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Insulin resistance drives the development of type 2 diabetes (T2D).
In liver, diacylglycerol (DAG) is a key mediator of lipid-induced
insulin resistance. DAG activates protein kinase C e (PKCe), which
phosphorylates and inhibits the insulin receptor. In rats, a 3-day
high-fat diet produces hepatic insulin resistance through this mecha-
nism, and knockdown of hepatic PKCe protects against high-fat diet-
induced hepatic insulin resistance. Here, we employed a systems-level
approach to uncover additional signaling pathways involved in high-
fat diet-induced hepatic insulin resistance. We used quantitative phos-
phoproteomics to map global in vivo changes in hepatic protein phos-
phorylation in chow-fed, high-fat–fed, and high-fat–fed with PKCe
knockdown rats to distinguish the impact of lipid- and PKCe-induced
protein phosphorylation. This was followed by a functional siRNA-
based screen to determine which dynamically regulated phosphopro-
teins may be involved in canonical insulin signaling. Direct PKCe sub-
strates were identified by motif analysis of phosphoproteomics data
and validated using a large-scale in vitro kinase assay. These substrates
included the p70S6K substrates RPS6 and IRS1, which suggested cross
talk between PKCe and p70S6K in high-fat diet-induced hepatic insulin
resistance. These results identify an expanded set of proteins through
which PKCe may drive high-fat diet-induced hepatic insulin resistance
that may direct new therapeutic approaches for T2D.
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Insulin resistance, or a diminished tissue response to physiologic
insulin concentrations, is the primary driving force behind type

2 diabetes (T2D). In liver, insulin resistance impairs insulin-
mediated activation of hepatic glycogen synthesis and suppres-
sion of hepatic glucose production leading to increased fasting
blood glucose (1, 2). Diacylglycerol (DAG) is a key mediator of
lipid-induced hepatic insulin resistance; increased DAG content
in human liver is strongly correlated with hepatic insulin re-
sistance (3–5). In rats, a 3-d high-fat diet (HFD) is sufficient to
increase hepatic DAG, which activates protein kinase C e (PKCe)
(6). PKCe in turn impairs INSR tyrosine kinase activity, inducing
hepatic insulin resistance (7). Rats treated with 2′-O-methoxyethyl
antisense oligonucleotides (ASOs) to knock down PKCe expres-
sion were protected from HFD-induced hepatic insulin resistance
(7). Recently, we demonstrated that PKCe inhibits INSR tyrosine
kinase activity directly through phosphorylation of INSR T1160
(1150 in mouse, 1161 in rat); a T1150A mutation protected mice
from HFD-induced hepatic insulin resistance (8).
Although phosphorylation of INSR appears to be a key

mechanism for PKCe-induced hepatic insulin resistance, DAG-
activated PKCe might also act on additional substrates in an
extended network of proteins that may contribute to the insulin-
resistant phenotype. Furthermore, identifying PKCe targets in
the HFD-fed liver could shed light not only on the molecular
basis of insulin resistance but also on PKCe signaling in general.

For these reasons, we sought to describe the PKCe network in
HFD-induced hepatic insulin resistance.
To date, PKCe substrates have been investigated in a limited

number of settings, including the tumor-promoting effects of
phorbol esters (9–13), in protection against cardiac ischemia–
reperfusion injury (14–17), in regulating cell–cell junctions (18,
19), in immune cell activation (20, 21), and in channel regulation
(22, 23). However, most of these studies have investigated indi-
vidual phosphosites or protein targets and have not evaluated the
PKCe signaling network as a whole. In the two studies where
PKCe was investigated on a proteome level, PKCe was impli-
cated in glucose metabolism through modulation of the glycolytic
enzymes pyruvate kinase, enolase, and lactate dehydrogenase
(16) as well as in lipid metabolism through modulation of
HTATIP2 (24) and the epoxyeicosatrienoic acid pathway (25).
Another study investigated the PKCe phosphoproteome using
2D gel electrophoresis and Pro-Q Diamond phosphospecific
staining with a peptide activator of PKCe translocation in
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cardiomyocytes (17). While this study did identify several addi-
tional PKCe targets involved in glucose and lipid metabolism and
oxidative phosphorylation that may be relevant to insulin re-
sistance, the difference in cell type (cardiac myocytes versus
liver) and model (peptide activator versus DAG) may have im-
portant implications for the relevant PKCe network and targets.
Furthermore, phosphosite localization information was not
obtained for most of these substrates, and candidate site-specific
kinase–substrate relationships were not directly tested.
To overcome these limitations, we investigated the PKCe

signaling network using quantitative phosphoproteomics in a
physiologically relevant model of HFD-induced hepatic insulin
resistance with knockdown of PKCe, evaluated the role of our
PKCe network in insulin signaling using an siRNA-based func-
tional screen, and evaluated direct site-specific kinase–substrate
relationships using a recently developed substrate peptide display
library, which were further validated in cells. Our phosphopro-
teomics and kinase–substrate validation suggest that PKCe-mediated
HFD-induced hepatic insulin resistance may, in part, be the re-
sult of cross talk between PKCe and p70S6K in phosphorylating
IRS1 and RPS6. Additionally, our functional siRNA-based screen
identified 16 phosphoproteins (two inhibitors and 14 activators
beyond IRS1 and RPS6) whose role in regulating the insulin
signaling pathway has not been previously reported, one inhibi-
tor and eight activators of which may play additional roles in
promoting the rescue of insulin sensitivity upon PKCe knock-
down. These results provide insights into the signaling dynamics
that occur during acute hepatic HFD-induced insulin resistance,
which may be some of the earliest signaling events in the path-
ogenesis of insulin resistance and T2D.

Results
Investigation of HFD-Induced Insulin Resistance by Phosphoproteomics.
To study the signaling events and pathways that drive insulin re-
sistance through DAG-activated PKCe, we examined protein
phosphorylation in rat liver in the basal, overnight fasted state in
regular chow-fed rats treated with control nontargeted ASO and
in 3-d HFD and sucrose water-fed rats treated with control or
PKCe-targeted ASO. ASO was delivered by i.p. injection for 4 wk
before experiments, with the animals divided into normal chow
and HFD for the last 3 d. This approach was chosen to isolate the
effects of PKCe activation, without confounding signal from in-
sulin stimulation, muscle or adipose insulin resistance, obesity, or
chronic inflammation (26, 27). ASOs are used clinically to target
hepatic gene expression; PKCe ASO safely and effectively de-
creases hepatic but not muscle PKCe protein expression in rats
(7). Study animals showed no difference in weight gain over the
course of ASO treatment (SI Appendix, Fig. S1A). Also, consistent
with previous work, rats fed a HFD displayed increased liver tri-
glyceride and DAG content (Fig. 1A and SI Appendix, Fig. S1 B–
D) and increased PKCe activation as measured by membrane
translocation (Fig. 1B and SI Appendix, Fig. S1 E and F). HFD-fed
rats also exhibited higher basal plasma insulin concentrations
compared with chow-fed rats (Fig. 1C and SI Appendix, Fig. S1G)
despite similar plasma glucose (SI Appendix, Fig. S1 H and I),
reflecting mild hepatic insulin resistance. The PKCe-directed ASO
was >90% effective at reducing PKCe protein levels in liver after
4 wk of treatment (SI Appendix, Fig. S1J) and, importantly, was
able to protect rats from HFD-induced hepatic insulin resistance
(Fig. 1C and SI Appendix, Fig. S1G). These results are consistent
with previous studies using this model (6, 7). Three animals from
each experimental group were selected as representative samples
for phosphoproteomic analysis; animals selected were chosen to
best represent the relevant phenotypes based on several parame-
ters including quality of study, weight gain, weight gain on HFD,
liver lipid levels, basal plasma glucose, and basal plasma insulin
(phenotyping values and selection criteria are in Dataset S1). In
study animals, there were no significant differences in serum trans-
aminase activity, alkaline phosphatase activity, or albumin, indicating
no effect of the diet or ASO on liver toxicity (SI Appendix, Fig. S1K
and Dataset S1).

Quantitative phosphoproteomic analysis was carried out with
an established dimethyl labeling strategy to enable direct pair-
wise comparisons between experimental groups (28). We com-
pared control ASO-treated, chow-fed rats to control ASO-treated,
HFD-fed rats to determine which phosphorylation events or
pathways are altered in the setting of acute hepatic HFD-induced
insulin resistance (Fig. 1D, comparison 1). We also compared
control ASO-treated, HFD-fed rats to PKCe ASO-treated, HFD-
fed rats to determine which phosphorylation events and signaling
networks are affected by PKCe knockdown (Fig. 1D, comparison
2). Following labeling, phosphopeptides were enriched with TiO2
and fractionated using electrostatic repulsion liquid chromatography
(ERLIC) into 32 fractions to improve phosphoproteome coverage
(Fig. 1D). In total, 11,224 sites of protein phosphorylation (phos-
phosites) were reproducibly quantified across all experimental
conditions. In total, 779 phosphosites from 560 distinct proteins
showed a greater than twofold change (Fig. 1E).

Mapping Phosphorylation Dynamics to Physiological Response.
Phosphosites showing a greater than twofold change were sorted
into biologically meaningful categories by 2D enrichment anal-
ysis (Fig. 1E and Dataset S3). This analysis enabled us to
relate how changes in the phosphoproteome connect to the
physiology of HFD feeding and the effect of knocking down
PKCe, as well as how PKCe knockdown may protect against
HFD-induced insulin resistance. Categories II and VIII repre-
sent PKCe-dependent but diet-independent changes in the
phosphoproteome, with category II containing phosphosites re-
duced by PKCe knockdown and category VIII containing phos-
phosites increased by PKCe knockdown. As expected, three
phosphosites on PKCe were observed in category II, which is in
accordance with PKCe knockdown at the protein level. Category
II is predicted to be enriched for direct substrates of PKCe and
phosphosites that are downstream of PKCe signaling. Category
VIII contains phosphosites that were increased by PKCe
knockdown; these are expected to be sites normally inhibited by
PKCe activity or related to compensatory mechanisms respond-
ing to PKCe knockdown. Categories IV and VI represent diet-
dependent but PKCe-independent changes in the phosphopro-
teome. Finally, categories III and VII represent changes in the
phosphoproteome that were both diet and PKCe dependent;
because these phosphosites were altered by the HFD but “res-
cued” or returned to control-like levels by PKCe knockdown,
they may be directly linked to the mechanism by which PKCe
drives HFD-induced insulin resistance and are therefore of
particular interest.

Phosphoproteomics Identifies Regulators of Insulin Signaling. Our
phosphoproteomic analysis revealed changes in phosphorylation
on proteins with mostly no known connection to insulin signal-
ing. In general, we did not observe many known insulin-
stimulated phosphosites; however, because (i) we investigated the
basal (rather than insulin stimulated) state and (ii) we did not
perform enrichment for tyrosine-phosphorylated peptides [which
comprise only 1–2% of phosphorylation events (28)], this obser-
vation is not too surprising. We were also disappointed, but not
surprised, that INSR T1161 phosphorylation was not observed in
category III because of the low abundance of the INSR (obser-
vation of this site in our previous work required two-step isolation
and immunoprecipitation of the INSR) (8). The INSR phospho-
peptides that were observed in category V are autophosphor-
ylation events and are not associated with any known function
(29, 30).
Given the strong physiological basis of our experimental

model and the changes in phosphorylation that were observed in
categories III and VII, we hypothesized that some of these sites
and proteins are likely to actively regulate insulin signaling and
may be drivers of insulin resistance in our model. In addition to
categories III and VII, changes in categories IV and VI may also
be relevant to insulin signaling and the metabolic changes that
occur on a HFD even if they are unlikely to drive insulin resistance
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through PKCe, while changes in categories II and VIII may rep-
resent how PKCe knockdown “rewires” signaling to promote in-
sulin sensitivity beyond preventing phosphorylation of insulin
resistance drivers. To elucidate whether a phosphoprotein we
identified in any of these categories may regulate insulin signal-
ing, we developed a siRNA-based functional screen in rat hepa-
toma cells for canonical hepatic insulin signaling. Although gene
knockdown does not recapitulate the consequences of the altered
protein phosphorylation that we observed in vivo, we reasoned that
if knockdown of a gene in our siRNA screen does not affect insulin
signaling, then a simple direct connection to insulin signaling
cannot be made and further in vivo experimentation would be
required to discern whether the phosphoprotein is involved in
insulin resistance or is a collateral consequence of the altered
signaling and physiology. However, a significant response in the
siRNA screen would allow us to connect these genes and their
phosphorylated protein products to the mechanism of insulin
action in vivo.

We used rat hepatoma cells (McArdle hepatoma cells, ATCC
McA-RH7777) and AKT phosphorylation at S473 (31) to de-
velop an image-based, single-cell quantitative assay for canonical
insulin signaling. Using a commercially available phosphospecific
antibody, we observed an insulin dose-dependent increase in
AKT pS473 phosphorylation (SI Appendix, Fig. S2A). Single-cell
quantitation was achieved by measuring the intensity of AKT
pS473 staining, determining baseline intensity using the cells
treated with 0 nM insulin (SI Appendix, Fig. S2B), and plotting
the data as the percentage of cells with intensity greater than
baseline (SI Appendix, Fig. S2C). We then validated siRNA
knockdown in this system using a positive control siRNA tar-
geting INSR and a negative control siRNA that does not engage
the RNA-induced silencing complex (RISC-free) (SI Appendix,
Fig. S3A). As expected, the RISC-free siRNA-transfected cells
responded dose dependently to insulin in a similar manner to
mock-transfected cells, while INSR siRNA-transfected cells were
unresponsive to insulin (SI Appendix, Fig. S3 A and B). Because

Fig. 1. Quantitative phosphoproteomic analysis of acute hepatic insulin resistance and rescue by PKCe knockdown. Rats were fed either a control, chow diet or a
HFD and treated with ASO that was either scrambled (control ASO) or targeted to PKCe (PKCe ASO). (A) HFD resulted in increased liver diacylglycerol independent
of PKCe ASO. (B) PKCe translocation was quantified as a marker of PKCe activity [membrane-to-cytosol (m/c) ratio]; from immunoblot in SI Appendix, Fig. S1E. (C)
HFD feeding increased basal plasma insulin, which was rescued by PKCe ASO. (D) Phosphoproteomics workflow, indicating three experimental groups and two
pairwise comparisons. Phospho-enriched samples were separated into 32 fractions by ERLIC to reduce sample complexity and increase proteomic coverage; three
technical replicates of each fraction were analyzed by LC-MS/MS using a 120 method (three replicates of 32 fractions = 96 120-min runs). (E) Effect of HFD and
PKCe knockdown on the phosphoproteome. Phosphopeptide ratios obtained from two technical replicates of each comparison were averaged and log2 trans-
formed, and peak intensity ratios were plotted against each other. The y axis represents the effect of the PKCe ASO on the phosphoproteome, whereas the x axis
represents the effect of the HFD on the phosphoproteome; the lines represent twofold change in the phosphopeptide ratio. The twofold cutoff lines designate 2D
enrichment categories of phosphopeptides that are designated by roman numerals. Error bars represent mean ± SEM (A–C).
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we did not know a priori whether a given phosphoprotein tar-
get might be an activator or inhibitor of insulin signaling, we
screened with both 1 and 10 nM insulin stimulation. Knocking
down an activator should result in a decrease in AKT pS473
signal that would be more easily observed at a 10 nM insulin dose,
while knocking down an inhibitor should result in an increase in
AKT pS473 signal that would be more easily observed at a 1 nM
insulin dose.
We selected 125 candidate proteins to screen (Dataset S5),

which included all phosphoproteins from categories III and VII
because of their correlation with insulin resistance, phospho-
proteins with a known or putative role in insulin signaling, and
phosphoproteins with greater than fourfold change in at least
one experimental condition (SI Appendix, Table S1, and Dataset
S5). We then performed three screening replicates for both the
1 and 10 nM screen. We observed high reproducibility for the
10 nM screen (Pearson correlation coefficient R ≥ 0.85). Signal-
to-background ratio (mean of the positive control over the mean
of the negative control) and Z′ factor (screening statistic
reflecting both assay window and assay variability, calculated
from the positive and negative control mean signals and their
SDs) were monitored for each screening plate to evaluate per-
formance of the 10 nM screen. Cell-based assays with signal-to-
background ratios greater than 3 and positive Z′ are amenable to
screening. We observed acceptable signal-to-background (11.4,
15.4, and 6.2) ratios and Z′ (0.29, 0.73, and 0.30) factors, vali-
dating robustness of the 10 nM screen. In the 1 nM screen, signal-
to-background ratios and Z′ factors were not calculated because
of a lack of a positive control, and reproducibility was not as high,
but still acceptable (Pearson correlation coefficients of 0.83, 0.57,
and 0.63 between 1 and 2, 1 and 3, and 2 and 3, respectively). To
cross-validate putative activators and inhibitors of insulin signal-
ing, we repeated the siRNA transfection of the top hits and
remeasured AKT S473 phosphorylation by Western blot. Candi-
date knockdowns that produced a fold change greater than or
equal to IRS2, a known member of the insulin signaling pathway,
were considered validated (SI Appendix, Fig. S4 A and B).
In the screen for inhibitors, we identified growth factor

receptor-bound protein 2 (GRB2) and neogenin 1 (NEO1) as
strong inhibitors of insulin signaling with 184% effect and 270%
effect, respectively, compared with the RISC-free control set as
100% signal (Fig. 2 A and C and SI Appendix, Fig. S4 and Table
S1). Although GRB2 is an adaptor protein that is known to
connect insulin signaling to the RAS and MAP kinase pathways
(32), GRB2 has not previously been described as an inhibitor of
insulin signaling, nor is the mechanism by which knockdown of
GRB2 increases AKT pS473 phosphorylation immediately clear.
However, while we observed that phosphorylation on GRB2
S90 was increased by HFD in vivo, its phosphorylation was un-
changed by PKCe knockdown (category VI), suggesting that
while this site is dynamically regulated by the HFD and that
GRB2 knockdown does increase AKT pS473 phosphorylation, it
is unlikely that this site contributes to PKCe-mediated HFD-
induced insulin resistance. Conversely, phosphorylation of NEO1
T1320 was significantly down-regulated by the HFD but restored
to WT levels by PKCe knockdown (category VII). Given that
NEO1 knockdown had a profound stimulatory effect on AKT
S473 phosphorylation, and that NEO1 T1320 phosphorylation
was significantly regulated by both the HFD and PKCe knock-
down, it is likely that this phosphoprotein is involved in PKCe-
mediated HFD-induced insulin resistance and that T1320 regu-
lates NEO1 function with respect to insulin signaling; however,
the connection between NEO1 T1320 and PKCe is not immedi-
ately clear, as NEO1 phosphorylation is reduced by the HFD but
restored by PKCe knockdown (category VII).
In the screen for activators, we observed several proteins

known to promote insulin signaling, including IRS1 and IRS2.
We also observed that RPS6 knockdown had an effect similar to
knockdown of INSR (108% effect for RPS6, with 100% effect set
by the INSR control siRNA) and greater than the IRS1/2
knockdowns (82% and 93% effect for IRS1 and IRS2 siRNAs,

respectively; P < 0.05, one-way ANOVA) (Fig. 2D and SI Ap-
pendix, Table S1). This effect was not quite as strong, but still
apparent, when validated by Western blot (SI Appendix, Fig. S4).
This result suggests that the RPS6 protein is a strong activator of
insulin signaling; given that RPS6 phosphorylation correlates
with insulin resistance in the basal state in vivo and is rescued
by PKCe knockdown, aberrant phosphorylation of RPS6 by DAG-
activated PKCe may be an additional driver of insulin resis-
tance perhaps by lowering the fold change upon insulin
stimulation.
In addition to RPS6 as an activator of insulin signaling, we

observed several other proteins that have not previously been
implicated as activators of insulin signaling (Fig. 2 B, D, and E
and SI Appendix, Table S1) with consistent results by imaging
and Western blot. ATP7B, BDH1, LAMTOR1, NRIP1, PRKCB,
RIPK3, and SEC16B were identified as activators of insulin sig-
naling that may contribute to the rescue of insulin sensitivity by
PKCe knockdown, as phosphorylation of these phosphoproteins
was altered by PKCe knockdown but not the HFD (category II/
VIII, Fig. 2E). ATN1, CHD7, DCAF5, EIF3A, KIF20A, and TOM1
were identified as activators of insulin signaling whose phosphoryla-
tion is modulated by the HFD independent of PKCe knockdown
(category IV/VI, Fig. 2E) and are thus unlikely to be involved in
HFD-induced insulin resistance through PKCe, although they may
contribute to the insulin-resistant phenotype through other mecha-
nisms (Fig. 2 B, D, and E) (31, 33–35).
The activator diacylglycerol kinase delta (DGKD) is in-

teresting in that we observed multiple phosphorylation events on
this protein; however, these events appeared in different cate-
gories, suggesting differential regulation by the HFD (DGKD
S690, category VI) and by PKCe (DGKD S665, category II). It is
possible that the PKCe knockdown-driven reduction in phos-
phorylation on DGKD S665 may compensate for or override the
HFD-driven changes in promoting insulin sensitivity, or that the
changes are mediated solely through DGKD S690, which was
just barely below the twofold cutoff for category III in compar-
ison 2. DGKD has been shown to phosphorylate DAGs and
convert them into phosphatidic acid, regulating the balance of
these two important signaling lipids (36); it has also been shown
that DGKD is regulated by conventional PKCs (cPKCs) (PKCα,
β, γ) in Cos-7 cells (fibroblasts) (37) and that DGKD deficiency
can lead to insulin resistance in skeletal muscle (38). We observed
that knocking down DGKD decreased the AKT pS473 signal upon
insulin stimulation; we hypothesize that this manipulation in-
creased levels of DAGs and activated PKCe, which resulted in
the decreased AKT pS473 signal (observed in both the 10 and
1 nM insulin screens), although we cannot rule out other direct
or indirect effects through protein–protein interactions or the
potential reduction of phosphatidic acid. It is also possible that,
in liver and liver cell lines, DGKD itself is regulated by PKCe
rather than cPKCs, creating a feedback loop. These hypotheses
will be tested in future work.
Surprisingly, in addition to the previously unknown regulators

of insulin signaling we have described, we identified PKCe itself
as an activator of insulin signaling. Rat hepatoma cells trans-
fected with PKCe siRNA showed an effect of 77% of that of the
INSR control siRNA, suggesting that knockdown of PKCe in this
model impairs insulin signaling. This result suggests that, in the
normal state, PKCe may be required for proper insulin signaling;
however, in the lipid-laden liver, DAG-activated PKCe becomes
inhibitory and knocking down the kinase becomes protective.

Large-Scale Validation of PKCe Substrates. To identify the kinases
driving the phosphosite changes observed in each category, we
performed motif analysis using pLogo (39), which aligns the
central phosphorylated residue with 15 flanking amino acids
from the native protein context on either side and identifies
enriched residues at each position. As predicted, we observed a
PKC-like motif (RxxS/T) (Fig. 3A and SI Appendix, Fig. S5A) in
category II, with a strong −3R motif and a hydrophobic residue
at +1 (L, M, V) corresponding to a PKCe preference (40). We
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Fig. 2. siRNA screen uncovers previously unknown activators and inhibitors of insulin signaling. A total of 125 phosphoproteins was targeted with siRNA and
stimulated with 1 or 10 nM insulin. Cells were fixed and stained with a phosphospecific antibody against AKT S473 phosphorylation; staining was quantified
by single-cell image analysis as described in SI Appendix, Fig. S2. (A) Heatmap of siRNA screen with 1 nM insulin stimulation (three replicates). Heatmap
intensity presented as the percentage of AKT S473 phosphorylation signal relative to the RISC-free siRNA control set at 100%. (B) Heatmap of siRNA screen
with 10 nM insulin stimulation (three replicates). Heatmap intensities reflect the relative percent effect in AKT S473 phosphorylation of each individual siRNA,
compared with the RISC-free control siRNA set as 0% effect and the INSR control siRNA set as 100% effect. (C) Representative images from the 1 nM insulin
stimulation (green, FITC-AKT pS473; blue, DAPI). RISC-free and INSR control siRNAs are shown with Grb2 and Neo1 siRNAs, showing increase in AKT
pS473 staining with gene knockdown. (D) Representative images from the 10 nM insulin stimulation siRNA screen (green, FITC-AKT pS473; blue, DAPI). (E)
Model of the modulation of canonical insulin signaling by the HFD and PKCe. PKCe may influence insulin signaling through phosphoproteins modulated by
the PKCe ASO alone (categories II and VIII) or by the PKCe ASO and HFD (categories III and VII). Insulin signaling may also be influenced by proteins whose
phosphorylation is up- or down-regulated by the HFD alone (categories IV and VI); however, these proteins are unlikely to play a role in the rescue of insulin
sensitivity by PKCe knockdown. CHD7 and DGKD are represented twice [and designated by an asterisk (*)] as we observed multiple phosphorylation events on
these proteins that showed different fold-change values upon different treatments. Phosphoproteins that were shown by siRNA screen to activate or inhibit
AKT S473 phosphorylation are shown in blue and yellow, respectively.
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Fig. 3. Motif analysis and mass spectrometry-based kinase assays identify previously unknown PKCe substrates. (A) Motif analysis of phosphopeptides from
category II revealed a PKC-like motif (RxxS/T). Residues shaded in gray are fixed, while the size of the residue correlates with the enrichment of that residue at a
position. Residues above the red lines are statistically significant (P < 0.05). (B) Workflow for kinase–substrate relationship determination using a substrate peptide
display library. Substrates were selected based on phosphoproteomic data and PKC motif analysis, expressed as a C-terminal fusion to GST in E. coli, purified, and
cleaved from the GST. The peptide substrate display library was incubated with PKCe and digested with trypsin; peptide substrates that were phosphorylated were
identified by LC-MS/MS followed by database searching. (C) PKCe substrates identified by substrate peptide display library. The amino acid sequence of each
substrate peptide is shown with the site of in vivo phosphorylation at position 0 with 7 aa flanking. “On-target” phosphorylation (in green) indicates the site of in
vivo and in vitro phosphorylation matched. “Off-target” phosphorylation (in red) indicates phosphorylation by PKCe at unintended sites. PKCemotif elements are
shown in blue. References are included for known members of the insulin signaling pathway (INS Sig) and for known kinase–phosphosite relationships (Known).
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also observed an RxxS/T motif in category VIII, but with-
out the +1 hydrophobic preference, suggesting compensation
for PKCe knockdown by other PKCs (SI Appendix, Fig. S5B).
Conversely, the changes in the phosphoproteome caused
by the HFD showed a strong cyclin-dependent kinase motif
(SPxKKK) and are the focus of a separate study (SI Appendix,
Fig. S5B). No significant motif enrichments were observed in
categories I, III, IX, and VII due to their relatively low number
of phosphosites.
Our phosphoproteomics approach and motif analysis identi-

fied a list of potential PKCe substrates that fit with a canonical
motif and responded to direct PKCe knockdown in vivo. To
provide more direct evidence of a PKCe kinase/substrate relation-
ship in a high-throughput and site-specific manner, we deployed
a recently developed peptide substrate expression platform for
in vitro LC-MS/MS coupled kinase assays (Fig. 3B). Fifty-two
potential PKCe substrates were selected from categories II and
III (peptides showing a greater than twofold change in PKCe
knockdown regardless of diet), which fit a generic PKC motif
(RxxS/T). In addition to these target substrate peptides, we in-
cluded two groups of control phosphopeptides; one group of
72 peptides from category VI that conforms to a different kinase
consensus motif (+1P) and one group of 50 peptides from category
V that showed no fold change and did not contain a discernable
kinase motif. This method is similar to the recently published
SERIOHL-KILR method (41), except (i) we used rat instead of
human and (ii) we made a targeted, rather than unbiased, library
of substrate peptides.
PKCe was able to phosphorylate 17 of the 52 potential sub-

strate library peptides in at least three of four replicates (Fig. 3C
and SI Appendix, Table S2). Substrates were considered “on-
target” when phosphorylation occurred at the same site as in
vivo studies and matched the PKCe motif. Only 9 of 132 control
peptides were phosphorylated (1 outside the −7 to +7 window
in Fig. 3C) and the majority of these phosphorylated control
peptides contained elements of a PKC-consensus motif (−3R/
−2R, +1 hydrophobic) but most were “off-target” since they did
not match in vivo sites. Bona fide on-target substrates included
a known PKCe autophosphorylation site S729 (42); however,
the remainder of the substrates that we observed were either
previously unknown, or known substrates at different positions
than previously known. Significantly, these other sites included
the p70S6K sites S265 and S302 on IRS1 (43, 44) (homologous
to human S270 and S307) and S235/S236 on RPS6 (45), as well
as the AKT sites T247 on PRAS40 (46, 47) (T246 in human)
and T1466 on TSC2 (T1462 in human) (48) (Fig. 3C). PKCe,
p70S6K, and AKT are all members of the AGC family of kinases
and share an RxxS/T motif preference. Although p70S6K and
AKT additionally prefer −5R while PKCe prefers +1 hydrophobic
and +2R/K (39), these results suggest functional signaling crosstalk
between PKCe and p70S6K and/or AKT.

PKCe Can Cross Talk with p70S6K Substrates. p70S6K and AKT are
key kinases in the insulin signaling cascade and are known to
regulate a variety of processes including apoptosis, proliferation,
cytoskeletal organization, protein synthesis, mRNA splicing,
transcription, metabolism, and negative feedback of insulin sig-
naling (49, 50). Our in vivo phosphoproteomics data suggested
cross talk between these kinases and PKCe, and our in vitro data
provided additional support to this hypothesis. To further ex-
amine this cross talk in cells, we used p70SK1/p70S6K2 double-
knockout (DKO) mouse embryonic fibroblasts (MEFs) where
PKCe activity toward p70S6K substrates could be tested in
the absence of p70S6K activity. Surprisingly, DKO cells have
persistent phosphorylation at RPS6 S235/236 despite lacking
p70S6K (51). This phosphorylation has been explained by a
MAPK–p90S6K pathway downstream of PKC activation (45, 51)
and is consistent with the role of PKCs in MAPK pathway ac-
tivation (52). To account for this additional S6K pathway, we
used the potent and specific MEK inhibitor trametinib (MEKi) to

block the MAPK–p90S6K pathway in the p70SK1/p70S6K2 DKO
MEFs to examine PKCe cross talk in a S6K-null background.
In the S6K-null background (DKO MEKi+), we saw that

PKCe transfection significantly increased RPS6 S235/236 phos-
phorylation (Fig. 4 A and B), supporting direct phosphorylation
of RPS6 by PKCe. Low levels of RPS6 S235/236 phosphorylation
were observed in our null background, and we assume that this is
due to native PKC isoforms. Western blots confirmed low levels
of native PKCe expression, and phorbol 12-myristate 13-acetate
(PMA) stimulation increased RPS6 phosphorylation in non-
transfected (NT) cells. While overexpression of PKCe alone in-
creases RPS6 S235/236 phosphorylation, we did not see further
PMA stimulation in PKCe-transfected cells. Baseline IRS1
S302 phosphorylation was below the limit of quantitation in
DKO MEKi+ cells with or without PKCe overexpression.
However, we observed a significant increase in IRS1 S302 phos-
phorylation with PMA treatment and PKCe overexpression (Fig.
4C). PMA activation of native PKCs alone in untransfected cells,
with or without MEKi, could not reproduce this effect. These data
support direct phosphorylation of IRS1 S302 by PKCe; however,
unlike RPS6 phosphorylation, PMA stimulation is required. Even
though this result does not rule out the possibility that PKCe
transfection itself primes another kinase or PKC isoform to respond
to PMA and phosphorylate IRS1 S302, we believe that direct
phosphorylation by PKCe is the simplest interpretation of this re-
sult. In contrast to RPS6 S235/236 and IRS1 S302 phosphorylation,
phosphorylation on PRAS40 was not altered by PKCe transfection,
stimulation with PMA, or MEKi treatment (Fig. 4D and SI Ap-
pendix, Fig. S6A), suggesting that these sites are not regulated
by PKCe in S6K-null cells. Measuring the phosphorylation at
TSC2 T1466 was inconclusive because of a poorly performing
phosphoantibody.
PKCe phosphorylation of canonical p70S6K substrates in vitro

and in S6K-null cells supports the in vivo phosphoproteomics
data, suggesting that PKCe can cross talk with p70S6K signaling
pathways (Fig. 4E). Although PKCe appeared to cross talk with
canonical AKT sites in vivo and in vitro, we could not find fur-
ther support for this in cell lines; thus, these and other sites not
confirmed as direct PKCe substrates required further investigation.

Discussion
While INSR T1160 phosphorylation by PKCe is an important
mechanistic link between increased DAGs and hepatic insulin
resistance (8), this single phosphorylation event is unlikely to
encapsulate the full effect of PKCe on the signaling and physi-
ology of HFD-induced hepatic insulin resistance. We therefore
adopted a systems approach to understand how PKCe drives
HFD-induced hepatic insulin resistance; by comparing phos-
phoproteomes among normal, insulin-resistant, and PKCe-
deficient livers, we gain additional insight into the many signal-
ing pathways that may be driving these states.
We also used an siRNA-based functional screen to determine

which differentially regulated phosphoproteins could directly
influence canonical insulin signaling. This screen identified many
phosphoproteins spread across phosphorylation categories that,
when knocked down in a rat hepatoma cell line, affect insulin
signaling as measured by AKT pS473 staining. These proteins
include RPS6, NEO1, and DGKD whose phosphorylation was
regulated by both the HFD and PKCe (although in the case of
RPS6 and NEO1 the same site was observed, while in DGKD two
different sites were regulated); changes in the phosphorylation of
these proteins may contribute to insulin resistance. The activators
of insulin signaling ATP7B, BDH1, LAMTOR1, NRIP1, PRKCB,
RIPK3, and SEC16B may also be involved in the restoration of
insulin sensitivity by PKCe knockdown but are unlikely to drive
insulin resistance as their phosphorylation was only altered by the
PKCe knockdown but not the HFD. Together, these expand the
network by which PKCe may promote insulin resistance or sen-
sitivity beyond just phosphorylation of the insulin receptor.
In addition, we developed a method to screen potential ki-

nase–substrate relationships in higher throughput than previously
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Fig. 4. PKCe can cross talk with p70S6K substrates. (A) Western blot of p70S6K1/p70S6K2 DKO cells with or without WT PKCe transfection, treated with or
without 1 μM MEKi, followed by treatment with or without 1 μM PMA. Densitometry for RPS6 S235/236 phosphorylation (different exposures for −MEKi
and +MEKi) (B), IRS1 S302 phosphorylation (C), or PRAS40 T246 phosphorylation (D). n = 3. Bands are normalized to β-actin. Vertical bars separate +MEKi
and −MEKi. P values for two-way ANOVA with Tukey’s multiple-comparisons test are as indicated. Full Western blots with selected lanes indicated in SI
Appendix, Fig. S6B. (E) Model of PKCe modulation of canonical insulin signaling. In addition to modulating the INSR itself and other known members of the
insulin signaling pathway, PKCe may influence insulin signaling through phosphoproteins modulated by the PKCe ASO alone (categories II and VIII) or by the
PKCe ASO and HFD (categories III and VII) that were shown by siRNA screen to activate (blue) or inhibit (yellow) AKT S473 phosphorylation; direct targets of
PKCe are shown by the solid lines.
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possible, leading to the identification of PKCe substrates in the
setting of HFD-induced insulin resistance. Given the ability of LC-
MS/MS to localize phosphorylated residues, and that our substrate
library peptides map back to peptides observed in vivo, site-
specific kinase–substrate relationships validated in this manner
are extremely accurate at the peptide level and provide a platform
to screen many potential substrates in high-throughput. Additional
validation with full-length substrate protein and/or coimmuno-
precipitation with the narrowed list of potential substrates could
further strengthen these results.
Curiously, we did observe several previously described PKCe

phosphosites in our study, such as ALDOA S39, ALDOA S46,
ETFDH S550, and SDHA S22, that did not have significant fold
change with the HFD or PKCe knockdown and were therefore
not included in the substrate peptide display library. However,
the majority of known PKCe substrates from previous studies
(17, 53) were not observed in our study; this result suggests that
differences in cell type/tissue and PKCe activation do affect the
relevant PKCe network. In addition, it is possible that limiting
our library to peptides containing a RxxS/T motif excluded le-
gitimate PKCe substrates from our analysis. For example, we
observed PRKD3 S735 in category II; this site has been de-
scribed as a PKCe/PKCδ substrate but was not included in our
potential substrate library because it lacks a RxxS/T motif. The
sites that were observed in DGKD (S665 and S690) were also not
included in the PKCe substrate library because they lacked the
RxxS/T motif as well. Expanding our approach to all peptides in
a given category would overcome this limitation and will be
addressed in future studies.
We have also shown in this study that PKCe can phosphorylate

IRS1 and RPS6 in cross talk with p70S6K, but that PKCe does
not appear to cross talk with AKT in cells. Although several
studies have implicated the canonical p70S6K substrate IRS1
S302 as a mediator of insulin resistance [reviewed by Copps and
White (54)] and have suggested that reduced phosphorylation at
this site is responsible for protection against lipid- and age-
induced insulin resistance in p70S6K-null mice (55), an IRS1
S302A knockin mouse model demonstrated that this mutation by
itself was not sufficient to alter normal insulin signaling or
feedback regulation by p70S6K (56). However, it is possible that
this site works in concert with other phosphosites targeted by
p70S6K and PKCe to drive negative feedback and insulin re-
sistance. These sites include IRS1 S265, which was also phos-
phorylated by PKCe in vivo and in vitro but not validated by
Western blot due to lack of a commercially available phospho-
specific antibody, and IRS1 S1100 (human S1101), which has
been shown to impair insulin signaling (57, 58), but was just
slightly below the strict twofold change cutoff in our study (1.84-
fold change) in the PKCe knockdown condition and thus ex-
cluded from our initial analysis. Investigating the role of these
sites individually and in combination could determine how or if
they contribute to insulin resistance.
PKCe may also drive insulin resistance through RPS6 phos-

phorylation. RPS6 phosphorylation has been implicated in the
regulation of glucose homeostasis and cell size in addition to its
canonical role in regulating protein translation (59); mice with
whole-body mutation of S6K target serine residues on RPS6 to
alanine show improved peripheral insulin sensitivity through an
unknown mechanism despite hyperglycemia (which is mainly driven
by a pancreatic beta-cell defect) (59). Even though the physiologic
outcome of baseline PKCe (or PKCe–MAPK–p90S6K) phosphor-
ylation of RPS6 in DKO cells is unknown, our data show that
phosphorylation on RPS6 in vivo correlates with PKCe activation by
DAG and is rescued by PKCe knockdown. Given that we, through a
siRNA screen, and others, through S-to-A knockin models (59),
have shown that RPS6 can regulate insulin signaling and sensitivity,
it is probable that PKCe phosphorylation of RPS6 also contributes
to insulin resistance. Further study is required to determine the
mechanism by which RPS6 influences insulin signaling and sen-
sitivity, and how phosphorylation in normal and disease states
regulates those processes. Our data suggest a model whereby

PKCe cross talk with p70S6K results in the inappropriate phos-
phorylation of p70S6K substrates, leading to the activation of
negative-feedback mechanisms that reduce insulin signaling and
drive insulin resistance (Fig. 4E).
Overall, these results highlight the need to investigate entire

signaling networks in disease states using systems biology and
omics techniques to understand how the entire system responds to
perturbation and how these responses result in the complex changes
in physiology that are observed. Using these approaches in this
study, we have broadened our understanding of the proteins
involved in mediating insulin signaling and insulin resistance,
uncovered future lines of investigation into how insulin signaling
and resistance are regulated, and provided potential protein
targets for the treatment of T2D.

Materials and Methods
Animals. All experimental protocols involving animals were reviewed and
approved by the Institutional Animal Care and Use Committee of Yale
University School of Medicine before study initiation. Rats were treated with
ASO targeting a scramble sequence or PKCe for 4 wk by i.p. injection; before
experiments, rats were either maintained on regular chow or switched to
HFD with sucrose water for 3 d. HFD feeding, ASO treatment, and pheno-
typing have been described previously (7, 60, 61). Detailed methods are
available in SI Appendix, Supplemental Materials and Methods.

Phosphoproteomics. Phosphoproteomic analysis of protein extracts was
performed as reported earlier (62) with the following changes. Dimethyl la-
beling of peptides was performed before phosphopeptide enrichment with
TiO2. Furthermore, we introduced an additional ERLIC fractionation step to
further separate TiO2-enriched phosphopeptides. In our hands, this combination
of phosphopeptide enrichment by TiO2 and fractionation by ERLIC provides su-
perior performance compared with ERLIC fractionation alone (63). Detailed
protein extraction, digestion, and analysis methods are available in SI Appendix,
Supplemental Materials and Methods; full results are available in Dataset S2.

siRNA Screen. All screening was performed at and in collaboration with the
Yale Center for Molecular Discovery. Dharmacon siGENOME rat siRNAs were
obtained from GE Healthcare as SMART pools of four siRNAs per gene. In-
dividual siRNA sequences are available in Dataset S4. Rat hepatoma cells
were treated with 20 nM individual SMART pools for 48 h, serum starved for
12 h, and then treated with 1 or 10 nM insulin. Following treatment, cells
were washed, fixed, permeabilized, and stained with an antibody against
AKT pS473 (Cell Signaling Technologies), followed by Alexa Fluor 488 (Mo-
lecular Probes). Cells were imaged using the InCell 2200 Imaging System (GE
Corporation) and analyzed using InCell Analyzer software. Detailed trans-
fection, imaging, and image analysis methods are available in SI Appendix,
Supplemental Materials and Methods.

Kinase Substrate Validation. Of the 203 phosphosites observed in categories II
and III, we selected the 52 peptide sequences that had −3R for this library. We
also selected the 72 peptides out of the 269 observed in category VI that had
+1P as a control group. In category V, we selected 50 peptides that had 0-
fold change in both comparisons, and that had no elements of either the
PKC motif (−3R) or the +1P motif surrounding the central phosphorylated
residue to serve as additional controls. Predicted kinase substrate phos-
phosites were encoded as peptides at least 21 aa long. The predicted
phosphorylatable Ser or Thr residue was positioned in the middle of the
peptide (position 0) flanked on the N and C termini by the 10 aa occurring
in the native sequence of the corresponding rat protein (or more out to the
next native tryptic site). Peptides were expressed as fusions to GST in
C321.ΔA.ΔserB Escherichia coli, after which they were purified from the
bacteria, cleaved from GST by PreScission protease treatment, and sepa-
rated from the cleaved GST using molecular-weight cutoff spin columns.
Peptides were incubated in vitro with PKCe, followed by tryptic digestion
and LC-MS/MS analysis. Detailed peptide construction, cloning, expression,
purification, in vitro kinase reaction, and proteomic workup methods are
available in SI Appendix, Supplemental Materials and Methods; library
members are available in Dataset S5.

Additional Reagents and Methods. Additional reagents, cell lines, and meth-
ods are available in SI Appendix, Supplemental Materials and Methods.
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