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Constitutive activation of the mammalian target of rapamycin
complex 1 and S6 kinase (mMTORC1— S6K) attenuates insulin-
stimulated Akt activity in certain tumors in part through “feed-
back” phosphorylation of the upstream insulin receptor sub-
strate 1 (IRS1). However, the significance of this mechanism for
regulating insulin sensitivity in normal tissue remains unclear.
We investigated the function of Ser-302 in mouse IRS1, the
major site of its phosphorylation by S6K in vitro, through
genetic knock-in of a serine-to-alanine mutation (A302).
Although insulin rapidly stimulated feedback phosphorylation
of Ser-302 in mouse liver and muscle, homozygous A302 mice
(A/A) and their knock-in controls (S/S) exhibited similar glu-
cose homeostasis and muscle insulin signaling. Furthermore,
both A302 and control primary hepatocytes from which Irs2 was
deleted showed marked inhibition of insulin-stimulated IRS1
tyrosine phosphorylation and PI3K binding after emetine treat-
ment to raise intracellular amino acids and activate nTORC1 —
S6K signaling. To specifically activate mTORC1 in mouse tissue,
we deleted hepatic T'scI using Cre adenovirus. Although it mod-
erately decreased IRS1/PI3K association and Akt phosphoryla-
tion in liver, T'sc1 deletion failed to cause glucose intolerance or
promote hyperinsulinemia in mixed background A/A or S/S
mice. Moreover, TscI deletion failed to stimulate phospho-Ser-
302 or other putative S6K sites within IRS1, whereas ribosomal
S6 protein was constitutively phosphorylated. Following acute
Tscl deletion from hepatocytes, Akt phosphorylation, but not
IRS1/PI3K association, was rapidly restored by treatment with
the mTORC1 inhibitor rapamycin. Thus, within the hepatic
compartment, mMTORC1 — S6K signaling regulates Akt largely
through IRS-independent means with little effect upon physio-
logic insulin sensitivity.
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The membrane-proximal adaptor proteins IRS1* and IRS2
transmit the extracellular insulin signal to serine/threonine
(Ser/Thr) kinases, such as Akt, which further diversify the sig-
nal to mediate the various actions of insulin (1). Upon binding
insulin from the circulation, the insulin receptor tyrosine
kinase (IR) autophosphorylates and is activated toward IRS.
Phosphotyrosine (Tyr(P)) residues on IRS serve to recruit Src
homology 2 domain proteins, including the dimeric class I-A PI
3-kinase. Although multiple adaptor and catalytic subunits of
PI3K are found in most tissues, the p110« catalytic subunit
appears to specifically mediate metabolic actions of insulin (2)
as demonstrated recently in murine liver (3). By producing
membrane phosphatidylinositol 3,4,5-trisphosphate, IRS-
associated pl110«a stimulates PDPK1 (also known as PDK1,
phosphoinositide-dependent kinase) to phosphorylate Akt on
Thr-308 within its activation loop (4). Thus, mice having liver-
specific deletions of genes encoding IR, IRS1 and IRS2, or
p110« exhibit severely diminished phosphorylation of Akt Thr-
308 (3, 5, 6). In contrast, Ser-473 within the Akt hydrophobic
motif (HM) is phosphorylated in a partly IRS-independent
fashion by the mTOR- and RICTOR-containing mTORC2 pro-
tein complex (6, 7).

A key target of activated Akt is the mTORC1 — S6 kinase
cascade, which promotes protein synthesis following insulin
stimulation or feeding. Akt indirectly activates mTORC1 by
phosphorylating tuberous sclerosis complex (TSC) subunit
TSC2 (8), which, with its obligate partner TSC1, negatively reg-
ulates RHEB, a small GTPase activator of mTORCI. The IRS
proteins not only cooperate in activation of the mTORC1 —
S6K and other insulin-stimulated kinase pathways but receive
“feedback” from these in the form of multisite Ser/Thr phos-
phorylation. Through mutational studies in cultured cells, par-
ticular phospho-Ser/Thr (Ser(P)/Thr(P)) residues on IRS1 have
been shown to impair, or in some cases enhance, its insulin-
stimulated tyrosine phosphorylation and signaling (for a
review, see Ref. 9). Regardless, the aggregate phosphorylation of
IRS1 Ser/Thr residues in cells chronically exposed to insulin is
associated with its diminished tyrosine phosphorylation and

2 The abbreviations used are: IRS, insulin receptor substrate; IR, insulin recep-
tor tyrosine kinase; mTOR, mammalian target of rapamycin; mTORC, mam-
malian target of rapamycin complex; S6K, S6 kinase; Pl, phosphatidylinosi-
tol; HM, hydrophobic motif; TSC, tuberous sclerosis complex; MEF, mouse
embryonic fibroblast; MFI, median fluorescence intensity; LIRKO, liver-spe-
cific insulin receptor knock-out; LDKO, liver Irs1/Irs2 double knock-out;
PHC, primary hepatocyte.
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protein concentration (10). An integrative view of these data is
that, in addition to (in specific cases) promoting IRS1 signaling,
the phospho-Ser/Thr residues that accumulate on IRS1 during
insulin signaling are permissive for its subcellular redistribu-
tion, inactivation, and proteasome-mediated degradation (11—
13). Inhibitor studies support that the PI3K — Akt —mTORC1
cascade mediates insulin-promoted down-regulation of IRS1 in
cultured cells (10, 14), although the involvement of mTORC1
appears to be cell type-specific (15).

Much attention has been given to the idea that non-insulin
circulating factors associated with obesity can co-opt the Ser/
Thr phosphorylation of IRS1 to mediate insulin resistance (16).
For example, it has long been appreciated that amino acids,
which independently stimulate the mTORC1 — S6K pathway,
can diminish insulin-stimulated IRS1 Tyr(P) and/or glucose
uptake when applied to cells (17) or infused into rodents or
humans (18, 19). Collectively, these studies implicate at least
Ser(P)-307, Ser(P)-632, and Ser(P)-1097 (mouse amino acid
numbering used throughout) in the negative regulation of insu-
lin sensitivity by mTORC1 — S6K. In support of such a mech-
anism, constitutive activity of mTORC1 — S6K in mouse
embryonic fibroblasts lacking TSC1 or TSC2 (Tsc™ '~ MEFs)
stimulates these and additional IRS1 Ser(P)/Thr(P) residues
within canonical S6K motifs (RXRXX(pS/pT), where pS is
phosphoserine and pT is phosphothreonine) as well as the
marked degradation of IRS proteins (20-22). Nevertheless,
Tsc2%¢!3/4!3 MEFs, which express a hypomorphic TSC2 pro-
tein, exhibit normal IRS1 protein concentration but retain
impaired downstream Akt phosphorylation on par with that in
Tsc~'~ MEFs (23). To our knowledge, Ser/Thr phosphoryla-
tion of IRS1 or IRS2 has not been extensively investigated in
these cells.

Among the IRS1 Ser/Thr residues phosphorylated in Tsc™/~
MEFs, Ser-302 (RSRTEpS®°% corresponding to Ser-307 in
human IRS1) is the clearest target of S6K1 in vitro (22). Phos-
phorylation of this site is also diminished in S6k1 knock-out
mice (24). However, earlier work in CHO cells indicated that
the phosphorylation of Ser-302, apparently via mTORCI, is
necessary for full insulin-stimulated IRS1 tyrosine phosphory-
lation and signaling to the downstream mTORC1 — S6K path-
way (25). Compatible with this feed-forward role, studies in
C2C12 and 3T3 Glut4myc cells showed that Ser-302 phosphor-
ylation is an early insulin-stimulated event that, when mim-
icked chronically by mutation of Ser-302 to glutamic acid,
enhances both Akt activity and glucose uptake (26). Rapid insu-
lin-stimulated phosphorylation has also been noted for the Ser-
302-homologous site (Ser-307) in studies of primary human
adipocytes (27, 28).

Given such results, it is reasonable to question what effect
physiologic mMTORC1 — S6K activity, such as that promoted by
dietary amino acids, has upon IRS1 function and insulin sensi-
tivity in animal tissues. Indeed, extant studies of TscI deletion
in murine muscle and liver tissues make clear that hyperglyce-
mia and hyperinsulinemia are not among the more remarkable
consequences of this genetic manipulation (Refs. 29 and 30; see
the supplement to the latter). Regardless, moderate glucose
intolerance, apparently dependent upon genetic background,
has been noted in mice following the acute deletion of hepatic
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Tscl with Cre adenovirus (31). Additionally, although IRS1
concentrations were not investigated, or were not diminished,
in mouse liver and muscle lacking TSC1 (29 -31), muscle-spe-
cific RAPTOR deficiency (which abolishes mTORCI1 activity)
reportedly increases IRS1 protein concentration by unknown
mechanisms (32).

To our knowledge, there has not been a thorough description
of mMTORC1 — S6K-mediated IRS phosphorylation in Tsc-de-
ficient mouse tissues, although it was noted that mutation of
IRS1 Ser-307 to alanine does not beneficially affect glucose tol-
erance following hepatic Tsc! deletion (31). It is additionally
quite likely that TSC complex deficiency regulates tissue insulin
sensitivity by IRS-independent mechanisms, including 1) phos-
phorylation and stabilization by mTORC1 of GRB10 (33) and 2)
the inhibitory phosphorylation by S6K of the RICTOR subunit
of Akt HM kinase mTORC?2 (34). Thus, caution is warranted in
generalizing a physiologic role of mMTORC1 — S6K feedback to
IRS1 based upon observations in Tsc~/~ MEFs.

Here, we investigated the function of IRS1 Ser-302 in mouse
tissues using genetic knock-in of a Ser-302-to-alanine mutation
(A302). Consistent with several cell-based studies (25, 26), we
found that Ser-302 is one of several rapidly phosphorylated
IRS1 Ser/Thr residues in tissues of healthy, insulin-infused
mice. Regardless, A302 knock-in mice exhibited glucose home-
ostasis indistinguishable from control mice with or without
complementation in the liver by endogenous IRS2.

Surprisingly, we found that phosphorylation of Ser-302 is not
required for the desensitization of IRS1 Tyr(P) and p110« bind-
ing in cells and tissues wherein S6K is highly active. Indeed, we
failed to observe excessive phosphorylation of Ser-302, or of
any other IRS1 Ser/Thr residues within canonical S6 kinase
motifs, in TscI-deficient mouse liver despite demonstrably ele-
vated mTORC1 — S6K activity. Regardless, we found substan-
tially diminished Akt phosphorylation in Tsc1-deleted liver and
primary hepatocytes from both A302 and control mice. Aggre-
gate Ser/Thr phosphorylation of IRS1 in TscI-deficient tissue
and cells may have contributed to this diminution by impairing
IRS1 Tyr(P) and PI 3-kinase recruitment. However, we con-
clude from the evidence herein and elsewhere that IRS-inde-
pendent pathways, such as the phosphorylation of RICTOR by
S6 kinase, might be more relevant for mTORC1 — S6K regula-
tion of insulin signaling in normal liver tissue.

Experimental Procedures

Luminex Assays—The IRS1 capture antibody (rabbit mono-
clonal antibody (mAb) 58-10C-31, Millipore catalog number
05-784R) was coupled to magnetic carboxylated microspheres
(Luminex Magplex-C beads) using 4-(4,6-dimethoxy-1,3,5-tri-
azin-2-yl)-4-methylmorpholinium chloride purchased from
Sigma-Aldrich (catalog number 74104) (see Schlottmann et al.
(35); a complete protocol is available upon request.) In brief,
3.75 X 10° Luminex beads were washed twice and resuspended
in 450 wl of coupling buffer (50 mm monobasic sodium phos-
phate, pH 5.0) and then activated for 20 min at room tempera-
ture by addition of 50 ul of 50 mg/ml 4-(4,6-dimethoxy-1,3,5-
triazin-2-yl)-4-methylmorpholinium chloride dissolved in
coupling buffer. The activated beads were washed three times
in 500 ul of coupling buffer before addition of the antibody

JOURNAL OF BIOLOGICAL CHEMISTRY 8603



Feedback Regulation of Insulin Signaling by mTORC1 — S6K

(5-10 pg) in 0.5-1.0 ml of phosphate-buffered saline (PBS).
After vortexing and brief sonication using a bath sonicator,
coupling was continued for 2 h at room temperature in the dark
with end-over-end rotation. The coupled beads were washed
three times with PBS-TBN (PBS containing 0.02% Tween 20,
0.1% bovine serum albumin (BSA), and 0.05% sodium azide)
before being resuspended in storage buffer (PBS containing 1%
BSA and 0.02% sodium azide). The antibody-coupled beads
were counted using a hemocytometer, and antibody labeling
was confirmed by detection of beads with a phycoerythrin-la-
beled anti-species (anti-rabbit) antibody. Antibodies used for
the detection of captured IRS1 (and associated p110«) were
biotinylated using reagents from Pierce/Thermo Fisher (EZ-
Link NHS-PEG4-Biotin kit) following the manufacturer’s
guidelines and keeping the antibody concentrations between
1.5 and 2.0 mg/ml. Antibodies for detection of Ser/Thr phos-
phorylated IRS1 were described previously (36). Antibodies
used for detection of total IRS1, Tyr(P) on IRS1, and p110«
were the same as those used for immunoblotting (below); the
anti-p110«a antibody was rabbit mAb clone C73F8 (Cell Signal-
ing Technology).

For Luminex assays, CHO cell lysates (10 ug) or mouse tissue
lysates (80 ug) were diluted with IRS1 capture beads (5000
beads/well) into a total volume of 50 ul of Milliplex Assay
Buffer 2 (Millipore) and then incubated overnight in 96-well
round bottom plates (Costar catalog number 3789, white). Dur-
ing capture, the plates were maintained at 4 °C under constant
agitation using an electromagnetic microplate shaker (Union
Scientific); subsequent incubation steps were conducted at
room temperature, protecting the IRS1 capture beads from
light. Buffer exchange was facilitated by a magnetic plate
(LifeSep 96F). Following IRS1 capture, the magnetic beads were
washed twice with 100 ul of Assay Buffer 2 and then incubated
with 25 ul of detection antibody for 1 h on a rotary plate shaker
(80 rpm). After removal of the biotinylated detection antibody,
the beads were incubated with shaking in 25 ul of 1 ug/ml
streptavidin-phycoerythrin (Prozyme) for 15 min. All solutions
were then removed, and beads were suspended in PBS-BN
(Sigma) for analysis in a Luminex FlexMap 3D instrument. The
IRS1 in each sample in Luminex assays was captured in tripli-
cate wells for detection with a given detector antibody. Median
fluorescence intensities (MFIs) were reported by the instru-
ment. For IRS1 Ser(P)/Thr(P) assays, the IRS1 capture bead was
multiplexed with a magnetic bead of different spectral address
labeled with antibody to green fluorescent protein, which
served as a control for background signal in addition to wells
containing no cell or tissue lysate. The mean of triplicate mea-
sures of total (non-phospho-) IRS1 was used as the normalizing
denominator for each IRS1 Ser(P)/Thr(P), Tyr(P), and p110«
signal in each sample. For the Luminex assay of insulin-stimu-
lated signaling pathways in hepatocyte lysates (18 ug/well)
in Figs. 7 and 8, a kit from Millipore (catalog number
48-611MAG) supplemented by an in-house assay for IRS1-as-
sociated p110« was used.

Immunoblotting Antibodies—All antibodies used in immu-
noprecipitation and immunoblotting (Western blotting) exper-
iments were from Cell Signaling Technology with the following
exceptions. A mouse mAb available from Millipore (catalog
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number 05-1085) was used to immunoprecipitate and/or
detect IRS1. IRS2 was detected using a protein G-purified rab-
bit polyclonal antiserum raised against full-length mouse IRS2.
Tyr(P) on IR and IRS1 was detected using mouse mAb 4G10,
purified as described from hybridoma cell culture supernatant
(36). The p85 subunit of PI3K and total (non-phosphorylated)
GRB10 were detected with antibodies from Millipore (catalog
numbers 06-195 and 07-2182, respectively).

Luminex Versus Western Blotting Comparison—CHO cells
were cultured, serum-starved (fasted), and then stimulated or
not with insulin for 30 min as described earlier (36). Luminex
results represent the average of two experiments in which IRS1
Ser(P)/Thr(P) residues were determined from triplicate cap-
tures of IRS1 with Ser(P)/Thr(P) signals normalized by the sam-
ple total IRS1 determined in the same manner. Western blot-
ting-based estimation of IRS1 Ser(P)/Thr(P) residues used
6-11 (average, 10) immunoblots on which each IRS1 Ser(P)/
Thr(P) was determined by photometric quantitation of dupli-
cate lanes. Total IRS1 was determined in the same manner from
each fasted and insulin-stimulated CHO cell lysate (11 blots;
duplicate fasted and stimulated lanes). All signals from individ-
ual immunoblot lanes were rescaled by dividing by the grand
median. Signals quantitated from duplicate lanes on immuno-
blots were averaged to estimate the within-lysate signals for
fasted and insulin-stimulated states for each Ser(P)/Thr(P) and
total IRS1. Finally, each Ser(P)/Thr(P) signal was normalized by
the total IRS1 within the same lysate and state, and grand aver-
ages (n = 6-11) were calculated for each IRS1-normalized
Ser(P)/Thr(P).

Mice—Knock-in mice bearing the IrsI S302A allele (“A”)
were generated as described (37) except for the sequences of
double-stranded DNA oligonucleotides used to introduce the
S302A mutation and associated changes in the Irsl targeting
construct. Oligo pairs 1 and 2 introduced a translationally silent
BamHI restriction enzyme recognition site at codon 317 of the
Irs1 sequence, followed by the S302A mutation, respectively.
Oligo pair 3 introduced a translationally silent EcoRI site within
codon 259 of the Irsi sequence. The sense strands of these
oligonucleotide pairs with respect to the IrsI genomic sequence
were as follows: 1, 5'-CCTGCCAGTATGGTGGGTGGGAA-
ACCAGGATCCTTCCGG-3';2,5'-CCACCCAGCCAGGTA-
GGCCTGACTCGGAGATCTCGAACTGAGGCCATCACT-
GCCACC-3’; and 3, 5'-GGCCATGAGCGATGAATTCCG-
CCCTCGCAGC-3'. The S302A knock-in mice, produced by
knock-in in R1 ES cells (Fig. 1A), were crossed with control
knock-in mice of inbred (C57BL6) background and genotyped
as described (37). The control knock-in mice bearing the Irsl
$302S allele (“S”) were described earlier (37). Liver-specific
insulin receptor knock-out (LIRKO) mice lacking hepatic Insr
expression (38) were provided by Dr. Sudha Biddinger. Liver
Irs1/Irs2 double knock-out (LDKO) mice and floxed TscI mice
(Tsc1"*""**) were genotyped as described earlier (6, 39). To
maximize sensitivity of detecting impaired glucose homeostasis
associated with diminished or absent IRS protein function, we
used male mice. Mice were group-housed with littermates irre-
spective of genotype and were maintained on a 12/12-h light/
dark cycle.
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FIGURE 1. Correlation of IRS1 Ser/Thr phosphorylation revealed by Western blotting and Luminex assays. CHO cells engineered to express insulin
receptor and rat IRST were serum-starved or serum-starved and treated with insulin for 30 min prior to lysis. A, profiles of the average Ser(P)/Thr(P) signals in
starved and insulin-stimulated cells determined by photometric quantitation of Western blots and by Luminex assays. Note that IRS1-normalized Ser(P)/Thr(P)
signals lay naturally between 0 and 2 for both profiles; for details, see “Experimental Procedures.” B, linear fit of Western blot and Luminex data in A, showing
measurements of IRS1 Ser(P)/Thr(P) residues in starved (basal) and insulin-stimulated CHO cells. r (Pearson) = 0.66.

Mouse Physiologic Assays and Adenovirus Injection—For glu-
cose tolerance tests, mice were fasted for 16 h beginning 1 h
before the end of the light cycle after which blood was drawn for
measurement of fasting glucose and plasma insulin and mice
were injected intraperitoneally with 2 g/kg glucose. For insulin
tolerance tests, mice were fasted for 4 h beginning 3 h after the
end of the dark cycle and then injected intraperitoneally with 1
unit/kg insulin (Humulin R, Lilly) diluted in sterile saline. Injec-
tion volumes of glucose and insulin were 10 ul/g of mouse body
weight. Blood glucose was monitored using a hand-held glu-
cometer (Contour, Bayer). Plasma insulin was measured using
an ELISA (Crystal Chem catalog number 90080). Purified ade-
novirus stocks (Vector Biolabs) were thawed and diluted to a
dose of 5.0 X 10" (plaque-forming units (pfu)/kg of mouse
body weight in 100 ul of sterile saline.

Adenovirus Infection of Hepatocytes—Primary hepatocytes
(PHCs) were isolated as described (37) and plated in 6-well
plates (~5 X 10°/well). The PHCs were allowed to attach for 3h
and then infected with adenoviruses (multiplicity of infection,
20) diluted in 1 ml of serum-free hepatocyte growth medium
(Williams E supplemented with penicillin/streptomycin and
L-glutamine only) for 1 h. The concentration of fetal bovine
serum (FBS) in the medium was then adjusted to 10% by addi-
tion of 1.5 ml of growth medium containing excess FBS (% by
volume; 16.66%), and the cells were incubated for 36 h. At this
time (~42 h after infection), the growth medium was replaced,
and the PHCs were incubated another 8 h and then washed
once with PBS and once with fasting medium before serum
starvation overnight (16 h) in 2 ml/well fasting medium. Cells
were then stimulated by addition of 0.5 ml of prewarmed
serum-free medium containing 5X insulin (multiple concen-
trations used). After 10 min, the PHCs were placed on ice,
rinsed once with ice-cold PBS, and then lysed in 1% Triton lysis
buffer. Total time from infection to cell lysis was ~72 h.

Results

Insulin-stimulated IRS1 Phosphorylation in Mouse Tissues—
We previously generated and tested in CHO cells a library of
monoclonal antibodies to phospho-Ser/Thr residues in IRS1
(apS/T™' mAb) (36). Insulin rapidly stimulates most IRS1
Ser(P)/Thr(P) residues in these cells, and nearly all of these are
suppressible by small molecule inhibitors of PI 3-kinase and
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Akt (36). Thus, insulin sensitivity may be an important deter-
minant of feedback phosphorylation of IRS1 in animal tissues.
To simplify and improve quantitation of IRS1 Ser(P)/Thr(P)
residues, we developed a Luminex bead-based assay for its
immunocapture and detection using our apS/T™*' mAb library
in 96-well plates. Unlike immunoblotting, this assay probes the
phosphorylation of native (non-denatured) IRS1 protein;
regardless, the IRS1 Ser(P)/Thr(P) profile revealed by Luminex
in insulin-stimulated versus serum-starved CHO cells was quite
similar to that obtained through repeated photometric quanti-
tation of Western blots (Fig. 14). Inclusive of basal Ser(P)/
Thr(P) measurements in serum-starved cells, the results of the
two methods were significantly correlated (Pearson r = 0.66,
p < 0.0001) (Fig. 1B); considering only the insulin-stimulated
Ser(P)/Thr(P) signals, correlation of the two methods was even
greater (r = 0.75, p < 0.0001).

To investigate insulin-stimulated feedback to IRS1 in tissues,
we applied our Luminex-based assay to the study of 10-week-
old wild-type C57BL6/] mice. Mice fed a standard chow diet
were fasted for 6 h and then infused intravenously with saline or
insulin (150 milliunits/g) for 5 min (z = 5 or 7) prior to sacrifice
and tissue collection. The IRS1 Ser(P)/Thr(P) residues and
Tyr(P) in individual liver, skeletal muscle, and heart samples
were quantitated in triplicate wells and normalized by total
sample IRS1 (determined in separate wells by detection with
total IRS1 antibody). In insulin-stimulated liver and skeletal
muscle samples, we noted an apparent diminution of total IRS1
protein (up to ~10% less versus saline; not shown); this was
assumed to have a basis in altered subcellular distribution of
IRS1 after insulin stimulation, or other biologic mechanism,
as the “total” IRS1 detector antibody was extensively qualified
as phosphoinsensitive (36). Within a given mouse tissue, such
as liver (Fig. 2A4), the 25 Ser(P)/Thr(P) residues on IRS1 exhib-
ited quite variable MFIs of the IRS1 capture bead as read with
the library of apS/T"™' mAb detectors. However, this was
expected because of the unique characteristics (binding capac-
ity or differential affinity) of each apS/T"*! antibody, and there
was not a marked correlation between higher absolute MFI
and success of a given antibody to measure a stimulatory
effect of insulin. Indeed, “non-informative” Ser(P)/Thr(P)
assays, defined arbitrarily by average insulin-stimulated
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FIGURE 2. Luminex-based quantitation of insulin-stimulated feedback to IRS1 within mouse tissues. Bars and error bars represent mean values =S.E. A
and B, tissues from C57BL6/J mice fasted for 6 h were collected beginning 5 min after intravenous infusion with saline (=) or insulin (+) (n = 5 and 7). Each
Ser(P)/Thr(P) (or Tyr(P)) on IRS1 and total IRS1 protein concentration were determined in triplicate for each tissue sample. A, example of raw IRS1-normalized
Ser(P)/Thr(P) signals in tissues of saline- and insulin-infused mice. B, raw insulin-stimulated MFlIs in liver (see A) and other tissues were divided by the average
MFIs measured in tissues of saline-infused mice (=1.0). Note that the average raw Tyr(P)/IRS1 MFI was similar among the three tissues, so unequal y axis scaling
is due to lower saline values in skeletal muscle and heart tissue assays. Colored bars indicate nominally significant stimulation (green) or reduction (red) by
insulin infusion (Student’s t test, p < 0.05). The hash mark (#) indicates significance after Bonferroni correction (p < 0.05/26 comparisons). White bars (saline or
insulin) indicate non-informative assays, defined arbitrarily by average sample coefficient of variation greater than or equal to 20%. C and D, survey of IRS1
Ser/Thr phosphorylation repeated in tissues of control (floxed) and LIRKO mice (n = 8 or 6 mice). C, tissues of saline-infused floxed and LIRKO mice exhibit
indistinguishable basal phosphorylation of IRS1. D, liver, but not muscle tissue, from LIRKO mice shows appropriate loss of insulin-stimulated feedback to IRS1.
n.s., not significant.

sample coefficient of variation greater than 20%, were few in
number and unique within the three tissues assayed, com-
patible with tissue-specific differential phosphorylation as
the basis. As a group, the remaining “informative” Ser(P)/
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Thr(P) assays in liver, skeletal muscle, and heart tissue (n =
21, 24, and 25 assays, respectively) yielded average sample
coefficients of variation (=S.E.) of 6.6 + 1,6.5 = 1,and 9.4 =
1% from insulin-stimulated samples.
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The composite insulin-stimulated Ser(P)/Thr(P) patterns in
the liver and other tissues were analyzed through appropriate
rescaling (such that saline = 1 for each Ser(P)/Thr(P) assay)
(Fig. 2B). By comparison with CHO cells (36), the mouse tissues
showed a more limited effect of insulin to stimulate IRS1 phos-
phorylation; however, a subset of Ser(P)/Thr(P) residues,
including Ser(P)-265, Ser(P)-302, and Ser(P)-307, plus Tyr(P)
on IRS1 were clearly stimulated by insulin in all three tissues
(Bonferroni, p < 0.05/26; -fold insulin/saline, >1.5). Addition-
ally, no Ser(P)/Thr(P) residues were significantly decreased by
insulin across all three tissues (Bonferroni p values). To confirm
the role of insulin-stimulated kinases (i.e. feedback) in these
results, we replicated our survey of IRS1 phosphorylation in
tissues of control (floxed) and LIRKO mice (38) on the same
C57BL6 background (n = 8 and 6). Unexpectedly, the “basal”
phosphorylation of IRS1 measured in tissues of saline-treated
floxed and LIRKO mice was quite similar despite the profound
hyperinsulinemia of LIRKO mice (5, 38) (Fig. 2C). However,
basal IRS1 Tyr(P) was lower in liver and higher in muscle of
LIRKO mice than in controls. As expected, insulin infusion
failed to stimulate Ser(P)-265, Ser(P)-302, or Ser(P)-307 in liver
from LIRKO mice, whereas the phosphorylation of all three
sites was retained in LIRKO muscle samples (Fig. 2D). Of note,
Ser(P)-307 was barely stimulated in LIRKO muscle, although
this was nominally significant (Student’s ¢ test, p < 0.05). In
general, we observed that Ser(P)-307 is more variable after
short term insulin infusion than either Ser(P)-265 or Ser(P)-
302. This is compatible with previous reports and our experi-
ence that Ser(P)-307 peaks relatively later than Ser(P)-302 fol-
lowing insulin stimulation in immortalized and primary human
cells (26, 28).

Phenotyping of Irs1 S302A Knock-in Mice—Our survey of
IRS1 Ser/Thr phosphorylation in mouse tissues supported that
feedback to Ser-302, within the canonical S6 kinase
(RXRXX(pS/pT)) motif, is a normal feature of early insulin sig-
naling (25, 26, 28). To assess the physiologic role of Ser-302
phosphorylation by insulin and other stimuli, we generated
knock-in mice in which this residue was substituted by alanine
(Fig. 3A). To control for effects of genetic knock-in, we inter-
crossed the A302 mice with previously described control
knock-in mice having a wild-type Irsl gene sequence (S302)
(37). Compound heterozygous mice (A302/S302) were then
intercrossed to produce mice homozygous for either knock-in
allele, referred to hereafter as A/A or S/S.

To compare glucose homeostasis in A/A and S/S mice, a
cohort of males was produced and aged to 16 weeks (cohort 1;
Fig. 3, B-E). The A/A mice within this cohort achieved signifi-
cantly greater body weight (~10%) and were significantly, if
only moderately, glucose-intolerant versus their less massive
S/S controls (Fig. 3, B and C). Nevertheless, fasting insulinemia
and responses to injected insulin were statistically indistin-
guishable between A/A and S/S mice in cohort 1 (Fig. 3, D and
E). Given these results, an insulin secretory defect in A/A mice
was considered possible; however, a repeat of the above exper-
iments in a second cohort of A/A and S/S males failed to con-
firm the previous observations of increased body weight or glu-
cose intolerance in the A/A group (cohort 2; Fig. 3, F and G).
Thus, it appeared that the influence of other factors, such as
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non-random distribution of modifier genes in recently inter-
crossed A/A and S/S mice, was sufficient to outweigh any real
alteration of glucose homeostasis caused by the A302 mutation.
Regardless, to investigate the signaling potential of the mutant
IRS1 protein, we isolated skeletal muscle samples from A/A and
S/S mice in cohort 1 that were fasted overnight and injected
intravenously with saline or insulin. Immunoprecipitation of
IRS1 from these muscles revealed equivalent insulin-stimu-
lated Tyr(P) and binding of PI 3-kinase subunits (p85 and
p110«) to Ala-302 and Ser-302 IRS1 proteins (Fig. 3H). Thus, a
combination of physiologic and IRS1-specific signaling assays
did not demonstrate a consistent difference in the function of
Ala-302 and Ser-302 IRS1 in adult mice and tissues.

IRS2 Does Not Mask Ala-302 IRS1 Protein Function in the
Liver—Because the influence of the A302 mutation might be
masked by IRS2, we compared glucose homeostasis in A302
and $302 mice in which floxed Irs2 alleles (Irs2°*) could be
deleted from the liver. We previously showed that mice lacking
both Irsi and Irs2 in the liver (LDKO mice) are profoundly
glucose-intolerant, whereas those lacking only Irs2 (LKO2) are
nearly normal (6). Moreover, we have shown that glucose
homeostasis in LKO2 mice is sensitive to hepatic IrsI allelic
dose and function (37). We therefore used albumin-Cre to
simultaneously delete one Irs1 allele (Irs1°*) along with hepatic
Irs2, producing males that retained a single A302 or S302 Irs1
allele in the hepatocyte compartment (A/—:LKO2 and S/—:
LKO2 mice, respectively). As controls, we produced a small
number of Irs1/¥/"*[rs2/*%/"* males that lacked the albumin-
Cre transgene (Cre ) as well as several LDKO males. Intraperi-
toneal glucose injection of these 16-week-old mice revealed
equivalent blood glucose excursion in A/—:LKO2 and S/—:
LKO2 mice, which, although far less than that in LDKO mice,
was somewhat greater than in Cre™ controls (Fig. 4A4). Intra-
peritoneal insulin injection similarly produced nearly equiva-
lent hypoglycemic responses in A/—:LKO2 and S/—:LKO2
mice (Fig. 4B). Fasting blood glucose and plasma insulin con-
centrations, although again higher than in Cre™ controls, were
not significantly different in A/—:LKO2 and S/—:LKO2 mice
(Fig. 4C). Thus, the uncoupling of physiologic feedback to Ser-
302 neither exacerbated nor improved the impairment of sys-
temic glucose homeostasis in LKO2 mice.

Ser-302 Is Not Required for Desensitization of Insulin Signal-
ing Associated with S6K Activation—Despite the above find-
ings, we reasoned that supraphysiologic S6 kinase activity
might differentially impair insulin signaling in A/—:LKO2 and
S/—:LKO2 tissues. We therefore treated PHCs from these mice
with (or without) emetine, an inhibitor of protein synthesis, to
raise intracellular amino acid concentrations and activate S6K
(40). The cells were then treated (or not) with insulin to stimu-
late IRS1 phosphorylation. Emetine treatment was, by itself,
highly effective at activating S6K (Thr-389 phosphorylation),
and this was further augmented by insulin (Fig. 4D). Although
we were unable to detect emetine stimulation of Ser(P)-302,
treatment with emetine dramatically reduced insulin-stimu-
lated IRS1 Tyr(P) and PI3K (p85) binding in both S/—:LKO2
and A/—:LKO2 cells. This result allows that other Ser/Thr res-
idues targeted by S6K (but not Ser-302) mediated the desensi-
tization of IRS1 signaling by emetine. However, as the protein
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translation block caused by such agents activates additional Assessment of Ala-302 IRS1 Protein Function in Tscl-defi-

non-S6 kinases (e.g. JNK; Fig. 4D), the exact role of S6 kinase  cient Mouse Liver—To more specifically activate mTORC1 —
activity could not be determined in emetine-treated PHCs. S6K feedback to IRS1 within mouse tissue, we produced A/A

A 1'-\302

S I T AT P G S F R 3 o . i g
agcatcactgccace [ eapmsayssms | mutations made in ‘A" but not in control 'S' knock-in construct

N
A302 Irs1 & | =1 i B &EK
knock-in 5UTR Irs1 PGK-neo PGK-tk _}
construct Y
lox lox
B K IB sd. i( s.a.
i \ 2
:::s:ugenomlc | SUTR| Irs1 A intron 92| BUTR))
——— ¥ —] ~
B K ~
.homologous recombination A
B (P fwfe [
Homologous - \\= i
recombinant | SUTR | Irs14 (or ) /| PGK-neo intron_ Za | BIUTR))
B lox lox K ~
. . Cre -
As02irst | P [ 2 [P —revt 7
la(lf;:;k'ln | 5UTR | Irs14 (or S) b intron | Zal BIUTR))

B C E
. ns.q s
J 400 ]
307 [ = 6 g 100 g
-2 ] S 300 S <
4 T 201 = 41 = 801
. [e)) ~ o))
p: o @ 200 =
S|l 2.l S | B
Q _§- 10 5 100 2 _i 60
o X
4 0~ T v T ) 0 - 40 T T T :
SIS AA 0 30 60 90 120 SIS A/A 0 15 30 45 60
Time (min.) Time (min.)
F G H S/S A/A
400 —e-S/S Insulin - + + + + + - + + + + + +
30{ ~ns. — Ul TR T AP - T
N P - RpTyn [ -
£ £ E rs1 |0 0 e 0 v 0 00 W
9 ° ® 200 -
s 2 2 Ll p85| memmsme -
10 1 o
Q S =] d -_
8 o U P1100 | M- - - - -
0- 04 ' - ' : | ——— - — ———— —
S/IS  A/A 0 30 60 90 120 PAKL(T308)
Time (min.) tubulin | s e . R—— ....-~|
r n.s. 7 A r n.s. —
14 = 1
» =
= S
3 51 =
= =
0 - 0/
-+ -+ -+ -+
SIS AIA SIS A/A

8608 JOURNAL OF BIOLOGICAL CHEMISTRY SASBMB  VOLUME 291-NUMBER 16-APRIL 15,2016



Feedback Regulation of Insulin Signaling by mTORC1 — S6K

A B
500 120
= 2
5 400 g 100
£ =
~ 300 o 80
3 T
§ 200 . LDKO £ 60
= —o—S/— <
O 100 AL X 40
—o—Cre-
0 20
0 30 60 9 120 0 15 30 45 60
time (min.) time (min.)
c D si-  _ A-
3.0 Emetne + - - + + - - +
— Insulin = = + + - - + +
E L, < | st o o - — |
2" o | PTYr b oA
= —| pss — —_ -
2 107
2 PSOK (T380) | wm s o s s e s s
tubulin T -
0- pJINK — T —
LDKO S/- A/~ Cre” (T183/Y185) L= i S iy ot A S

FIGURE 4. Equivalent physiologic and signaling function of Ala-302 and
Ser-302 IRS1 proteins in mouse liver lacking IRS2. Livers of experimental
mice had Cre-dependent knock-out of Irs2 as well as hemizygous knock-out
of Irs1 and thus retained only a single A302 Irs7 allele (A/—) or S302 Irs1 allele
(S/=) (n = 14 and 21). The livers of additional control mouse groups either
completely lacked Irs7 and Irs2 (LDKO) (n = 5) or retained a full complement of
floxed Irs1 and Irs2 alleles (Cre ). A-C show intraperitoneal glucose tolerance
(A), responses to intraperitoneally injected insulin (B), and fasting plasma
insulin concentrations (C) in the experimental and control mice. No signifi-
cant differences were observed between A/— and S/— groups. Graphed data
and error bars represent mean * S.E. D, primary hepatocytes from A/— and
S/— mice were treated (+) or not (—) with emetine (20 ng/ml) for 90 min to
activate S6 kinase and then with insulin (10 nm) for 30 min to activate IRS1
Tyr(P) and Pl 3-kinase (p85) binding. The presence of alanine at Ser-302 of IRS1
(A/—)did not appreciably alter the desensitization of IRS1/PI3K association by
emetine. pJNK, phospho-JNK; IP, immunoprecipitate.

and S/S mice in which TscI could be deleted with Cre recom-
binase (i.e. A/A:Tsc1**'"* and S/S:Tsc1"*"** mice). To acutely
activate mTORCI1 in the hepatocyte compartment, we trans-
duced these mice with a Cre-expressing adenovirus (adeno-
Cre) or control lacZ adenovirus (adeno-lacZ). Two cohorts of
males were characterized prior to virus injection by measure-
ment of body weights, fasting insulinemia, and intraperitoneal
glucose tolerance and then followed up 9 or 18 days after injec-
tion with the same assays and collection of liver tissues. Similar
results were achieved after 9- or 18-day follow-up, and only the
latter data are presented. The mice in this experiment were 12
weeks of age at time of injection and randomly assigned to
adeno-lacZ or adeno-Cre virus (n = 10 —12 per group). Baseline
body weights, fasting plasma insulin concentrations, and glu-
cose tolerance assayed 4 days before virus injection were indis-
tinguishable in A/A:Tsc1"*""* and S/S:Tsc1"*'"** mice, con-
firming the similar function of A302 and S302 IrsI alleles after
several generations of intercrossing and maintenance (Fig. 5,

A-D; see also cohort 2 in Fig. 3, Fand G). During the follow-up
period, two adeno-lacZ-injected mice became lethargic and
were removed from the study; however, average body weights
of the remaining mice (n = 9-12 per group) continued to
increase in a manner typical for age (Fig. 5, compare A and E).

Earlier studies of mice with hepatic Tsc1 deletion have either
failed to note any effect upon glucose homeostasis (30) or
showed only moderate glucose intolerance dependent upon
genetic background (31). Compatible with these studies, S/S:
Tsc1'*'"* mice injected with adeno-Cre virus exhibited fasting
insulinemia and glucose tolerance equivalent to those in adeno-
lacZ-injected controls (Fig. 5, F and G). In fact, by reference to
the baseline data (Fig. 5, B and D), there was a general tendency
of decreased insulinemia and improved glucose tolerance in all
virus-infected mice (Fig. 5, F and G) save adeno-Cre-infected
A/A:Tsc1"*""* mice in which glucose tolerance was somewhat
less improved (Fig. 5G). Data from the virus-injected mice were
analyzed by two-way analysis of variance with genotype and
virus as the independent variables; glucose tolerance data were
summarized as areas under the curves (Fig. 5H). Only for glu-
cose tolerance was there a significant effect of genotype or virus
(main effect of virus, p < 0.05; no interaction with genotype). As
this was mostly due to less improved glucose tolerance in the
adeno-Cre-infected A/A:Tsc1'**'"* group, deletion of hepatic
Tsc1 did not have a clear effect in our mixed background mice
to impair systemic glucose homeostasis. Neither did it reveal
differential function of Ala-302 versus Ser-302 IRS1. Given the
observed weak effect of adeno-Cre infection upon glucose
homeostasis, we questioned whether TscI was sufficiently
deleted. However, as reported by others (30), infection of
Tsc1"*/"* mice with adeno-Cre, but not adeno-lacZ virus,
caused significant liver enlargement (main effect of virus, p <
0.05; no interaction with genotype) (Fig. 5I).

Insulin Signaling and Irs1 Ser/Thr Phosphorylation in Tscl-
deleted Liver—To directly assay Tscl deletion and its effects
upon hepatic insulin signaling, we isolated liver tissues approx-
imately 3 weeks after adenovirus injection. The virus-infected
mice were fasted overnight and then injected intravenously
with saline or insulin, and liver tissues were completely excised
after 5 min. Correlating with liver enlargement (Fig. 51), all liver
samples from adeno-Cre-infected mice exhibited near total loss
of TSC1 protein as well as its obligate partner protein, TSC2
(Fig. 6A). As expected, these samples showed constitutive phos-
phorylation of mTOR (Ser-2448) and S6K (Thr-389) that was
greater than in insulin-stimulated control (adeno-lacZ) sam-
ples. To a lesser degree, phosphorylation of RICTOR on Ser-
1135, presumably because of S6K activation (34), was also con-
stitutively elevated in Tsci-deleted liver. IRS2 protein
concentration was apparently unchanged by adeno-Cre infec-

FIGURE 3. Normal glucose homeostasis and insulin signaling in A302 Irs7 knock-in mice. A, construction of the A302 Irs7 knock-in allele by homologous
recombination in R1 ES cells. Restriction enzymes are abbreviated as follows: K, Kpnl; B, BamHI; N; Notl; X, Xbal. Black bars, Southern blot probes for Kpnl or
BamHI digestion of genomic DNA; s.d. and s.a., intron splice donor and acceptor, respectively. B-E show body weights (B), intraperitoneal glucose tolerance (C),
fasting plasma insulin concentration (D), and response to intraperitoneally injected insulin (insulin tolerance) (E) in homozygous control (S/S) and A302 Irs1
knock-in mice (A/A) within cohort 1 described in the text (n = 12-13 mice/genotype). F and G, indistinguishable body weights and intraperitoneal glucose
tolerance in a second set (cohort 2) of S/S and A/A mice (n = 9 and 9 mice). H, indistinguishable insulin-stimulated binding of Pl 3-kinase (p85/p110« dimer) to
Ala-302 and Ser-302 IRS1 proteins in skeletal muscles of cohort 1T mice. Each lane represents skeletal muscle protein from one mouse. IRS1immunoprecipitates
(IP) were analyzed by photometric quantitation of enhanced chemiluminescence signals on immunoblots. Graphed data and error bars represent mean *+ S.E.
AUG, areas under curves; AOC, areas over curves; n.s., not significant; *, p < 0.05 (Student'’s t test).
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FIGURE 5. Minimal effect of hepatic Tsc7 deletion upon glucose homeostasis in A/A or S/S mice. Twelve-week-old A/A and S/S mice homozygous for floxed
Tsc1 alleles (Tsc1'>"°%) were compared 4 days prior to injection with adenoviruses expressing Cre recombinase or control (lacZ) and then followed up after 18
days using the same assays (n = 10-12 mice/genotype per virus). A-D, baseline measurements of mouse body weights (A), fasting plasma insulin concentra-
tion (B), and intraperitoneal glucose tolerance (C) showed indistinguishable glucose homeostasis in A/A:Tsc1’*/* and S/S:Tsc1'/"* mice. D, areas under
glucose curves (AUC) in C. E-H, assays identical to those in A-D repeated 18 days after adenoviral infection. /, liver enlargement due to mTORC1 — S6K activation
in adeno-Cre- but not adeno-lacZ-infected mice (tissue collected 21 days postinfection). Graphed data and error bars represent mean = S.E. Theresultsin £, F,
H, and | were analyzed by two-way analysis of variance; *, significant main effect of virus only (no interaction with genotype).

tion, whereas IRS1 concentration was mildly decreased in line
with the degree of TSC1 loss in both A/A and S/S samples. In
immunoprecipitates of IRS1, binding of p110a was decreased
by T'sc1 deletion, although this was more remarkable in blots of
A/A:Tsc1"*""* than of S/S: Tsc1"*"** livers. Downstream of the
IRS proteins, phosphorylation of Akt on Thr-308 appeared to
be more reduced by deletion of TscI than was phosphorylation
of Ser-473; however, this was not the case in further experi-
ments conducted in TscI-deleted hepatocytes (below; Figs. 7
and 8).

Given the indistinguishable phenotypes and hepatic insulin
signaling of adeno-Cre-infected A/A:Tsc1’*'** and $/S:
Tsc1'*'"* mice, we sought to identify commonalities in the
Ser/Thr phosphorylation of Ala-302 and Ser-302 IRS1 proteins
that might explain the impairment of IRS1/p110« association
and downstream Akt phosphorylation. For this experiment, we
relied upon Luminex bead assays for capture of IRS1 and detec-
tion with our apS/T™*" mAb library plus anti-phosphotyrosine
(4G10) and total IRS1 antibodies (Fig. 6, B and C). The study
groups were saline- and insulin-treated adeno-lacZ-infected
A/A and S/S mice (n = 2 and 3) and adeno-Cre-infected A/A
and S/S mice (n = 3 and 4). The various IRS1 Ser(P)/Thr(P) and
Tyr(P) MFIs determined by Luminex were normalized by their
respective per-sample total IRS1. As suggested by Western blot-
ting of the same lysates (Fig. 6A), the IRS1 protein concentrations
quantitated by Luminex were somewhat decreased by adeno-Cre
(by ~22% versus adeno-lacZ, pooling A/A:Tsc1*"** and S/S:
Tsc1"*/"** mice; p < 0.05) (Fig. 6B, inset).
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Overall, the IRS1 Ser(P)/Thr(P) patterns observed in S/S and
A/A liver were highly similar other than at Ser-302. The Ser(P)-
302 signal in A/A liver measured by Luminex was not zero
(presumably due to a poorly corrected background signal) but
was consistently ~40% of that in saline-treated S/S liver and not
stimulated by insulin (Fig. 6B). Because of the small sample
numbers available, we used simple Student’s £ tests to screen for
apparent changes in IRS1 Ser/Thr phosphorylation caused by
insulin stimulation and/or virus treatment. As in the livers of
younger, wild-type mice (Fig. 1B), insulin clearly stimulated
only IRS1 Tyr(P) plus Ser(P)-265, Ser(P)-302, and Ser(P)-307 in
adeno-lacZ-infected S/S liver (Fig. 6B8). The remaining “insulin-
non-responsive” Ser(P)/Thr(P) residues (Fig. 6C) were nearly
equivalent in adeno-lacZ-infected A/A:Tsc1’*** and S/S:
Tsc1'*'"* livers, and so we focused upon changes in their phos-
phorylation in adeno-Cre-infected samples. For consistent ref-
erence, all of the Luminex data in Fig. 6, B and C, are expressed
relative to the average value in adeno-lacZ-infected S/S: Tsc1*/***
liver treated with saline.

Surprisingly, the deletion of TscI from mouse liver did not
stimulate phosphorylation of canonical S6K sites within IRS1
(RXRXX(pS/pT)) defined in vitro and in cultured cells, such as
Ser-265 (41) or Ser-302 and Ser-522 (22) (Fig. 6B). On the con-
trary, Tscl deletion diminished the insulin-stimulated phos-
phorylation of Ser-265 in both A/A and S/S liver samples.
Reduced insulin-stimulated phosphorylation of IRS1 Ser/Thr
residues (i.e. feedback) is suggestive of insulin resistance; how-
ever, in keeping with the minimal phenotype of hepatic Tscl
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FIGURE 6. Analysis of insulin signaling and IRS1 Ser/Thr phosphorylation in Tsc1-deleted liver. Mice were stimulated for 5 min by intravenous injection of
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constitutive (insulin-independent) activation of mMTORC — S6K toward RICTOR in adeno-Cre-infected liver; bottom, immunoblots illustrating moderate effects
of mTORC1 — SéK activation upon IRS- and insulin-stimulated Akt phosphorylation (pAkt). Band C, Luminex-based comparison of IRS1 Ser(P)/Thr(P) profiles in
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insulin (ins.) bars (—/+) are superposed over the average of the two treatments for reference. ¥, p < 0.05 versus saline; #, p < 0.05 versus same condition in

control (adeno-lacZ-infected) liver. IP, immunoprecipitate.

deletion, insulin-stimulated IRS1 Tyr(P) was diminished only
in A/A:Tsc1"*'"** samples (versus adeno-lacZ) and then quite
mildly (Fig. 6B). In contrast with RXRXX(pS/pT) sites in IRS1,
Ser(P)-307 (lying within a “proline-directed” p(S/T)P motif)
was constitutively elevated by TscI deletion; the Ser(P)-307 sig-
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nals in adeno-Cre-infected A/A and S/S livers exceeded by 4—6
times the insulin-stimulated signals in adeno-lacZ-infected S/S
liver (Fig. 6B). Of note, the pronounced phosphorylation of Ser-
307 within adeno-Cre-infected A/A liver indicates insensitivity
of the Ser(P)-307 antibody to the state of nearby Ser-302; thus,
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FIGURE 7. Comparison of insulin signaling in acutely Tsc7-deleted A/A and S/S hepatocytes. Primary hepatocytes were infected with control (lacZ) or Cre
adenovirus and treated after 3 days with insulin (Ins.; 10 min) in concentrations spanning the portal physiologic range. A, D, F, and H, immunoblot analysis of
insulin signaling to Akt (AL, activation loop) and downstream substrates. Numbers beneath blots of mMTORC1 and S6 kinase targets (phospho-GRB10 (pGrb10),
phospho-S6 (pS6), and phospho-RICTOR (pRictor)) show photometric quantitation of chemiluminescence signals (average, two experiments). B, C, E, G, /,and J,
parallel Luminex-based quantitation of insulin-stimulated signals. Samples used in Luminex assays are the same as, or biologic replicates of, those immuno-
blotted at left; graphed points and error bars represent average MFIs =S.E. from two experiments measured in triplicate. B and C, remnant TSC2 phosphory-
lation and S6 hyperphosphorylation; E and G, Akt activation loop and HM phosphorylation; /, IR autophosphorylation; J, IRS1/PI 3-kinase (p110«) association.
Luminex signals (other than in J) are normalized by sample tubulin concentration. The immunoblot and Luminex signals, each expressed relative to the
maximum insulin-stimulated value in adeno-lacZ-infected cells of the same genotype (=1.0), illustrate the similar, mild impairment of insulin signaling by

mTORC1 — S6K activation in A/A and S/S cells.

the relatively weak insulin stimulation of Ser(P)-307 in adeno-
lacZ-infected A/A samples was most likely an effect of small
sample size or of unintended variation in the short insulin
stimulation.

Besides Ser(P)-307, only Ser(P)-632 and Ser(P)-498, the latter
sharing a sequence highly similar to that around Ser-307, showed
marked stimulation by T’scI deletion (i.e. >2-fold versus the aver-
age value in liver of adeno-lacZ-infected S/S:TscI1**'"** mice
that received saline) (Fig. 6C). Four other insulin-non-respon-
sive Ser(P)/Thr(P) residues, Ser(P)-408, Ser(P)-416, Ser(P)-857,
and Ser(P)-899, were conversely reduced ~50% in Tsc1-deleted
A/A and S/S samples (Fig. 6C). Although we were able to survey
only the 25 Ser/Thr residues addressed by our apS/T™*' mAb
library on the Luminex platform, these results appear incom-
patible with the hyperphosphorylation of IRS1 expected from
studies of Tscl '~ MEF cells. Moreover, it was reported previ-
ously that IRS1 Ser-307-to-alanine knock-in mutation does not
improve glucose tolerance in C57BL6 mice with hepatic Tscl
deletion (31). Thus, the diminished Akt phosphorylation that
we observed in T'scI-deleted liver might have been due to con-
certed effects of multiple Ser(P)/Thr(P) residues or additional
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factors, such as inhibitory phosphorylation of RICTOR by S6
kinase (see Fig. 6A).

Signaling in Acutely Tscl-deleted Primary Hepatocytes—To
better quantitate the effects of mMTORC1 — S6K upon insulin
signaling, we used adeno-Cre virus to acutely delete Tscl in
primary hepatocytes from A/A:Tsc1’*'** and S/S:Tsc1"*/"**
mice. PHCs infected with adeno-Cre (or adeno-lacZ) virus were
cultured for a total of 72 h, ending in 16 h of serum starvation
after which they were treated with varying insulin concentra-
tions spanning the rodent portal physiologic range (~1-6 nm)
(42). Quantitation by immunoblotting and/or Luminex assays
revealed similar down-regulation of insulin-stimulated signals
in adeno-Cre-infected A/A and S/S cells (Fig. 7). The degree of
Tsc1 deletion after 72 h (Fig. 7A) was similar to that observed in
mouse liver 3 weeks after adeno-Cre infection (Fig. 6A4); how-
ever, whereas TSC2 was almost undetectable in adeno-Cre-
infected liver, it was incompletely degraded after 3 days in
adeno-Cre-infected PHCs (Fig. 7A). From Luminex quantita-
tion of Ser(P)-939 on TSC2, adeno-Cre-infected PHCs may
have retained up to 30% of normal TSC2 phosphoregulation by
Akt (Fig. 7B). Nevertheless, these cells exhibited constitutive
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FIGURE 8. Effects of rapamycin upon signaling pathways regulating Akt phosphorylation in acutely Tsc1-deleted hepatocytes. A/A:Tsc 1/ PHCs were
treated as in Fig. 7 but with (+) or without (—) addition of rapamycin (Rapa.) 30 min prior to insulin (Ins.) to inhibit mTORC1 — S6K signaling. A, D, F, and H,
immunoblotting-based demonstration of mMTORC1 — S6 kinase activation in Tsc7-deleted PHCs and inhibition by rapamycin. Numbers beneath the blots of
mTORCT and S6K substrates (GRB10, S6, and RICTOR) show photometric quantitation of chemiluminescence signals. B, C, E, G, I, and J, Luminex-based
quantitation of insulin signaling in the immunoblotted lysates; graphed points and error bars represent average MFIs £S.E. SC2 phosphorylation (pTsc2) (B),
inhibition of S6 hyperphosphorylation (pS6) by rapamycin (C), restoration of insulin-stimulated Akt phosphorylation (pAkt) by rapamycin (E and G), normal IR
autophosphorylation (p/R) (/), and persistently impaired IRS1/p110« association (J) in rapamycin-treated PHCs lacking Tsc1 are illustrated. K and L, Luminex
quantitation of IRS1 Ser(P)/Thr(P) residues strongly affected or up-regulated in Tsc1-deficient mouse liver, illustrating their dissimilar phosphorylation in

acutely Tsc7-deleted hepatocytes.

phosphorylation of GRB10 by mTORCI (Fig. 7A) and of ribo-
somal S6 protein by S6K (Fig. 7, A and C, Luminex), in each case
exceeding that in control PHCs treated with supraphysiologic
insulin. Thus, although the mTORC1 — S6K activity in Tscl-
deleted PHCs was perhaps less than that in Tsc1 '~ MEFs (20,
21), it was likely well in excess of physiologic activity in normal
liver tissue. Similar to Tsc27¢%/4¢!3 MEFs, which express a trun-
cated hypomorphic TSC2 protein (23), adeno-Cre-infected
A/A and S/S PHCs failed to show marked degradation of IRS1
or IRS2 (Fig. 7D).

In hepatocyte preparations from different A/A:Tscl'o*/"*
and S/S:Tsc1’*** donors, we observed substantial intrinsic
variation in the phosphorylation of Akt and its substrates. How-
ever, any differences in the ability of adeno-Cre to diminish
insulin-stimulated phosphorylation of Akt on its activation
loop (Thr-308) or HM (Ser-473) were minor. In paired experi-
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ments, Tscl deletion reduced Akt Thr-308 phosphorylation (at
the maximum insulin concentration) by ~12% in A/A cells and
by ~6% in S/S cells (Fig. 7, D and E, Luminex). Regardless,
Thr(P)-308 was more strongly diminished in PHCs from other
mice infected with the same lot of adeno-Cre virus (see Fig. 8E).
(The cause of this variability is unknown but does not seem to
be differential deletion of TscI based upon inspection of rem-
nant TSC1 and TSC2 proteins.) In comparison with the Thr-
308 site, phosphorylation of Akt on Ser-473 was more routinely
diminished in adeno-Cre-infected cells (by ~30% at maximal
insulin concentration) (Fig. 7, F and G, Luminex; see also Fig.
8G). Compatible with undisturbed glucose homeostasis in
adeno-Cre-infected mice (Fig. 5), these alterations in Akt acti-
vation loop and HM site phosphorylation did not appreciably
affect the insulin-stimulated phosphorylation of diverse Akt
substrates (blots in Fig. 7H; see also Fig. 8H).
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Although likely influenced by other factors, insulin-stimu-
lated phosphorylation of Akt Thr-308 in mouse liver requires
insulin receptor signaling through the IRS and PI 3-kinase
(p110a) (3, 5, 6). The GRB10 protein, when stabilized through
phosphorylation by mTORC], is hypothesized to compete with
IRS1 and IRS2 for productive binding to the IR (33, 43); how-
ever, we were unable to observe an increase in GRB10 protein
concentration in Tsci-deleted PHCs (Fig. 7A; see also Fig. 84).
Autophosphorylation by the IR appeared normal in immunob-
lots of TscI-deleted cells (Fig. 7D) but was diminished by
around 20-30% at the highest insulin concentration in several
experiments quantitated by Luminex (Fig. 7]; see also Fig. 81). In
contrast, we observed diminished IRS1/p110« association at all
insulin concentrations in adeno-Cre-infected PHCs regardless
of the state of downstream Akt Thr-308 phosphorylation (Fig.
7]; see also Fig. 8]). The effects of adeno-Cre infection upon IR
autophosphorylation and IRS1/p110a association were also
quantitatively similar in A/A and S/S cells (Fig. 7, I and )).

In contrast with Thr-308, phosphorylation of the Akt HM
site (Ser-473) depends upon the activity of the RICTOR/
mTOR-containing kinase mTORC2 (7). In our experiments,
inhibitory phosphorylation of RICTOR on Ser-1135 was con-
sistently and strongly stimulated by adeno-Cre infection of
both A/A:Tsc1"*/** and control S/S:Tsc1"*/"* PHCs (Figs. 7F
and 8F), potentially explaining the regular diminution of insu-
lin-stimulated Ser(P)-473 versus Thr(P)-308 (Fig. 7G; see also
Fig. 8G).

Effect of Rapamycin on the Regulation of Akt Phosphorylation
in Tscl-deleted Hepatocytes—T o better gauge the mechanisms
by which moderately elevated mTORC1 activity regulates
hepatic Akt, we next examined the effect of the mTORC1
inhibitor rapamycin in adeno-Cre-infected A/A:Tsc1**'"**
PHCs (Fig. 8). The results of this experiment confirm that Ser-
302 on IRS1 is not needed for the desensitization of insulin
signaling by mTORC1 — S6K activity as phosphorylation of
both Thr-308 and Ser-473 of Akt was strongly decreased by
adeno-Cre (Fig. 8, E and G). As in prior experiments, adeno-Cre
infection strongly stimulated the phosphorylation of mMTORC1
and S6K substrates GRB10 and S6 (Fig. 8, A and C) as well as the
inhibitory phosphorylation of RICTOR on Thr-1135 (Fig. 8F).
As expected, short term rapamycin treatment did not restore
the concentration or phosphorylation of TSC2 (Fig. 8, A and B)
but completely inhibited the phosphorylation of S6K (Thr-389)
and S6 (Ser-235/236) in adeno-Cre-infected cells (Fig. 8, A and
C). The phosphorylation of mTORC2 subunit RICTOR was
similarly strongly reduced by rapamycin, although this could
still be somewhat stimulated by insulin (Fig. 8F). Consistent
with an inhibitory effect of RICTOR phosphorylation on
mTORC2 activity in TscI-deleted cells, rapamycin treatment
restored insulin stimulation of Ser(P)-473 as well as Thr(P)-308
on Akt to levels exceeding those in adeno-lacZ-infected cells
(Fig. 8, G and E).

Neither the IRS1 nor IRS2 protein concentration was mark-
edly affected by inhibition of the mTORC1 — S6K pathway in
adeno-Cre-infected PHCs. However, rapamycin noticeably
decreased the apparent molecular weight (mobility) of IRS2 on
SDS-PAGE gels under insulin-free conditions, compatible with
rapamycin-activated phosphatase activity (44) (Fig. 8D).
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Although autophosphorylation of the IR was comparable
within control and T'scI-deleted cells (Fig. 81), insulin-stimu-
lated IRS1/p110« association was markedly reduced by Tscl
deletion and could not be restored by rapamycin treatment
(Fig. 8)). We thus queried the status of IRS1 Ser(P)/Thr(P) res-
idues highlighted in our studies of T'scI-deficient liver (Fig. 6, B
and C). As in the liver, adeno-Cre infection of PHCs reduced
both basal and insulin-stimulated phosphorylation of IRS1 on
Ser-265 (Fig. 8K). However, Ser(P)-307, the most strongly up-
regulated Ser(P)/Thr(P) in TscI-deleted liver, was not
increased in adeno-Cre-infected PHCs despite being somewhat
reduced by rapamycin treatment (Fig. 8L). Phosphorylation of
Ser-498 was (as expected from the liver results) not stimulated
by insulin but was also unaffected in any way by adeno-Cre
infection or rapamycin treatment (data not shown). Thus,
diminished Akt phosphorylation in TscI-deleted liver and in
PHCs was not accompanied by a consistent pattern of IRS1
Ser/Thr phosphorylation. Although we cannot exclude that
aggregate phosphorylation of IRS1 contributes to its dimin-
ished interaction with p110« in TscI-deleted tissues and cells,
our data best support that excessive mTORC1 — S6K activity
regulates AktphosphorylationthroughpredominantlyIRS-inde-
pendent means.

Discussion

Consistent with earlier studies in transfected cells and pri-
mary human adipocytes (25-28), we found that Ser-302 is
among several IRS1 Ser/Thr residues rapidly and significantly
phosphorylated in response to intravenous insulin in rodent
liver and muscle tissues. This result, obtained with a library of
anti-Ser(P)/Thr(P) antibodies in fluorescent bead-based assays,
is somewhat at odds with the expectation of broader IRS1 phos-
phorylation developed from transfected cell studies. However,
our methodological comparison (using IR and IRS1-transfected
CHO cell lysates; Fig. 1) supports that Luminex assays produce
results similar to much more laborious and inherently less
quantitative Western blotting. Surprisingly, Luminex-based
interrogation of muscle tissue from hyperinsulinemic LIRKO
mice does not identify significant up-regulation of basal IRS1
Ser/Thr phosphorylation even at apparent insulin-sensitive
sites. The seemingly normal insulin stimulation of Ser(P)/
Thr(P) residues in LIRKO muscle further suggests that this tis-
sue is not insulin-resistant. Although additional, more directed
studies are required to prove this point, our data do not suggest
amodel whereby hyperinsulinemia promotes insulin resistance
through IRS phosphorylation.

The paucity of robustly stimulated IRS1 Ser(P)/Thr(P) resi-
dues in mouse tissues would appear to be auspicious for confir-
mation of their function(s) by genetic knock-in. However, con-
trary to earlier studies in cultured cells, we found little evidence
that the phosphorylation of Ser-302 is required for normal
insulin signaling or sensitivity in mice (see Figs. 3, D—H, and 4,
A-C, and baseline physiologic data in Fig. 5, A-D). Just as
clearly, knock-in mutation of Ser-302 in IRS1 to alanine fails to
protect against the desensitization of insulin signaling associ-
ated with chemical activation of S6K (Fig. 4D) or with specific
activation of mTORC1 — S6K in liver and hepatocytes (Figs.
64,7, and 8). In the first instance, it seems possible that physi-
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ologic assays are simply insufficient to detect a positive effect of
Ser-302 phosphorylation even within the sensitizing milieu of
hepatic Irs2 deletion (Fig. 4, A-C). Conversely, our results
appear to definitively rule out a role of Ser(P)-302 (or sequence-
similar Ser(P)/Thr(P) residues) in feedback inhibition of IRS1
by the mTORC1 — S6K pathway.

The deletion of hepatic Tscl using Cre adenovirus provides a
clean system for investigating the effects of excess mMTORC1 —
S6K activity free from complications associated with high fat
feeding or genetic obesity. Consistent with earlier work in this
system (30), we found that Tscl deletion causes liver enlarge-
ment but does not increase insulinemia. This result confirms
that, despite other metabolic abnormalities, liver-specific Tscl
knock-out mice do not have need of compensatory insulin
secretion to overcome insulin resistance, such as occurs in high
fat-fed mice. Consistent with this conclusion, we found that
glucose tolerance in mixed genetic background mice is mini-
mally altered by hepatic TscI deletion, being generally equiva-
lent to or improved versus that prior to Tscl knock-out (Fig. 5,
¢f. C and G). Despite these findings, we observed decreased
insulin-stimulated Akt phosphorylation in T'scI-deleted mouse
liver (Fig. 6A). A potential explanation for this “disconnect” is
that intravenous insulin infusion maximally stimulates tissue
Akt, revealing a ceilingimposed by mTORC1 — S6K activation,
whereas the stimulation of Akt by physiologic insulin (or intra-
peritoneal glucose) peaks below such a ceiling. Additionally, we
note that the stimulation of TscI-deleted hepatocytes with
physiologic insulin concentrations (equivalent to portal insu-
linemia in mice) does not reveal a sensitive connection between
the phosphorylation of Akt and that of its downstream sub-
strates (e.g. Fig. 7H).

We find it unlikely that the phenotype of mice with Cre-
mediated TscI deletion reflects developmental or other com-
pensation for chronic mTORC1 — S6K activity as we infected
adult mice with Cre adenovirus and observed similar results in
mice followed for up for just 9 days (half the time of those in Fig.
5). Moreover, we observed similar moderate impairment of
insulin signaling to Akt in liver and hepatocytes collected 3
weeks or 3 days after Tscl deletion, respectively. We conclude
that activity of the mTORC1 — S6K pathway in normal liver,
which is probably far less than in TscI-deleted liver or hepato-
cytes, is unlikely to substantially dysregulate systemic glucose
homeostasis.

In contrast with Tsc™/~ MEF cells, the acutely TscI-deleted
mouse liver fails to augment IRS1 phosphorylation at canonical
S6K sites, including Ser-302 and Ser-265 (Fig. 6, B and C),
despite demonstrably elevated mTORC1 — S6K activity (Fig.
6). These data, however, are compatible with the pattern of
insulin-stimulated IRS1 phosphorylation seen in CHO cells
(36) in which only Ser(P)-302 (among 21 Ser(P)/Thr(P) resi-
dues) appeared somewhat reduced by S6 kinase inhibition.
There is also some doubt whether S6 kinase mediates insulin-
stimulated phosphorylation of the Ser-302-equivalent site in
human tissue (45). In contrast, mTORCI has been implicated
previously in phosphorylation of IRS1 on Ser-307 in diverse
cultured cells (13, 36, 46), and we found this site to be exces-
sively phosphorylated in TscI-deficient liver (Fig. 6B) albeit not
hepatocytes (Fig. 8L). Our experiments do not suggest a basis
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for this differential phosphorylation (apart from the shorter
3-day follow-up in hepatocytes versus Tscl-deleted liver) but
further support that Ser-307 by itself is dispensable for the
effects of hepatic T'scI deletion in inbred mice (31). We suggest
that the insulin-stimulated phosphorylation of Ser-265 in mouse
liver and hepatocytes might be mediated by Akt (rather than S6K)
as Akt and S6K phosphorylate Ser/Thr residues within the same
consensus sequence. In support of this notion, insulin-stimulated
Ser(P)-265 in CHO cells is reduced by Akt inhibition (36), and we
found deceased Ser(P)-265 in both liver and hepatocytes lacking
Tscl (Figs. 6B and 8K) in conjunction with decreased phosphory-
lation of Akt upon Thr-308 and Ser-473.

By recruiting PI 3-kinase, tyrosine phosphorylated IRS1 pro-
motes the activity of PDPK1 toward Thr-308 of Akt. However,
it appears unlikely that the Ser/Thr phosphorylation of IRS1 at
non-S6K sites significantly impairs Akt phosphorylation during
Tscl deficiency. First, inconsistent IRS1 phosphorylation
within Tscl-deficient liver and hepatocytes (e.g at Ser-307)
calls into question the connection with mTORC1 — S6K activ-
ity. Second, although we do not exclude that such phosphory-
lation (in aggregate) diminishes IRS1/p110a association,
reduced IR activity in some of our experiments might have
directly impaired IRS1 tyrosine phosphorylation, particularly at
higher insulin concentrations. Third, the observation of dimin-
ished IRS1/p110« interaction does not explain impaired Akt
Thr-308 phosphorylation in Tsc1-deleted hepatocytes as rapa-
mycin treatment is without effect upon IRS1/p110« interaction
but rapidly and fully restores Thr(P)-308. Regarding impaired
Akt Ser-473 phosphorylation, our data are fully compatible
with S6K-dependent phosphorylation of the mTORC2 compo-
nent RICTOR as the mechanism (34) as we observed constitu-
tive phosphorylation of RICTOR on Thr-1135 in Tsc1-deficient
cells that is both rapamycin-sensitive and inversely correlated
with that of Akt Ser-473. Potentially, the restoration of this
“priming” phosphorylation could be a factor supporting the full
phosphorylation of Akt Thr-308 in rapamycin-treated cells.

Phosphorylation of IRS1 upon Ser/Thr residues has routinely
been invoked as a mechanism regulating insulin signaling
and/or insulin sensitivity in mammalian tissues. Moreover,
such a role is supported by diverse experiments and phenom-
ena observable within cultured cells. Among these phenomena,
the mTORC1 — S6K-dependent phosphorylation and degra-
dation of IRS1 in Tsc~/~ MEFs is foundational for interpreting
the role of IRS1 Ser/Thr phosphorylation. Our observations of
Irs1 knock-in mice, including S307A knock-in mice previously
(37), question the significance of this feedback loop within ani-
mal tissue and caution, more generally, against the extrapola-
tion of physiologic function from signaling in cultured cells.
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