearly show that

Akt regulates PPARg expression and subsequently adipocyte

differentiation by affecting the expression of multiple up-

stream PPARg regulators.

Because Akt affected all the tested upstream regulators of

adipocyte differentiation, we wished to examine whether Akt

is required for the earliest event in adipocyte differentiation,

which is MCE. MCE has been shown to be a prerequisite

for the induction of the adipogenic gene expression

program (Tang et al, 2003). MCE is characterized by hormone-

induced re-entry into the cell cycle from contact inhibition

Figure 7 Akt1/2 DKO preadipocytes fail to undergo MCE and adipogenesis because of the inability to induce Skp2 protein expression.
(A) SV40 large T-immortalized preadipocytes, isolated from WTand Akt1/2 DKO mice, were subjected to differentiation in vitro. Differentiation
was assessed by Oil-Red-O staining and quantification as described in Materials and methods. (B) Assessment of WT and Akt1/2 DKO
preadipocytes by the expression of aP2 using immunoblotting. (C) Akt1/2 DKO preadipocytes fail to undergo MCE. Two days post confluency,
cells were induced to differentiate and cell number was measured at 0, 12, 24, and 36 h after induction of differentiation. Results represent the
average ±s.e. of three independent experiments. (D) Akt1/2 DKO preadipocytes fail to downregulate p21 and p27 protein expression after
induction of differentiation. Two days post confluency, cells were induced to differentiate. Protein extracts were isolated at 0, 12, 16, 18, 20, and
22 h after induction of differentiation and were subjected to immunoblotting using anti-p21 and anti-p27 antibodies. (E) Left panel: Skp2 mRNA
levels are induced to the same extent in WT and Akt1/2 DKO preadipocytes immediately after induction of differentiation. Two days post
confluency, cells were induced to differentiate and mRNAs were extracted at 0, 13, and 16 h post induction of differentiation. mRNAs were
quantified by quantitative RT–PCR. Results represent the average ±s.e. of three independent experiments. Right panel: Skp2 protein is elevated
in WT but not in Akt1/2 DKO preadipocytes immediately after induction of differentiation. Two days post confluency, cells were induced to
differentiate and proteins were extracted at 0, 12, 16, and 22 h post induction of differentiation. Protein extracts were subjected to
immunoblotting, using anti-Skp2, anti-pan Akt, and anti-b actin antibodies. (F) Ectopic expression of Skp2 in Akt1/2 DKO preadipocytes is
sufficient to restore entry into mitosis, as measured by the phosphorylation of histone H3, following induction of differentiation. (G) Ectopic
expression of Skp2 in Akt1/2 DKO preadipocytes is sufficient to restore MCE. Results represent the average ±s.e. of three independent
experiments. (H) Ectopic expression of Skp2 in Akt1/2 DKO preadipocytes is sufficient to restore adipocyte differentiation, as measured by Oil-
red-O staining and quantification. Results represent the average ±s.e. of three different experiments. (I) Ectopic expression of Skp2 in Akt1/2
DKO preadipocytes is sufficient to restore the induction of PPARg expression, as measured by quantitative RT–PCR 5 days after induction of
differentiation. Results represent the average ±s.e. of three different experiments. (J) Ectopic expression of Skp2 in Akt1/2 DKO preadipocytes
is sufficient to restore the induction of aP2 expression, as measured by immunoblotting, 5 days post induction of differentiation.
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(Patel and Lane, 2000). Since the WT and Akt1/2 DKO

preadipocytes were immortalized by SV40 LT, we thought

that like the exit from contact inhibition, Akt is also required

for the entry into mitosis during MCE. Indeed, we found that

Akt1/2 DKO preadipocytes are impaired in MCE (Figure 7C).

The inability to undergo MCE is accompanied by the inability

to downregulate p21 and p27 proteins (Figure 7D). The same

as we observed during exit from contact inhibition there is no

direct correlation between the levels of p21 and p27 mRNAs

and their protein levels during MCE (Supplementary Figure

S6) and the downregulation of p27 protein is mediated by

proteasomal degradation (Supplementary Figure S7). The

higher levels of p21 and p27 mRNAs in Akt1/2 DKO preadi-

pocytes are likely due to the activation of FoxO in these cells

(Supplementary Figure S8A). Furthermore, expression of

dominant-negative FOXO (DN-FOXO) in Akt1/2 DKO preadi-

pocytes decreased p27 mRNA levels following induction of

differentiation (Supplementary Figure S8B), but did not

substantially reduce p27 protein levels (Supplementary

Figure S8C). DN-FOXO accelerated entry into S phase follow-

ing induction of differentiation (Supplementary Figure S8D),

but was insufficient to induce completion of MCE

(Supplementary Figure S8E) and adipocyte differentiation

(Supplementary Figure S8F). Similarly to what we observed

during exit from contact inhibition, while Skp2 mRNA level is

elevated to a similar extent in both WT and Akt1/2 DKO

preadipocytes following induction of differentiation, Skp2

protein level was elevated only in WT preadipocytes

(Figure 7E). These results are consistent with our results

showing that Akt mediates exit from contact inhibition

through its effect on Skp2 mRNA translation (Figures 1–4).

These results are also consistent with previous results showing

that Skp2 is required for adipocyte differentiation and that in

the absence of Skp2, preadipocytes arrest in the G2 phase of

the cell cycle and fail to undergo MCE (Auld et al, 2007a, b).

To determine whether Skp2 is a downstream effector of

Akt, which is required for MCE and adipogenesis, we ectopi-

cally expressed Skp2 in Akt1/2 DKO preadipocytes. As shown

in Figure 7F, the restoration of Skp2 expression in Akt1/2

DKO preadipocytes was able to promote entry into mitosis, as

measured by the phosphorylation of histone H3, and the

completion of MCE (Figure 7G). Furthermore, Skp2 was also

able to rescue differentiation of Akt1/2 DKO preadipocytes as

assessed by lipid accumulation via ORO staining and quanti-

fication (Figure 7H) and by the induction of PPARg (Figure 7I)

and aP2 expression (Figure 7J). Taken together, these results

clearly show that Skp2 is the major downstream effector of

Akt required for adipogenesis.

As shown in Figure 4, the ability of Akt to elevate Skp2

expression is dependent on mRNA translation downstream of

mTORC1 and eIF4E. mTORC1 and eIF4E activation, as mea-

sured by the phosphorylation of S6K1 and 4E-BP1 mobility

shift, is impaired in Akt1/2 DKO preadipocytes (Figure 8A).

Consistent with the requirement of mTORC1 activation for

MCE, inhibition of mTORC1 with rapamycin inhibits adipo-

cyte differentiation only if the preadipocytes are treated in the

first 2 days but not if treated later than 2 days post induction

of differentiation (Figure 8B). Moreover, Tsc2�/� cells in

which Akt activity is low (Skeen et al, 2006) undergo MCE

better than control Tsc2-proficient cells (Figure 8C), and

consistent with previous results (Zhang et al, 2009) differ-

entiate robustly into adipocytes as compared with control

Tsc2-proficient cells (Figure 8D). These results suggest that

when mTORC1 is hyperactivated Akt is no longer required for

Skp2 expression, MCE, and induction of differentiation. The

ability of Akt to elevate Skp2 protein expression is dependent

on eIF4E, downstream of mTORC1 (Figure 6B and C). Indeed,

MEFs derived from 4E-BP1/2 DKO mice, in which eIF4E is

hyperactivated, undergo MCE (Figure 8E) and adipogenesis

much better than control 4E-BP-proficient cells (Figure 8F),

consistent with previous results (Le Bacquer et al, 2007).

Furthermore, while the differentiation of Tsc2�/� cells is

sensitive to rapamycin (Figure 8G), the differentiation of

4E-BP1/2 DKO cells is relatively resistant to rapamycin treat-

ment (Figure 8H). Taken together, our results showed that

mTORC1 and its downstream effector eIF4E, which regulate

Skp2 mRNA translation, are the most critical downstream

effector of Akt required for adipocyte differentiation

(Figure 8I).

Discussion

Akt is perhaps the most frequently activated oncoprotein in

human cancers (Bhaskar and Hay, 2007; Robey and Hay,

2009). Akt is required for the survival and proliferation of

cancer cells as well as for accelerated glucose metabolism and

other anabolic pathways observed in cancer cells. Previously,

we showed that in addition to its role in cell survival, Akt is

required for both normal cell proliferation and oncogenic

transformation (Skeen et al, 2006). These effects are largely, if

not exclusively, mediated through its downstream effector

mTORC1 (Skeen et al, 2006). When mTORC1 is hyperacti-

vated, Akt is no longer required for cell proliferation or

susceptibility to oncogenic transformation. As was previously

shown, Akt is required for pRb phosphorylation, which

promotes entry into the S phase of the cell cycle (Skeen

et al, 2006). Indeed, expression of SV40 LT, which sequesters

pRb, in Akt-deficient cells restored normal cell proliferation.

The expression of SV40 LT in WT cells promotes exit from

contact inhibition. Surprisingly, however, Akt1/2 DKO cells

are impaired in exit from contact inhibition, despite the

expression of SV40 LT. Since exit from contact inhibition is

one hallmark of tumourigenic cells and is required for

oncogenic transformation, as measured by anchorage-inde-

pendent growth, Akt1/2 DKO cells are relatively resistant to

oncogenic transformation despite the expression of SV40 LT.

Thus, in addition to its effect on G1/S progression, Akt is

required for exit from contact inhibition and anchorage-

independent growth in a mechanism, which is independent

of pRb phosphorylation and inactivation by the G1/S CDKs.

This additional mechanism was unveiled in the current study.

In contact inhibited cells, the high levels of the cyclin-

dependent kinase inhibitors, p21 and p27, prohibit re-entry

into the cell cycle and exit from contact inhibition. p21 and

p27 attenuates the phosphorylation of pRb by the G1/S

CDKs, which are activated upon addition of growth factors

(Weinberg, 1995). Expression of SV40 LT alleviates the

inhibition of pRb phosphorylation by p21 and p27 and

promotes exit from contact inhibition. Interestingly, we

found that Skp2 protein levels are elevated after addition of

growth factors to contact inhibited cells, which led to sub-

sequent downregulation p21 and p27 protein levels. We

showed that downregulation of p21 and p27 protein levels

is required for exit from contact inhibition even if pRb
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activity is abrogated by SV40 LT. High levels of p21 and p27

in the G2 phase of the cell cycle inhibit CDK1 activation,

which is required for G2 progression prior to entry into

mitosis (Nakayama et al, 2004; Pagano, 2004). Like in WT

cells, DNA synthesis, and therefore entry into S phase, is

induced upon addition of growth factors to contact inhibited

Akt1/2 DKO cells expressing SV40 LT. However, unlike in

WT cells, Skp2 protein is not sufficiently elevated in contact

inhibited Akt1/2 DKO cells expressing SV40 LT, following

addition of growth factors. Subsequently, p21 and p27 pro-

teins remain elevated and prevent entry into mitosis.

Our results showed that Akt is not required for the induc-

tion of Skp2 mRNA following addition of growth factors to

contact inhibited cells, but rather is required for the transla-

tion of Skp2 mRNA under these conditions. Akt mediates its

effect on Skp2 mRNA translation through mTORC1 and

Figure 8 Akt promotes MCE and adipocyte differentiation by activating mTORC1 and eIF4E. (A) mTORC1 activity, as measured by S6K1
phosphorylation and 4E-BP1 mobility shift, is induced upon induction of differentiation in WT but not in Akt1/2 DKO preadipocytes. Protein
extracts were isolated from cells at the indicated time points and subjected to immunoblotting using anti-pS6K1, S6K1, and 4E-BP1 antibodies.
(B) Rapamycin inhibits adipocyte differentiation only if the cells are exposed to rapamycin within the first 2 days post induction of
differentiation. WT preadipocytes were subjected to the adipocyte differentiation protocol and were exposed to rapamycin at the indicated days
post induction of differentiation. Differentiation was assessed by Oil-red-O staining. (C) mTORC1 activation is sufficient to promote MCE
following induction of differentiation. Tsc2�/�p53�/� and Tsc2þ /�p53�/� MEFs were grown to confluency and induced to differentiate. Cell
numbers were quantified at the indicated time points post induction of differentiation. Results represent the average ±s.e. of three independent
experiments. (D) mTORC1 activation accelerates adipocytes differentiation. Tsc2�/�p53�/� and Tsc2þ /�p53�/� were subject to adipocyte
differentiation protocol. Differentiation was quantified after Oil-red-O staining and measuring absorbance at 490 nm. Results represent the
average ±s.e. of three independent experiments. (E) Activation of eIF4E is sufficient to promote MCE following induction of differentiation.
WT (p53�/�) and 4E-BP1/2 (p53�/�) DKO MEFs were grown to confluency and induced to differentiate. Cell numbers were quantified at the
indicated time points post induction of differentiation. Results represent the average ±s.e. of three independent experiments. (F) Activation of
eIF4E accelerates adipocyte differentiation. Cells were subjected to adipocyte differentiation protocol. Differentiation was quantified after Oil-
red-O staining and measuring absorbance at 490 nm. Results represent the average ±s.e. of three independent experiments. (G) Adipocyte
differentiation of Tsc2�/� cells is sensitive to rapamycin. Experiments were done as in (D) except that the cells were also treated with
rapamycin for the period of differentiation. (H) Adipocyte differentiation of 4E-BP1/2 DKO cells is resistant to rapamycin. Experiments were
done as in (F) except that the cells were also treated with rapamycin for the period of differentiation. (I) A schematic illustration showing the
mechanism by which Akt regulates adipogenesis. Through the activation of mTORC1 and the phosphorylation of 4E-BP, Akt elevates eIF4E
activity, which in turn elevates Skp2 mRNA translation. Elevated Skp2 protein promotes MCE through the degradation of p21 and p27 proteins.
MCE enables the initiation of a transcriptional cascade that governs adipocyte differentiation.
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eIF4E. These results are consistent with our previous obser-

vation showing that when mTORC1 is hyperactivated, high

Akt activity is no longer required for oncogenic transforma-

tion as quantified by anchorage-independent growth. The

activation of eIF4E, via inhibition of 4E-BP activity, was

shown to have a predominant role downstream of mTORC1

in enhancing cell proliferation and oncogenic transformation

(Petroulakis et al, 2009; Dowling et al, 2010). It was shown

that eIF4E activation accelerates the recruitment of certain

mRNAs that could impact cell proliferation, such as of ODC

and cyclin D3, to the polysomes (Dowling et al, 2010). Our

results showed that upon exit from contact inhibition Skp2

mRNA is recruited to polysomes in an Akt-dependent man-

ner. Our results indicate that activation of eIF4E by Akt is

required for Skp2 mRNA translation and that activation of

eIF4E is sufficient to promote exit from contact inhibition.

Our results are consistent with previous results showing that

silencing of eIF4G, whose interaction with eIF4E is required

for mRNA translation, inhibits the recruitment of Skp2 mRNA

to polysomes (Ramirez-Valle et al, 2008). It should be noted,

however, that in 4E-BP1/2 DKO cells, S6K1 activity is also

elevated, and since S6K1 was shown to increase the level of

eIF4A (Dorrello et al, 2006), we cannot completely exclude

the possibility that S6K1 can also contributes to Skp2 mRNA

translation.

Our results are inconsistent with previous reports, which

were subsequently challenged by others (Bashir et al, 2010;

Boutonnet et al, 2010; Wang et al, 2010), showing that Akt

regulates Skp2 function through direct phosphorylation (Gao

et al, 2009; Lin et al, 2009). Although we cannot completely

exclude the possibility that Akt regulates Skp2 function, it is

unlikely the case because ectopic expression of Skp2 in Akt1/

2 DKO cells was sufficient to recapitulate Skp2 function in

WT cells. Thus, our results are consistent with the reports

showing that the phosphorylation of Serine 72 on Skp2,

which was reported to be phosphorylated by Akt, does not

affect Skp2 function (Bashir et al, 2010; Boutonnet et al, 2010;

Wang et al, 2010).

In summary, the results presented here showed that Skp2

is a downstream effector of Akt. However, Akt does not affect

Skp2 function, but rather its protein accumulation in cells via

the induction of its mRNA translation, which is dependent on

eIF4E. The results also showed that Skp2 is required for Akt-

dependent entry into mitosis during exit from contact inhibi-

tion and anchorage-independent growth. Skp2 was also

shown to mediate G1/S progression through the degradation

of p21 and p27. Thus, in principle, the elevation of Skp2

mRNA translation by eIF4E could also explain the require-

ment of mTORC1 downstream of Akt for G1/S progression.

However, during G1/S transition there are alternative ubiqui-

tin ligases, which could induce the proteasomal degradation

of p21 and p27 (Nakayama and Nakayama, 2005).

Thus, we discovered a new mechanism by which Akt and

eIF4E affect tumourigenicity. Like the activation of Akt, Skp2

expression is elevated in a wide range of human cancers

(Frescas and Pagano, 2008), and therefore high levels of

Skp2 protein in cancer cells could reflect hyperactivation of

Akt and eIF4E. Inhibition of eIF4E activity was shown to

attenuate tumourigenicity induced by Akt activation due to

Pten deficiency (Furic et al, 2010; Ueda et al, 2010). Thus,

based on our results Skp2 could be a critical downstream

effector; ablation of which could be used preferentially for

the therapy of tumours, which exhibit Akt, mTORC1, or

eIF4E hyperactivation.

A similar paradigm exists during adipocyte differentiation

as we showed that Akt is required to induce the transcrip-

tional cascade leading to adipogenesis by promoting MCE.

The promotion of MCE is dependent on the ability of Akt to

activate mTORC1 and eIF4E, which are required for Skp2

mRNA translation during MCE. In turn, Skp2 protein pro-

motes MCE largely through the degradation of p21 and p27

proteins. These results are consistent with results showing

that the lack Skp2 impairs adipogenesis in vivo and in vitro

(Cooke et al, 2007; Sakai et al, 2007) and that the deficiency

of the cyclin kinase inhibitors, p21 and p27, mediates adipo-

cyte hyperplasia in vivo and in vitro, as well as obesity in vivo

(Naaz et al, 2004). Thus, the function of Akt/mTORC1/eIF4E

axis in cell proliferation is coupled to adipocyte differentia-

tion. However, our results cannot exclude the possibility that

additional functions of Akt are required for the full function-

ality of mature adipocytes.

Materials and methods

Antibodies and reagents
See Supplementary data.

Retroviral vectors and cells
The following retroviral vectors were used: pBabe-Puro-SV40 LT
antigen; pBabe-Hygro and pBabe-Hygro H-Rasvaline12; pBabe-Hygro
Skp2; pBabe-Puro myristoylated Akt (mAkt)-ER. PPARg and CA-
SREBP1c expression vector were obtained from Bruce Spiegelman
laboratory (Harvard Medical School), and were subcloned into
pBabe-Hygro retroviral vector. pBabe-GFP retroviral vectors expres-
sing mAkt or DN-FOXO were previously described (Nogueira et al,
2008). For 4E-BP1 and 4E-BP2 knockdown, lentiviral vectors were
purchased from Sigma (St Louis, MO). shRNA vector accession
numbers are mouse 4E-BP1 (Sigma: TRCN0000075612), mouse 4E-
BP2 (Sigma: TRCN0000075614), and scrambled shRNA Control
(Sigma: SHC002).

WT, Akt1/2 DKO, Skp2þ /�, and Skp2�/� primary fibroblasts
were immortalized with SV40 LT. Skp2þ /� and Skp2�/� primary
fibroblast were generated from embryos of Skp2�/� mice obtained
from Paul Cooke, University of Illinois, Urbana-Champaign and
Keiichi Nakayama, Kyushu University. For Skp2 overexpression,
polyclonal cell lines were generated by infecting SV40 LT-
immortalized MEFs with pBabe-Hygro or pBabe-Hygro-Skp2 retro-
virus. To generate cell lines expressing activated Akt, polyclonal cell
lines were generated by retroviral infection with mAkt-ER.
Following selection, mAkt was expressed by addition of 300 nM
4-hydroxytamoxifen (4-OHT) to culture media for 48 h. Tsc2þ /�,
Tsc2�/�, 4E-BP WT, and 4E-BP1/2 DKO MEFs were previously
described (Bhaskar et al, 2009; Dowling et al, 2010).

Preadipocytes were isolated from 18.5 day embryos following the
established protocol (Klein et al, 2002). For details, see Supple-
mentary data.

Cell culture and proliferation
WT, Akt1/2 DKO, Akt1/2 DKO pBabe-Hygro-Skp2, Skp2þ /�,
Skp2�/�, Tsc2þ /�, Tsc2�/�, 4E-BP WT, and 4E-BP1/2 DKO MEFs
were grown in DMEM supplemented with 10% FBS and 1%
Penicillin/Streptomycin. Cell proliferation experiments were per-
formed by seeding cells at low density (25�103 cells per 6 cm
plate). To determine the proliferation rate, cells were trypsinized at
the time points indicated (phosphate-buffered saline solution (PBS)
containing 0.05% trypsin and 0.02% EDTA), re-suspended in 1 ml
of media and counted using a hemocytometer. Cell number for each
time point was determined in triplicate.

To determine whether the cells underwent cell doubling during
induction with serum, cells were seeded at high density (50�105

cells per 6 cm plate) grown to confluence, and 48 h post confluency,
medium was replaced with DMEM containing 20% FBS. Cells were
counted at 0, 24, 36, 48, and 72 h post stimulation to assess ability
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to exit from contact inhibition. Where indicated, 4-OHTwas used to
induce activation of mAkt-ER. To induce Akt activity, 4-OHT
(300 nM) was added to culture media when cells reached
confluency (48 h prior to stimulation). To generate stable knock-
downs of 4E-BP1 and 4E-BP2 in Akt1/2 DKO cells, the cells were
infected with a lentivirus carrying 4E-BP1 shRNA. The next day,
cells were re-infected with lentivirus carrying 4E-BP2 shRNA and
selected with puromycin for 48 h (2.5mg/ml).

Anchorage-independent growth
Anchorage-independent growth was performed as previously
described (Skeen et al, 2006). In brief, cells (15�103) were re-
suspended in 10% FBS in DMEM containing 0.35% agarose and
plated onto a layer of 0.7% agarose-containing medium in a 6-well
dish. For Ras transformation, polyclonal cell lines were generated
by infecting SV40 LT-immortalized MEFs with pBabe-Hygro or
pBabe-Hygro-H-Rasvaline12 retrovirus followed by selection with
300 mg/ml hygromycin. Soft agar colonies from the entire plate
were counted 19 days after cells were plated. Experiments were
performed three times in triplicate.

BrdU incorporation
BrdU incorporation was performed as previously described (Skeen
et al, 2006). For details, see Supplementary data.

Adipocyte differentiation
Differentiation of SV40 LT-immortalized preadipocytes was per-
formed by growing the cells to confluence in 10% DMEM
supplemented with 20 nM insulin and 1 nM Triiodothyronine
(differentiation medium). Confluent cells were incubated for 48 h
in differentiation medium further supplemented with 0.5 mM
isobutylmethylxanthine, 0.5 mM dexamethasone, and 0.125 mM
indomethacin (induction medium). Subsequently, the cells were
maintained in differentiation medium for 4 more days for complete
differentiation into mature adipocytes. Differentiation of MEFs was
performed after growing the cells to confluency to induce contact
inhibition. The cells were induced to differentiate with a cocktail
containing troglitazone 5 mM, insulin 830 nM, isobutylmethyl-
xanthine 0.5 mM, and dexamethasone 1mM. Two days post
induction, media were changed and supplemented with insulin
and cultured for another subsequent 4 days with media change
every 2 days.

RNA extraction and QRT–PCR
See Supplementary data.

Cloning of mouse Skp2 5 0 UTR
The 480-bp 50 UTR of Mouse Skp2 50 UTR (ensembl, EN-
SMUST00000096482) was amplified with the following forward
and reverse primers: forward 50-CCTTAAGCTTCAGTCAATCGGCT
GACATTTC-30 and reverse 50-CCTTCCATGGAGCAACATTCGCGGCC
TAAAA-30 from genomic DNA of mouse embryonic fibroblast (MEF)
cells isolated from C57Bl6 mice. The resultant PCR fragment and
target vector, the PGL3 promoter vector (Promega, Madison, USA)
were digested with HindIII and NcoI restriction enzymes, gel

purified and ligated, creating the pGL3 Skp2 50 UTR vector that was
used in transfection assays during contact inhibition experiments.

Transfection and luciferase assays
Tscþ /�, Tsc�/�, 4E-BP WT, and DKO cells were plated in 12-well
dishes (8�104/well) and 24 h later (65% confluence) were co-
transfected with 10 ng of the Renilla luciferase vector and 100 ng of
the pGL3 Skp2 50 UTR luciferase vector, along with empty luciferase
control vector pGL3 (Promega) using Lipofectamine 2000 reagent
(Life Technologies, Inc.). At 48 h post transfection, confluent and
contact inhibited cells were stimulated with DMEM containing 20%
serum and luciferase assays were performed. Cells were assayed at
various times points: 0 h (just prior stimulation), 16 and 22 h post
stimulation. A non-stimulated control was included. Cells were
harvested at each time point using the passive lysis and analysed
with the Dual Luciferase Reporter Assay system (Promega). WT,
Akt12 DKO cells were subjected to a different transfection method.
In brief, 1�105 cells were seeded in 6-well plates and reporter
constructs were co-transfected using the PolyMag Neo-magnetofec-
tion reagent in a 1:3 ratio of DNA to magnetofection reagent (Boca
scientific). Following transfection, cells were grown to confluency
prior to being harvested and analysed with the Dual Luciferase
Reporter Assay system. All transfections were performed in
triplicate and standard error mean values of four independent
experiments were calculated.

Polysomes fractionation and analysis
Polysomes fractionation was performed as described previously
(Dowling et al, 2010). For details, see Supplementary data.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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