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Rapamycin is an antibiotic inhibiting eukaryotic cell growth and proliferation by acting on target of rapamy-
cin (TOR) kinase. Mammalian TOR (mTOR) is thought to work through 2 independent complexes to regulate 
cell size and cell replication, and these 2 complexes show differential sensitivity to rapamycin. Here we com-
bine functional genetics and pharmacological treatments to analyze rapamycin-sensitive mTOR substrates that 
are involved in cell proliferation and tissue regeneration after partial hepatectomy in mice. After hepatectomy, 
hepatocytes proliferated rapidly, correlating with increased S6 kinase phosphorylation, while treatment with 
rapamycin derivatives impaired regeneration and blocked S6 kinase activation. In addition, genetic deletion 
of S6 kinase 1 (S6K1) caused a delay in S phase entry in hepatocytes after hepatectomy. The proliferative defect 
of S6K1-deficient hepatocytes was cell autonomous, as it was also observed in primary cultures and hepatic 
overexpression of S6K1-rescued proliferation. We found that S6K1 controlled steady-state levels of cyclin D1 
(Ccnd1) mRNA in liver, and cyclin D1 expression was required to promote hepatocyte cell cycle. Notably, in vivo 
overexpression of cyclin D1 was sufficient to restore the proliferative capacity of S6K-null livers. The identifica-
tion of an S6K1-dependent mechanism participating in cell proliferation in vivo may be relevant for cancer cells 
displaying high mTOR complex 1 activity and cyclin D1 accumulation.

Introduction
TOR is a protein kinase that was initially discovered as the 
intracellular target of rapamycin, an antibiotic macrolide produced 
by bacteria (1). mTOR is essential for life and regulates organis-
mal growth, development, proliferation, and viability in response 
to nutrient availability. This is outlined by the severe phenotype of 
Mtor–/– mice that die during early embryonic development (2, 3). 
The antiproliferative efficacy of mTOR inhibitors is currently being 
evaluated in multiple clinical trials to treat human malignancies, 
and the use of rapamycin derivatives has already been approved for 
immune suppression after organ transplantation, to avoid vessel 
restenosis after angioplasty, in renal cell carcinomas, mantle T cell 
lymphomas, and tuberous sclerosis (4, 5). This therapeutic poten-
tial prompts further studies on the molecular mechanisms trans-
ducing growth and proliferative signals downstream of mTOR.

mTOR is found in the cell in 2 distinct protein complexes with 
specific binding partners, including raptor in mTOR complex 1 
(mTORC1) and rictor in mTORC2 (1). Among the mTORC1 sub-
strates are S6 kinases 1 and 2 (S6K1 and S6K2) and eIF4E-binding 
proteins 1, 2, and 3 (4E-BP1, 4E-BP2, and 4E-BP3), while mTORC2 
phosphorylates the hydrophobic motif of Akt (Akt1–Akt3), SGK1, 
and PKCα. Rapamycin, in a gain-of-function complex with the 
FKBP12 protein, binds mTOR at the FRB domain close to the 
catalytic domain. Importantly, rapamycin has a striking specificity 
of action on mTOR. Rapamycin exclusively binds mTORC1, pos-

sibly because the FRB domain of mTOR is sterically hindered in 
mTORC2. However long-term treatment with rapamycin can also 
affect mTORC2 activity in a positive or negative manner depending 
on the cell types (6). The effect of rapamycin on mTORC2 activity is 
the resultant of contrasting actions on mTOR complex formation 
and on the negative feedback inhibition of mTORC1. In addition, 
rapamycin potency on mTORC1 substrates is also variable, as it 
leads to a complete inhibition of S6K phosphorylation, while the 
effect on 4EBP is milder and transient (7, 8). Hence, the therapeutic 
targets and efficacy of rapamycin are difficult to predict.

The multifaceted aspects of allosteric inhibition by rapamy-
cin have led to the development of active site mTOR inhibitors  
(asTORis) that compete with ATP at the catalytic domain (7, 8). 
These general inhibitors block both mTORC1 and mTORC2 sig-
naling. Importantly, they appear more potent than rapamycin in 
inhibiting proliferation of cultured cells (7, 8) and tumorigenesis 
in animal models of cancer (9, 10). Surprisingly, their antiprolif-
erative action can also be observed in mTORC2-deficient cells, 
suggesting a dominant role of mTORC1 on cell cycle progression  
(7, 8). These findings are consistent with the early embryonic lethal-
ity of raptor-deficient mice, a phenotype equivalent to that of the 
Mtor–/– and more severe than the Rictor–/– embryos (11). Recently, 
4EBPs have been demonstrated to be important players in cell cycle 
control by mTORC1. The proliferation of 4e-bp1–/–4E-BP2–/– mouse 
embryonic fibroblasts (MEFs) is resistant to asTORi (12). Converse-
ly, deletion of another mTORC1 target, S6K1, mimics the effect of 
rapamycin and asTORi on cell size (12, 13). These findings have 
led to the model that mammalian cells have evolved a rapamycin- 
insensitive mTORC1/4EBP pathway for cell cycle control and a 
rapamycin-sensitive mTORC1/S6K1 pathway for cell size control. 
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However, the proliferation of 4e-bp1–/–4E-BP2–/– MEFs remains sen-
sitive to rapamycin, indicating additional mechanism(s) for cell 
cycle regulation downstream of mTORC1.

Liver regeneration after two-thirds partial hepatectomy (PH) is 
a well-characterized system to evaluate in vivo kinetics of cell cycle 
progression (14). After this surgical procedure, hepatocytes, which 
are differentiated and quiescent cells, reenter the cell cycle in a high-
ly synchronized manner and restore the initial hepatocyte mass 
after 1 to 2 rounds of replication. Between 36 to 42 hours after two-
thirds PH, most hepatocytes are in the S phase of the cell cycle, after 
having entered the cell cycle by transitioning from the G0 into the 
G1 phase, passed the restriction point in late G1, and initiated DNA 
replication. Since rapamycin treatment causes a significant delay 

in S phase entry of hepatocytes after hepatectomy (15–17), we set 
out here to study rapamycin-sensitive mechanisms that intervene 
during liver regeneration. We compare pharmacologic treatments 
and genetic invalidation of S6K and Akt family members. We reveal 
that S6K1 regulates cyclin D1 (Ccnd1) mRNA and protein levels and 
promotes hepatocyte proliferation. Thus S6K1 is not only required 
for cell size control by mTOR but may also provide a proliferative 
advantage in specific cell types and conditions.

Results
S6K1 deletion impairs liver regeneration in a cell-autonomous manner. To 
in vivo dissect the contribution of the mTOR pathway in cell prolif-
eration and tissue growth, two-thirds hepatectomy was performed 

Figure 1
mTORC1 regulation of liver regeneration 
after partial hepatectomy. (A) BrdU-positive 
hepatocytes of the indicated genotypes. Mice 
were injected intraperitoneally with 5 mg/kg of 
the rapamycin derivate temsirolimus or with 
placebo 2 hours before PH and then daily 
until sacrifice (42 hours after PH). Data are 
expressed as the percentage of BrdU-positive 
cells ± SEM for 4 mice per genotype. Repre-
sentative images of BrdU and β-catenin coim-
munostaining are shown. Scale bar: 50 μm. 
*P < 0.05 versus WT mice; #P < 0.05 versus 
placebo mice. (B and C) Immunoblot analysis 
of protein extracts from liver of the indicated 
genotype from sham-operated mice (sham) 
or at different times after PH. When indicat-
ed, mice were injected intraperitoneally with  
5 mg/kg of the rapamycin derivate temsiroli-
mus or with placebo 2 hours before PH and 
then daily until sacrifice (24 hours after PH). 
Proteins were revealed using the indicated 
antibodies. P-S6K 389, phosphorylated S6K1 
(Thr 389); P-S6 235-236, phosphorylated 
rpS6 (Ser 235/236); P-S6 240-244, 
phosphorylated rpS6 (Ser 240/244); P-4EBP 
65, phosphorylated 4EBP (Ser 65); P-Akt 473, 
phosphorylated Akt (Ser 473); P-PRAS40 
246, phosphorylated PRAS40 (Thr 246);  
P-GSK3b 9, phosphorylated GSK3β (Ser 9).
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in adult mice. Cell proliferation was assessed after a 2-hour BrdU 
pulse, while cell size was visualized by staining hepatocyte cell 
membrane with β-catenin antibodies (Figure 1A). Consistent with 
previous studies (18), S phase entry in WT mice peaked 42 hours 
after hepatectomy. Daily treatment with the rapamycin derivative 
temsirolimus at a 5 mg/kg dose inhibited cell cycle progression. 
Since rapamycin derivatives may differentially affect the phos-
phorylation of mTOR substrates (6–8), we compared the effects 
of temsirolimus treatment on 2 mTORC1 substrates, S6Ks and 
4E-BPs, and on the mTORC2 substrate, Akt. As shown in Figure 
1B and Supplemental Figure 1 (supplemental material available 
online with this article; doi:10.1172/JCI44203DS1), phosphory-
lation of S6K and ribosomal protein S6 (rpS6) was upregulated 
during the G1 and S phases of the cell cycle, as illustrated, respec-
tively, by the 12 and 42 hour time points after hepatectomy. 4E-
BP1 phosphorylation was similarly controlled, as assessed by 
immunoblot analysis with anti–phospho-Ser 65 antibodies and by 
electromobility shift. During S phase, 42 hours after hepatecto-
my, S6K activity and 4E-BP1 phosphorylation started to decrease, 
though they were still higher than that in sham-operated control 

mice. Conversely, the Akt pathway was not significantly activated 
at these time points, as indicated by the phosphorylation state of 
Ser 473–Akt and of the downstream targets GSK3β and PRAS40. 
Thus liver regeneration is mainly accompanied by mTORC1, but 
not mTORC2, activation.

Strikingly, temsirolimus treatment completely abolished S6K 
activity, while it did not affect 4E-BP1 phosphorylation (Figure 1B). 
In addition, temsirolimus increased Akt and PRAS40 phosphoryla-
tion, possibly as a consequence of relieving the negative feedback 
inhibition of mTORC1 on mTORC2 activity. Since the inhibitory 
effects of rapamycin derivatives on cell cycle progression correlated 
with a specific downregulation of S6K activity, we addressed the 
functional role of this mTORC1 branch using S6K1–/–S6K2–/– mice. 
The percentage of hepatocytes in S phase 42 hours after hepatec-
tomy was reduced by 77% in S6K-deficient mice as compared with 
that in WT controls (Figure 1A), indicating that S6K deletion par-
tially mimics the effects of temsirolimus. S6K1–/–S6K2–/– hepato-
cyte proliferation was further blunted by temsirolimus treatment, 
although the tendency did not reach statistical significance, sug-
gesting that additional rapamycin-sensitive mTOR targets may 

Figure 2
Deletion of both S6K1 and S6K2 induces a delay in liver regeneration. (A) BrdU-positive hepatocytes of the indicated genotypes at different times 
after PH. Data are expressed as the percentage of BrdU-positive cells ± SEM for 4 mice per genotype. Representative images of BrdU and β-catenin 
coimmunostaining are shown. Scale bar: 50 μm. *P < 0.05 versus WT mice; #P < 0.05 versus previous time for the same genotype. (B) Hepatocyte 
cell density analyzed at different times after PH in the indicated genotypes. Data are mean ± SEM for 4 mice per genotype. *P < 0.05 versus WT 
mice; #P < 0.05 versus previous time for the same genotype. (C) Liver to body weight ratio analyzed at different times after PH in the indicated 
genotypes. Data are mean ± SEM for 4 mice per genotype. *P < 0.05 versus WT mice; #P < 0.05 versus previous time for the same genotype.
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participate in this event. The phosphorylation of 4E-BP was not 
reduced in S6K1–/–S6K2–/– livers but slightly increased in S6K-null 
sham operated animals and at 42 hours after PH, consistent with 
the possibility that both mTORC1 substrates compete for raptor 
binding (Figure 1C). These data imply that the proliferative defects 
due to S6K deletion are specific and not a consequence of a general 
shutdown of mTORC1 signaling.

The S phase entry was delayed by 12 hours in S6K1–/–S6K2–/– liv-
ers, as assessed by BrdU staining (Figure 2A), indicating that S6K 
deletion lengthens the G0/G1 phase of hepatocyte cell cycle after 
hepatectomy. These results were surprising, as S6K expression did 
not impact cell proliferation in a variety of experimental mod-
els but rather specifically controlled cell growth (increase in cell 
size) (12, 13). To evaluate hepatocyte cell size during liver regen-
eration as a function of the S6K genotype, we stained hepatocyte 
membrane with β-catenin antibodies and counted the number 
of cells per surface. The cell density did not differ in sham-oper-
ated WT and S6K1–/–S6K2–/– livers (Figure 2B). However, 72 hours 
after hepatectomy, WT cell density decreased by 30%, reflecting 
an increased cell size that was maintained 7 days after surgery. 
This growth response was blunted at both time points analyzed 
after hepatectomy in S6K1–/–S6K2–/– livers. Consistently, the liver 
to whole body weight ratio was similar in sham-operated mice of 
both genotypes, though mass recovery after hepatectomy was less 
efficient in S6K1–/–S6K2–/– livers at 72 hours and 7 days after hepa-
tectomy (Figure 2C). Taken together our findings demonstrate 
that S6K deletion slows down liver regeneration due to a combined 
defect in cell cycle progression and cell growth.

Since S6K1 and S6K2 are homologous genes that encode for pro-
tein kinases with overlapping yet distinct functions, we addressed 
what gene was required for hepatocyte cell cycle progression. The 
effects of single S6K mutants on S phase entry were also compared 
with Akt1- and Akt2-null mutants. As shown in Figure 3A, S6K1 
deletion was sufficient to decrease the number of BrdU-labeled 
hepatocytes by 78% 42 hours after hepatectomy, whereas loss-
of-function mutations of S6K2, Akt1, or Akt2 did not impair 
cell cycle progression. Strikingly, the kinetics of S phase entry in 
S6K1–/– livers was superimposable on the one of S6K1–/–S6K2–/– liv-
ers (Figure 2A and Figure 3B). However, the cell size of the S6K1-
deficient liver was not significantly different to that of the WT 
control (data not shown), suggesting that both S6K1 and S6K2 
concur to the growth regulation in liver. In conclusion, we demon-
strated that the single deletions of Akt1 and Akt2 did not impact 
liver regeneration, consistent with the lack of mTORC2 activation. 
At this stage, we cannot exclude possible compensation between 
Akt1 and Akt2 during liver regeneration, as the double-mutant 
mice are not viable. Conversely, our data point to the important 
role of the S6 kinases on liver mass recovery after PH, with S6K1 
having a specific role on hepatocyte proliferation.

To evaluate whether transient expression of S6K1 in liver could 
rescue the proliferation defect of S6K1–/–S6K2–/– hepatocytes, ade-
noviruses carrying S6K1 cDNA were administered by retro-orbital 
intravenous injection 1 week before hepatectomy. This led to an 
overexpression of S6K1 in liver, while other tissues, including spleen, 
kidney, and lung, were poorly transduced (Figure 4A). Hepatic over-
expression of S6K1 was sufficient to stimulate cell proliferation in 

Figure 3
Delay in liver regeneration correlates with the specific deletion of S6K1. (A) BrdU-positive hepatocytes of the indicated genotypes 42 hours after 
PH. Data are expressed as the percentage of BrdU-positive cells ± SEM for 4 mice per genotype. Representative images of BrdU and β-catenin 
coimmunostaining are shown. Scale bar: 50 μm. *P < 0.05 versus WT mice. (B) BrdU-positive hepatocytes of the indicated genotypes at different 
times after PH. Data are expressed as the percentage of BrdU-positive cells ± SEM for 5 mice per genotype. Representative images of BrdU and 
β-catenin coimmunostaining are shown. Scale bar: 50 μm. *P < 0.05 versus WT mice; #P < 0.05 versus previous time for the same genotype.
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WT livers as compared with GFP transduction (Figure 4B). More 
important, adenoviral S6K1 was also able to rescue the delay in the 
S phase of S6K1–/–S6K2–/– hepatocytes. To further address whether 
the proliferative defect of S6K-deficient hepatocytes is cell autono-
mous, primary hepatocyte cultures were prepared from WT and 
S6K1–/–S6K2–/– mice. As shown in Figure 4C, we observed a delayed 
entry in S phase in S6K1–/–S6K2–/– hepatocytes after stimulation 
with a defined mixture of growth factors and nutrients. In parallel 
cultures, cell viability was equivalent in the 2 genotypes, ruling out 
an effect of S6K deletion on apoptosis in these conditions (Supple-
mental Figure 2). Taken together, our data suggest that S6K expres-
sion in hepatocytes provides a cell-autonomous advantage promot-
ing cell cycle progression.

Delay in cell cycle progression of S6K1-deficient hepatocytes in spite of 
normal protein anabolic responses. To understand how S6K1 regu-
lates hepatocyte cell cycle, we considered key cellular responses 
for G1 phase progression. Hepatocytes undergo a massive stim-
ulation of protein synthesis during early G1 phase (19). Since 
S6K1 is known to interact with the translational machinery (20), 
first we addressed whether S6K deletion affected global transla-
tional upregulation by assessing polysome formation in WT and  
S6K1–/–S6K2–/– livers 12 hours after hepatectomy. As shown in Fig-
ure 5A, the ratio between polysomes, monosomes, and free sub-
units was higher in hepatectomized livers as compared with that 
in sham-operated controls, indicating increased translation ini-
tiation. However, no difference in polysome profile was observed 
as a function of the S6K genotype. One major class of mRNAs, 
whose expression is controlled at the level of translation during 
the early phase of liver regeneration, are the 5′ terminal oligopy-

rimidine tract (5′TOP) mRNAs encoding ribosomal proteins and 
other translation factors (19). This regulation is under the control 
of mTOR and is required for ribosome biogenesis during growth 
responses (21). However, the recruitment of the 5′TOP-contain-
ing Eef1a and Rpl32 mRNAs onto polysomes 12 hours after hepa-
tectomy was not affected by S6K deletion (Figure 5B), confirm-
ing previous observations in other cell types (21). Taken together, 
these findings suggest that the delay in cell cycle progression of 
S6K-deficient livers is not accompanied by a general deregulation 
of protein anabolic responses required for tissue growth.

Cyclin D regulation by S6K1. We next evaluated components of the 
cell cycle machinery involved in the progression through G1 phase. 
Inactivation and nuclear exclusion of the retinoblastoma protein, a 
late G1 phase event, was delayed in S6K1–/–S6K2–/– livers as compared 
with that in WT livers (Figure 6A). We therefore analyzed earlier 
events, such as the increase of cyclin D and E expression that was 
already detected 12 hours after hepatectomy (Figure 6B). As shown 
in Figure 6B, the kinetics of cyclin D1, cyclin D2, cyclin D3, and 
cyclin E expression were delayed in S6K1–/–S6K2–/– livers. These find-
ings suggest that S6K1 controls cell cycle either by directly affecting 
phase G1 cyclin expression or by modifying the antecedents.

Cyclins were also expressed in adult livers in resting conditions 
(Figure 7A). Interestingly, cyclin D1 protein levels were lower in 
sham-operated S6K1–/–S6K2–/– livers as compared with those in WT 
livers, while cyclin D2, cyclin D3, cyclin E, and cyclin A levels were 
similar. The reduced cyclin D1 levels were due to S6K1 deletion 
(Figure 7A). The difference stemmed from a specific downregula-
tion of Ccnd1 mRNA in S6K-deficient livers (Figure 7B), suggesting 
that S6K1 regulates Ccnd1 mRNA transcription and/or stability. 

Figure 4
Expression of S6K1 in liver rescues the proliferation defect. (A) Immunoblot analysis 
of protein extracts from liver, spleen, kidney, and lung of the WT genotype using 
anti-S6K1 and anti-tubulin antibodies. Mice were treated or not with adenovirus 
S6K1 1 week before PH and sacrificed 42 hours after PH. S6K1 tot, S6K1 total.  
(B) BrdU-positive hepatocytes of the indicated genotypes were treated with 
adenovirus expressing GFP or S6K1 1 week before PH and sacrificed 42 hours after 
PH. Data are expressed as the percentage of BrdU-positive cells ± SEM for at least 
4 mice per genotype. Representative images of BrdU and β-catenin coimmunostain-
ing are shown. Scale bar: 50 μm. *P < 0.05 versus WT mice; #P < 0.05 versus mice 
treated with GFP adenovirus. (C) BrdU-positive cultured hepatocytes of the indicated 
genotype at different times after plating. Data are expressed as the percentage of 
BrdU-positive cells ± SEM for duplicate plates per genotype. A representative experi-
ment is shown. Data were reproduced in 3 independent cultures.
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In addition, the phosphorylation of Rb on Ser 780, a functional 
read-out of cyclinD/cdk4 activity, was also lower in sham-oper-
ated S6K1–/–S6K2–/– livers as compared with that in WT livers (Fig-
ure 7C). Taken together, our findings reveal a defect in the basal 
amount of Ccnd1 mRNA and protein, as well as associated kinase 
activities, that may account for the delayed cell cycle progression of 
S6K-deficient liver cells after hepatectomy.

To gain further insights on the regulation of cyclin D1 expres-
sion by S6K, we established primary cultures from WT and S6K-
null genotypes. Importantly, the decrease of Ccnd1 mRNA levels 
was reliably observed in S6K-deficient hepatocytes at different 
time points during the transition from G0/G1 to S phases (Fig-
ure 7D). To address whether S6K activity regulates the amount of 
Ccnd1 mRNA at the transcriptional or posttranscriptional levels, a 
plasmid encoding a luciferase reporter gene under the control of a 
770-bp region of the cyclin D1 promoter was ectopically expressed 
in hepatocyte cultures. This promoter region contains a number of 
functional response elements that have been partly characterized 
in previous studies (22, 23). As shown in Figure 7E, the activity 
of the cyclin D1 promoter was reduced by half in S6K-deficient 
hepatocytes. These findings indicate that the transcriptional con-
trol of the cyclin D1 promoter by S6K plays a major role in the 
observed effects on Ccnd1 mRNA and protein levels.

To establish a causal link among S6K activities, cyclin D1 expres-
sion, and liver proliferation after PH, adenoviral-mediated cyclin 
D1 expression was induced in livers before the PH (Figure 8A). 
Consistent with previous data (16, 24), cyclin D1 overexpression 
was sufficient to promote hepatocyte proliferation in adult livers 

that did not undergo PH, as assessed by immunostaining for the 
proliferating cell nuclear antigen (Supplemental Figure 3). Inter-
estingly, the effect of ectopic cyclin D1 on proliferation was equiv-
alent in WT and S6K-deficient genotypes. Next, the proliferative 
responses in cyclin D1–overexpressing cells were analyzed 42 hours 
after PH. As shown in Figure 8B, adenoviral-mediated cyclin D1 
promoted S phase entry of S6K1–/–S6K2–/– livers at an even higher 
rate, as compared with that of WT controls. The hypersensitivity 
of S6K mutant livers to cyclin D1 expression suggests that these 
cells may have upregulated parallel pathways in an attempt to cir-
cumvent the proliferative defect. We therefore analyzed expression 
and phosphorylation of 4EBP1, an mTORC1 substrate that par-
ticipates in the cell cycle control (12). In conclusion, restoring the 
levels of cyclin D1 is sufficient to rescue the proliferative defects 
due to S6K inactivation during liver regeneration.

Discussion
The kinetics of mouse liver regeneration after two-thirds PH allows a 
precise evaluation of in vivo hepatocyte growth and proliferation and 
the assessment of whether these anabolic responses are coordinated 
(14). The allosteric mTOR inhibitor rapamycin is known to signifi-
cantly delay S phase entry and liver regeneration, indicating an impor-
tant functional role for mTOR signaling (15–17). We show here that 
treatment with rapamycin derivatives severely blunts phosphorylation 
of the mTORC1 substrates S6K1 and S6K2, while having no effect 
on the 4E-BP family members of mTORC1 substrates and upregu-
lating the activity of the mTORC2 substrates Akt1–Akt3 (Figure 1). 
We describe a rapamycin-sensitive pathway that is mediated by S6K1 

Figure 5
Delay of cell cycle progression in S6K1 mutants in spite of normal protein anabolic responses. (A) Liver polysomal profile of the indicated geno-
types in sham-operated mice or 12 hours after PH. The area under the curve is indicated in yellow or black, and the ratio of the polysome/free-
subunits plus monosomes (Free-sub-Monos) is shown. (B) Curves represent the Northern blot quantification of Eef1a or Rpl32 mRNA in liver 
of the indicated genotypes of sham-operated mice or mice 12 hours after PH. The relative amount of Eef1a or Rpl32 mRNA in each fraction is 
expressed as the percentage of the total in the polysome gradient.
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activity and participates in the regulation of growth and cell cycle pro-
gression (Figures 2 and 3). Finally, we point to the impaired cyclin D1 
expression in S6K1-deficient hepatocytes in resting conditions as a 
contributing factor for the proliferative defect (Figures 6–8).

The recovery of liver function after hepatectomy is promoted by 
a variety of signals that lead to the prompt re-establishment of 
liver mass by upregulating cell growth and/or proliferation. Rare 
are the mutations that completely abrogate liver regeneration, as 
the redundancy of signal transduction elements may mask func-
tional defects (25). For instance, the transcription factor STAT3 
has been described as an important element promoting liver pro-
liferation after hepatectomy downstream IL-6 signaling, though 
liver STAT3-deficient mice compensate for the hepatocyte cell 
cycle defect with an increased cell size and display no defect in mass 
recovery (26, 27). Thus, the mutations causing a significant delay 
in liver regeneration are considered to hit essential pathways for 
liver function. Relevant to our study, the phosphoinositide-depen-
dent protein kinase 1 (PDK1), which is required for the activities 
of Akt, S6K, and other AGC kinases, strongly impacts liver regen-
eration, as 70% of liver-specific PDK1-knockout mice die after 
PH. The 30% of viable mice display impaired liver mass recovery, 
mainly due to cell size defects (28). In the same study, treatment 
of mice with sodium salicylate, which inhibits S6K signaling, leads 
to a delay in S phase entry after PH. Here we show that S6K dele-
tion impaired both liver proliferation and cell growth, determin-
ing a considerable delay in mass recovery (Figures 1 and 2). It has 
previously been shown that protein composition in the diet influ-
ences liver recovery (29). In particular, it was shown that plasma 
levels of branched-chain amino acids decrease after hepatectomy, 

indicating an increased intracellular utilization, and that supple-
mentation with branched-chain amino acids and glutamine ame-
liorates liver recovery. Interestingly these amino acids stimulate 
mTORC1/S6K activity while suppressing mTORC2/Akt (30, 31) 
(C. Chauvin, V. Koka, and M. Pende, unpublished observations). 
Thus, the preferential activation of the mTORC1/S6K1 pathway 
over the mTORC2/Akt branch is likely to mediate the nutritional 
input from amino acids during liver regeneration.

Previous studies have identified S6K as a cell size regulator. Dro-
sophila S6K mutant flies have normal cell number in adult wing and 
eye tissues but selectively display a cell size defect (32). However, Dro-
sophila larvae are delayed, and it is possible that a proliferation defect 
is masked by the additional developmental period. In mice, the cell 
size defect is observed in a number of tissues, including skeletal 
muscle, fat, and pancreatic islets, in resting conditions (13, 33, 34), 
and in liver during regeneration (Figure 1). In addition, S6K dele-
tion in MEF and myoblast cultures mimics the effects of rapamycin 
and asTORi on cell size (12, 13). Conversely, mutant cells in culture 
do not display impaired proliferation when maintained with maxi-
mal supplies of mitogens and nutrients, and their cell cycle remains 
sensitive to the inhibitory action of rapamycin and asTORi (12, 13, 
21). Although these findings have been interpreted as evidence for 
a selective control by S6K on cell size, but not cell number, down-
stream of mTOR, no precise kinetic analysis of cell proliferation has 
been performed in vivo. Our studies after liver hepatectomy and in 
hepatocyte primary cultures reveal that S6K1 activity also provides 
a proliferative advantage in vivo and in vitro to the hepatocytes. This 
effect is likely to be largely cell autonomous, as it is observed in cul-
tured cells in defined medium, and hepatic overexpression of S6K1 

Figure 6
S6K1 deletion affects components of cell cycle machinery. (A) Cytosolic Rb-positive hepatocytes of the indicated genotypes at different times 
after PH. Data are expressed as the percentage of cytosolic Rb-positive cells ± SEM for 4 mice per genotype. Representative images of Rb-
immunostaining are shown. Scale bar: 50 μm. *P < 0.05 versus WT mice. (B) Immunoblot analysis of protein extracts from the liver of the indi-
cated genotypes in sham-operated mice or at different times after PH. Proteins were revealed using the indicated antibodies. The ratio of the 
densitometric assay is shown. Data are mean ± SEM. *P < 0.05 versus WT mice.
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rescues the defect of mutant livers in vivo. Thus, in hepatocytes, the 
lack of S6K1 signaling impairs the proliferative response, a defect 
that is not entirely compensated by other rapamycin-sensitive 
mTORC1 targets in this specific cell type.

S6K1 deletion does not cause a general delay in anabolic 
responses during liver regeneration, which might be expected if 
S6K1 were acting on humoral factors or the priming phase of 
regeneration or the general fitness of the mice. Although S6K1 
was shown to interact with the translational machinery (20), the 
upregulation of translation initiation, an early event during regen-
eration, occurred normally in S6K1-deficient livers, as assessed by 
polysome formation 12 hours after hepatectomy (Figure 5). Simi-
larly, the recruitment onto polysomes of 5′TOP mRNAs coding 
for ribosomal proteins and translation factors is not delayed by 
S6K1. Thus 2 typical growth responses downstream of mTOR do 
not depend on S6K1 activity. In contrast, the induction of early 
G1 phase cyclin levels, namely cyclin D1, cyclin D2, cyclin D3, and 
cyclin E, is already altered during the first day after hepatectomy 
in S6K1–/– hepatocytes (Figure 6). Taken together these surprising 
findings reveal changes in cell cycle regulators, depending on S6K1 
activity regardless of unaltered translational responses.

Although additional mechanisms can be involved, it is likely that 
the downregulation of cyclin D1 expression greatly contributes to 
the impaired regeneration of S6K1-null livers based on the follow-
ing considerations. First, the reduction of Ccnd1 mRNA and protein 
levels is already observed in resting conditions, suggesting a direct 
target of S6K1 activity and not a consequence of the delay in cell 
cycle progression (Figure 7). Second, cyclin D1 is known to promote 
hepatocyte cell cycle progression, as demonstrated by ectopic over-
expression and genetic invalidation experiments (24, 35). Impor-
tantly, cyclin D1 overexpression rescues the inhibitory effect of S6K 
deletion on S phase entry after PH (Figure 8), providing a causal 
link among mTOR/S6K pathway, cyclin D1 expression, and cell 
cycle progression. Third, cyclin D1 is an early target after transient 
inhibition of mTOR activity by pharmacological agents, as shown 
in multiple systems (36). Interestingly, cyclin D1 expression can be 

regulated by the mTOR pathway at the level of transcription and 
translation. While 4E-BPs have been demonstrated to control trans-
lational regulation of Ccnd1 mRNA (12, 37), our studies define a dis-
tinct output from mTOR that regulates cyclin D1 promoter activity 
and mRNA levels dependent on S6K1 activity (Figure 9). It is tempt-
ing to speculate on whether the regulation of cyclin D1 expression 
may also explain other phenotypes of S6K1-deficient mice. Cyclin D 
in Drosophila and mammals is also involved in cell size control (24, 
38, 39). In addition cyclin D1 also regulates mitochondrial biogen-
esis (40). Future studies should assess whether the atrophy of S6K1-
deficient cells and their altered mitochondrial mass may be at least 
in part a consequence of cyclin D1 regulation (13, 34).

Elucidating the molecular mechanisms of cell cycle control by 
the mTOR pathway is crucial for all the disease states in which 
treatment with mTOR inhibitors is expected to be beneficial. 
Recently, the use of asTORi has uncovered the importance of a 
rapamycin-insensitive branch of mTORC1 that involves 4E-BPs 
in cell cycle regulation (ref. 12 and Figure 9). However, distinct 
rapamycin-sensitive components exist, as outlined by the sensitiv-
ity of 4E-BP–deficient cell proliferation to the inhibitory action of 
rapamycin. It is possible that the relative contributions of these 
mTORC1 branches vary depending on cell types and pathophysi-
ological context. For instance, the growth of kidney tumors in a 
mouse model of tuberous sclerosis is equally sensitive to a rapamy-
cin derivative and a dual pan class I PI3K/mTOR catalytic inhibi-
tor (41), suggesting that a rapamycin-sensitive pathway may medi-
ate a major proliferative signal in these benign tumors. It would be 
interesting to test the functional relevance of the S6K1/cyclin D1 
axis in this settings, though we are aware that other yet uncharac-
terized proliferative mechanisms may intervene, given the sensitiv-
ity of S6K-deficient cell cycle to rapamycin (13, 21).

Methods
Animals and surgery. Generation of S6K1;S6K2-deficient mice (C56BL/ 

6-129/Ola) and S6K1-, S6K2-, Akt1-, and Akt2- deficient mice (C57BL/6) 

has been previously described (13, 21, 42, 43). Each genotype was 

compared with WT mice of the same genetic background. Mice were 

maintained at 22°C with a 12-hour-dark/12-hour-light cycle and had 

free access to food. All animal studies were approved by the Direction 

Départementale des Services Véterinaires, Prefecture de Police, Paris, 

France (authorization number 75-1313). All studies were done in male 

animals. Eight- to twelve-week-old mice were subjected to sham operation 

or two-thirds PH, as previously described (18), under general anaesthesia 

with inhaled isoflurane (n = 4 for each genotype and time point). Animals 

were killed at different times after surgery, as indicated in the figure leg-

ends. Sham animals had operations without any liver resection.

When indicated, mice were infected with 5 × 109 infectious particles 

of GFP, S6K1, or cyclin D1 adenovirus by retro-orbital intravenous 

injection. Surgery was performed 2 days after infection for cyclin D1 or 

1 week after infection for GFP and S6K1.

Hepatocyte cell cultures. Hepatocytes were isolated from mice by in situ 

perfusion and were seeded in complete medium, as described before (44). After 

cell spreading, the culture medium was deprived of fetal bovine serum and 

proliferation was induced with 50 ng/m of EGF (Sigma-Aldrich). Incorpora-

tion of the thymidine analog BrdU was used as an index of cell proliferation. 

After fixation, BrdU-positive cells were detected using the BrdU Detection Kit I  

(Roche). Apoptotic cells were detected using In Situ Cell Death Detection 

Kit, Fluorescein (Roche). Transfection of expression plasmids was performed 

in 6-well plates in the presence of Lipofectamine LTX with PLUS Reagent 

(InVitrogen) 4 hours after plating. Four μg expression plasmids and 5 μl  

Figure 7
Cyclin D1 regulation by S6K1. (A) Immunoblot analysis of protein 
extracts from liver of the indicated genotypes in sham-operated mice. 
Proteins were revealed using the indicated antibodies. The ratio of the 
densitometric assay is shown. Data are mean ± SEM. *P < 0.05 versus 
WT mice. (B) RTqPCR analysis from liver of the indicated genotypes 
in sham-operated mice. Data are mean ± SEM. *P < 0.05 versus WT 
mice. (C) Immunoassay to detect Rb phosphorylation (P-Rb) on Ser 
780 (S 780). Phospho-Rb protein in extracts from liver of the indicated 
genotypes in sham-operated mice or at different times after PH was 
revealed using an immunoassay. Data are mean ± SEM and expressed 
as fold change over sham-operated WT. *P < 0.05 versus WT mice; 
#P < 0.05 versus previous time for the same genotype. (D) RTqPCR 
analysis from primary hepatocyte cultures of the indicated genotypes 
at different time points after plating. Data are mean ± SEM. *P < 0.05 
versus WT controls. (E) Hepatocytes were cotransfected with plasmids 
encoding firefly luciferase under a basal promoter (PA3-Luc) or under 
the 770-bp cyclin D1 promoter (770 bp cyclinD1-Luc) in combination 
with a plasmid encoding renilla luciferase under a constitutive promoter 
(pRL-TK). The ratio between firefly and renilla luciferase activity was 
measured 24 hours after plating. Data are mean ± SEM from 2 inde-
pendent cultures. Data are expressed as fold increase of the cyclin D1 
promoter activity over the basal promoter in the indicated genotypes. 
Data were confirmed at another time point (36 hours after plating).  
†P < 0.05 versus WT controls, using a Mann-Whitney test.
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Lipofectamine per well were applied in a final volume of 2 ml Opti-MEM. 

After 4 hours, the medium was renewed with complete medium. Lucifer-

ase activity was measured using the Dual-Luciferase Reporter Assay System 

(Promega). Plasmid encoding a firefly luciferase under the control of 770-bp  

human cyclin D1 promoter was provided by Anil Rustgi (Department of 

Medicine, University of Pennsylvania, Philadelphia, Pennsylvania, USA) (22).

Immunohistochemistry and morphometric analysis. Liver tissue was fixed over-

night in phosphate-buffered 10% formalin, embedded in paraffin, and sec-

tioned in 4 μm. Immunohistochemistry was performed with the following 

antibodies: anti-BrdU antibody (Roche), anti–β-catenin antibody (Calbio-

chem), and anti-Rb antibody (Abcam), and they were all counterstained 

with hematoxylin. Hepatocyte proliferation was determined by BrdU 

Figure 8
Cyclin D1 expression rescues the proliferation defeat due to S6K inactivation during liver regeneration. (A) Immunoblot analysis of protein 
extracts from liver before PH using anti–cyclin D1 and anti-tubulin antibodies. Mice were treated or not with adenovirus cyclin D1 2 days before 
tissue resection. (B) BrdU-positive hepatocytes of the indicated genotypes treated with adenovirus expressing GFP or cyclin D1 2 days before 
PH and sacrificed 42 hours after PH. Data are expressed as the percentage of BrdU-positive cells ± SEM for 4 mice per genotype. Representa-
tive images of BrdU and β-catenin coimmunostaining are shown. Scale bar: 50 μm. *P < 0.05 versus WT mice; #P < 0.05 versus mice treated 
with GFP adenovirus. (C) Immunoblot analysis of protein extracts from liver of the indicated genotypes after PH and cyclin D1 transduction 
(adeno-cyclin D1) or sham operation (untreated). Proteins were revealed using the indicated antibodies. The ratio of the densitometric assay for 
4EBP1/tubulin and the percentage of α (hypophosphorylated), β, γ (hyperphosphorylated) forms of 4EBP1 are shown. Data are mean ± SEM. 
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incorporation. Mice were injected intraperitoneally with 50 mg/kg of BrdU 

2 hours prior to sacrifice. The results were expressed as the percentage of 

BrdU-positive cells. At least 3,000 hepatocytes were counted. Hepatocyte 

cell density was determined by anti–β-catenin immunohistochemistry. The 

results were expressed as the number of cells in a liver surface. At least 10 

areas of 33,500 μm² were analyzed.

Cytosolic presence of Rb was determined by Rb immunohistochemistry. 

The results were expressed as the percentage of cytosolic Rb-positive cells. 

At least 3,000 hepatocytes were counted.

Western blot. A piece of frozen tissue was ground to powder under 

liquid N2 and lysed in 20 mM Tris-HCl (pH 8.0), 5% glycerol, 138 mM 

NaCl, 2.7 mM KCl, 1% NP-40, 20 mM NaF, 5 mM EDTA, 1 mM sodium 

orthovanadate, 5 μg/ml leupeptin, 1 μg/ml pepstatin, and 1 mM DTT. To 

remove cell debris, homogenates were spun at 8,000 g for 10 minutes at 

4°C. Protein extract from liver was resolved by SDS-PAGE before transfer 

onto PVDF membrane and incubation with anti-S6K1, anti–cyclin D1, 

anti–cyclin D2, anti–cyclin D3, anti–cyclin A, and anti–cyclin E (all from 

Santa Cruz Biotechnology Inc.); anti-phospho S6K1 (Thr 389), anti-4EBP, 

anti-phospho 4EBP (Ser 65), anti-Akt, anti-phospho Akt (Ser 473), anti-

S6, anti-phospho rpS6 (Ser 235/236), anti-phospho rpS6 (Ser 240/244), 

anti-PRAS40, anti-phospho PRAS40 (Thr 246), anti-GSK3β, anti-phospho 

GSK3β (Ser 9), and anti–cylin D3 (all from Cell Signalling Technology); 

and anti-tubulin (Sigma-Aldrich).

Immunoassay. Levels of phospho-Rb (Ser 780) in liver protein extracts 

were measured by ELISA using Human Rb (pS780) Immunoassay Kit 

(Invitrogen) according to the manufacturer’s instructions. Five μg and 

twenty μg of protein extracts were used.

Real-time quantitative PCR. Total RNA was isolated from liver tissue using 

an RNeasy Mini Kit (QIAGEN), according to the manufacturer’s instruc-

tions, and single-strand cDNA was synthesized from 1 μg of total RNA 

with random hexamer primers and SuperScript II (Invitrogen). Real-time 

quantitative PCR (RTqPCR) was performed using a TaqMan instru-

ment (Applied Biosystems), according to the manufacturer’s instruc-

tions, using a SYBR Green PCR Master Mix (Applied Biosystems). We 

determined the relative amounts of the mRNAs studied by means of the 

2–ΔΔCT method, with pinin and WT mice as the invariant control for all 

studies. The murine primer sequences used were as follows: cyclin D1, 

sense 5′-GCGTACCCTGACACCAATCTC-3′, antisense 5′-CTCCTCTTC-

GCACTTCTGCTC-3′; cyclin D2, sense 5′-GAGTGGGAACTGGTAGT-

GTTG-3′, antisense 5′-CGCACAGAGCGATGAAGGT-3′; cyclin D3, sense 

5′-CGAGCCTCCTACTTCCAGTG-3′, antisense 5′-GGACAGGTAGC-

GATCCAGGT-3′; and pinin, sense 5′-ACCTGGAAGGGGCAGTCAGTA-3′, 
antisense 5′-ATCATCGTCTTCTGGGTCGCT-3′. The results of RTqPCR 

are given in arbitrary units and expressed as fold changes in mRNA levels 

relative to those of WT controls.

Polysome fractionation and Northern blot analysis. Sucrose density gradient 

centrifugation was used to separate the subpolysomal from the poly-

somal ribosome fractions. A piece of frozen liver was ground to powder 

under liquid N2 and lysed in 50 mM Tris-HCl (pH 7.8), 10 mM MgCl2, 

240 mM KCl, 250 mM sucrose, 2% Triton X-100, 5 mM dithiothreitol, 

100 μg/ml cycloheximide, and 100 U/ml RNase inhibitor. To remove 

cell debris, homogenates were spun at 8,000 g for 5 minutes at 4°C. An 

aliquot of the supernatant was removed to measure protein concen-

tration. Heparin was added to the supernatants at a final concentra-

tion of 1 mg/ml. The extracts were rapidly frozen into liquid nitrogen 

and stored at –80°C. 1.2 mg protein were layered on a 0.5–1.5 M linear 

sucrose gradient (20 mM Tris-HCl, pH 7.5, 80 mM NaCl, 5 mM MgCl2, 

1 mM dithiothreitol) and centrifuged in a SW41 rotor at 160,000 g for 2 

hours at 4°C. After centrifugation, the gradient was displaced upward 

through a flow cell recording absorbance at 260 nm with the use of the 

density gradient fractionation system (Isco) and fractionated in 12 frac-

tions. RNA isolation and Northern blot analysis of each fraction were 

performed as described previously (45). Northern blots were hybridized 

with specific probes against Eef1a (5′-GCCGGAATCTACGTGTCC-

GATTACGACGATGTTGATGTGAGTCTTTTCCTTTCCCAT-3′) and 

Rpl32 (5′-TTCACATATCGGTCTGACTGGTGCCTGATGAACTTCTT-

GG-3′). Quantification was made using Storm ImageQuant software  

(GE Healthcare Life Science).

Statistics. Analysis was performed by 2-tailed, unpaired Student’s t test unless 

otherwise indicated. P values of less than 0.05 were considered significant.
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