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1. General Information 

Ribosomal protein S6 (rpS6) is one of 33 proteins 
which along with 18S ribosomal RNA make up the 
small (40S) subunit of the eukaryotic ribosome.  It 
is located in the small head region of the 40S 
subunit and resides at the interface of the 40S and 
60S (large) subunits where a groove is thought to 
be the site of new protein synthesis (35). Cross 
linking studies suggest rpS6 may interact with 
mRNA.  rpS6 is an evolutionary conserved protein 
of 236 to 253 amino acids and is the first 
discovered and main phosphorylated ribosomal 
protein as shown originally by Gressner and Wool 
(13).  The phosphorylation sites are located in the 
carboxyl terminus of the protein and have been 
mapped in mammals to Ser-235, -236, -240, -244, 
and -247 (21). It is believed that phosphorylation is 
ordered with Ser-236 the primary site (9) followed 
by Ser-235 and then the others. Yeast rpS6 has 
only two phosphorylation sites, Ser-232 and -233, 
that correspond to Ser-235 and -236 in mammals. 

Numerous reports have shown that rpS6 is 
phosphorylated in multiple physiologic and 
pathophysiologic states with the best studied 
systems being hepatocytes in regenerating liver 

and serum stimulated mouse embryo fibroblasts 
(MEFs) (25). In a variety of specialized cell types 
including muscle, neurons and secretory cells, S6 
phosphorylation is temporally correlated to the 
initiation of protein synthesis. 

Considerable success has been achieved in 
understanding the role of different kinases in 
phosphorylating rpS6 (22). The first kinase 
identified was in Xenopus oocytes and is now 
known as p90 rpS6 Kinase (RSK) (8).  This kinase 
has an apparent molecular mass of 90 kDa, is 
present in mammalian cells and is now known to 
be an effector of ERK. Avian and mammalian cells 
were then shown to also contain a distinct 70 kDa 
S6 kinase referred to as p70 S6K but now known 
simply as S6K which can phosphorylate all five 
sites on rpS6 (1, 18). This kinase has two highly 
related forms coded by two separate genes p70 
S6K1 and p85 S6K2 both of which are required for 
full phosphorylation of rpS6. Deletion of these 
genes greatly reduced S6 kinase activity but 
revealed that phosphorylation of rpS6 could be 
carried out in part by other kinases including 
Protein kinase A (PKA) (7), protein kinase C (PKC) 
(23), RSK (8), and casein Kinase 1 (15).  PKA and 
RSK only phosphorylated Ser-235 and -236 while 
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casein kinase 1 phosphorylated Ser-247; PKC 
phosphorylated at least 3 residues but they were 
not identified.  Dephosphorylation of rpS6 is carried 
out primarily by a protein phosphatase 1 (15).    

The major pathway signaling to rpS6 
phosphorylation is the TORC1 (Target of 
rapamycin complex 1) pathway with TORC1 
together with PDK1 (3’-phosphoinositde-
dependent kinase 1) phosphorylating and 
activating S6K which then phosphorylates rpS6 
(25). As TORC1 is activated by a variety of growth 
factors, hormones and nutrients (34), this explains 
the general correlation of rpS6 phosphorylation 
with protein synthesis and growth.  However, rpS6 
is not the only target of S6K and does not mediate 
all of its effects (22). 

Much more poorly understood is the physiological 
consequence of rpS6 phosphorylation. Originally it 
was suggested to mediate initiation of translation, 
but this has been disproved by multiple 
approaches. Most notably, replacing all five 
phosphorylatable serines in S6 with alanine failed 
to inhibit protein synthesis in MEFs derived from 
the knock in mice (27). The possibility of phospho 
rpS6 facilitating the translation of a subset of 
mRNA species has focused on those with a 5’-
terminal polypyrimidine tract referred to as TOP 
mRNAs. These include all ribosomal proteins and 
many translation factors (26). Correlative data 
originally led to the hypothesis that 
phosphorylation of rpS6 facilitated the translation 
of these mRNAs (17). However, considerable 
evidence both biochemical and genetic is opposed 
to this hypothesis and is summarized by Ruvinsky 
& Meyuhas (26).  S6K and phosphorylation of rpS6 
has also been shown to be involved in controlling 
cell size (27). While some cell types including 
pancreatic beta cells and MEFs have smaller cells 
when rpS6 phosphorylation is prevented, in other 
cases cell size is dependent on the TORC1 
pathway and on S6K activity involving other 
substrates. Other work has suggested S6K and 
possibly rpS6 phosphorylation is involved in cell 
proliferation and glucose homeostasis but may 
involve other S6K targets (24).  Finally, there is 

some evidence that rpS6 might have effects 
outside the ribosome and protein synthesis. At 
present, the main experimental use of monitoring 
rpS6 phosphorylation is to show activation of the 
PI3K- AKT- mTOR-S6K signaling pathway which 
can be done by Western blotting or 
immunolocalization. 

2. Ribosomal protein S6 in the 
Pancreas 

Following the proposal by Paul Greengard that 
protein phosphorylation is a general mechanism by 
which hormones and neurotransmitters regulate 
cell function (12), pancreatologists began to 
evaluate changes in protein phosphorylation in the 
exocrine pancreas. Using isolated mouse acini 
incubated with 32P-orthophosphate to label 
intracellular ATP, Burnham and Williams (3) 
showed that carbachol, CCK and insulin altered the 
phosphorylation of 5 proteins including increased 
phosphorylation of a 32.5 kDa protein located in 
the particulate fraction as expected for rpS6.  
Similar results were obtained for rat and guinea pig 
pancreatic acini and lobules where VIP, secretin 
and dibutyrl cyclic AMP were shown to act similarly 
to CCK on a protein of 29-33 kDa (10, 16, 39).  
Latter studies using cell fractionation and 2-
dimensional gel electrophoresis confirmed that the 
basic ribosomal protein behaved like rpS6 (11) and 
that cytosol contained a S6 kinase activity that was 
activated by insulin and CCK (36, 37).  Following 
the development of specific peptide substrates and 
phosphospecific antibodies, the kinase was 
confirmed to be p70S6K (2). RpS6 was shown to 
be phosphorylated on Ser235, 236, 240/244 in 
isolated pancreatic acini stimulated with CCK, 
bombesin and carbachol and in intact animals after 
feeding (5, 30, 32). Studies using mice with genetic 
deletions of hormones, or their receptors showed 
that both CCK and insulin participated in the 
response to feeding and that amino acids 
especially leucine can also induce rpS6 
phosphorylation (6, 31). 

There is good correlation between the stimulation 
of protein synthesis and rpS6 phosphorylation in 



pancreatic acinar cells (30).  All hormones and 
neurotransmitters that stimulate protein synthesis 
enhance rpS6 phosphorylation.  In the converse, 
removing protein from the diet acutely partially 
reduces rpS6 phosphorylation and this affect 
increases in prolonged protein deprivation (4, 28).  
These studies were largely directed at showing the 
presence of the Akt – mTOR – S6K pathway in 
acini and its importance for regulating protein 
synthesis and cell growth (33); phosphorylation of 
rpS6 was used as a readout of pathway activation.  
Pancreatic acinar cell protein synthesis, stimulated 
by CCK, bombesin and carbachol, is blocked by 
inhibiting protein phosphatase 2B (calcineurin), but 
the inhibitors did not affect rpS6 phosphorylation 
(32). On in vivo experiments, endogenous release 
of CCK, by feeding mice trypsin inhibitor, 
stimulates pancreas growth and the 
phosphorylation of rpS6; blocking calcineurin with 
FK506, partially reduces this rpS6 phosphorylation 
on Ser 240/244 (38). Mice in which the 5 
phosphorylatable Ser residues were mutated to 
Ala had smaller islet beta cells and reduced insulin 
secretion but acinar cells were of normal size (26).  
No acinar cell function studies have been 
performed to date on these mice without 
phosphorylatable rpS6 Ser residues. 

Increased phospho S6 has also been noted to 
change in several pathological states. In acute 
cerulein-induced pancreatitis in mice, protein 
synthesis is inhibited but phospho S6 is increased 
after 1 hour (29). In a longer-term study pS6 initially 
decreased but after several days it became 
increased during pancreatic regeneration (40).  

Here, pS6 appears to reflect the activity of the 
mTORC1 pathway.  Increased phospho rpS6 has 
also been shown to be present in a precursor to 
pancreatic cancer, intraductal papillary mucinous 
neoplasms (IPMN) (14) where it is associated with 
glucose uptake and malignancy. The TORC1 
pathway has been implicated in the development 
of PDAC in various mouse models.  A role for rpS6 
is indicated by studies of the non-phosphorylatable 
mutant where p53 suppression of tumorigenesis 
was attenuated (19). 

3. Tools for the study of Ribosomal 
protein S6 

a. Antibodies.  A number of antibodies have been 
raised against phosphorylated peptide. In our 
hands the best antibody for Western Blotting is Cell 
Signaling #2215, a rabbit polyclonal prepared 
against p-Ser 240/244 which can be used at 
1:5000 or higher dilution (5, 28, 30, 31). This gives 
a bigger response than the Cell Signaling Ab to p-
Ser 235/236 which has a higher basal level of 
phosphorylation. We use an Ab from Santa Cruz 
for total S6. These antibodies were against multiple 
species.  We use the same Cell Signaling antibody 
for IF but at 1:100 dilution. The Cell signaling 
D68F8 XP antibody has also been used for IF (20). 

b. Genetic Models.  Knockout of rpS6 in liver or 
thymus leads to organ hypoplasia or death. 
Replacement of the 5 phosphorylatable Ser 
residues with Ala has effects on cell size for some 
cell types (27).
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