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Fas-associated death domain-containing protein (FADD),
a classical apoptotic signaling adaptor, participates in
different nonapoptotic processes regulated by its phos-
phorylation. However, the influence of FADD on metab-
olism, especially glucose homeostasis, has not been
evaluated to date. Here, using both two-dimensional elec-
trophoresis and liquid chromatography linked to tandem
mass spectrometry (LC/MS/MS), we found that glycogen
synthesis, glycolysis, and gluconeogenesis were dysregu-
lated because of FADD phosphorylation, both in MEFs
and liver tissue of the mice bearing phosphorylation-mim-
icking mutation form of FADD (FADD-D). Further physio-
logical studies showed that FADD-D mice exhibited lower
blood glucose, enhanced glucose tolerance, and in-
creased liver glycogen content without alterations in in-
sulin sensitivity. Moreover, investigations on the molecu-
lar mechanisms revealed that, under basal conditions,
FADD-D mice had elevated phosphorylation of Akt with
alterations in its downstream signaling, leading to in-
creased glycogen synthesis and decreased gluconeogen-
esis. Thus, we uncover a novel role of FADD in the regu-
lation of glucose homeostasis by proteomic discovery
and physiological validation. Molecular & Cellular Pro-
teomics 12: 10.1074/mcp.M113.029306, 2689-2700, 2013.

Fas-associated death domain-containing protein (FADD)',
originally identified by the yeast two-hybrid system with the

cytoplasmic domain of Fas (1, 2), is considered as an essen-
tial mediator of Fas-induced apoptosis (1-3). It is a 23-kDa
protein consisting of a C-terminal death domain and an N-
terminal death effector domain (4). Later studies have re-
vealed that this adaptor molecule could transmit apoptotic
signals of all known death domain receptors (5, 6). Apart from
its critical role in apoptosis, FADD also participates in lym-
phocyte development and proliferation (7-10), cardiac embry-
onic development (11, 12), tumorigenesis (13), inflammation,
and innate immunity (14-16). These non-apoptotic functions
of FADD have been indicated to be partly attributable to its
phosphorylation (serine 194 in human and serine 191 in
mouse) (9, 10, 17, 18). This phosphorylation site locates at the
C-terminal tail of FADD outside apoptotic domains and is
regulated dependent on the cell cycle during T-cell activation
(19). Mice bearing a mutation form of FADD mimicking con-
stitutive phosphorylation at serine 191 (FADD-D) have been
generated to investigate the physiological actions of FADD
phosphorylation (8). It has been shown that FADD-D T cells
are defective in cell cycle progression without impairment in
apoptosis, suggesting an essential role of FADD phosphory-
lation in the regulation of growth and proliferation (8).
Glucose is an essential nutrient and major energy source in
mammalian. Therefore, it is of great importance to maintain
blood glucose. The glucose homeostasis is achieved by the
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balance of the storage of glucose as glycogen, the use of
glucose through glycolysis, and the production of glucose via
glycogenolysis and gluconeogenesis in liver (20). Glycogen
synthesis and breakdown (glycogenolysis) are predominantly
controlled by the coordination of two enzymes, glycogen
synthase (GS) and glycogen phosphorylase (GP) (21). Glycol-
ysis, initiated by the enzyme glucokinase (Gck), converts glu-
cose into pyruvate and further produces a final production of
ethanol or lactate by a serial of reactions (22). Gluconeogen-
esis is the opposite metabolic pathway of glycolysis, gener-
ating glucose from noncarbohydrate carbon substrates such
as pyruvate, lactate, and so on (22, 23). Glucose-6-phospha-
tase (G6pc) and phosphoenolpyruvate carboxykinase (Pepck)
are two rate-limiting enzymes for gluconeogenesis (20, 24). In
addition, glucose metabolism is under the control of several
hormones, such as insulin and glucagon (25). Insulin plays an
important role in glucose homeostasis by activating protein
kinase B/Akt, the key node in insulin signaling (26, 27). The
activated Akt can phosphorylate and inactivate glycogen syn-
thase kinase (GSK) 33, a key negative regulator in glycogen
synthesis (28, 29). Meanwhile, Akt phosphorylates the fork-
head transcription factor (Foxo1), promoting nuclear to cyto-
plasmic translocation of Foxo1 and suppressing Foxo1- de-
pendent transcription, such as G6pc and Pepck (30, 31).

At present, proteomics coupled with bioinformatics analysis
is increasingly used in biological research to fully understand
the potential targets and signaling pathway networks (32). The
proteomic platform provides a powerful tool for us to perform
high-throughput studies allowing the detection of modulated
proteins, which are regulated under abnormal conditions, and
attempts to identify candidate pathways regulated by specific
genes (33-35). In particular, the shotgun approach based on
one-dimensional (1D) PAGE with liquid chromatography chip
and Q-TOF MS/MS (HPLC-Chip/Q-TOF) allows the qualitative
and quantitative analysis of a large number of proteins in
complex samples, avoiding time-consuming two-dimensional
electrophoresis (2-DE) and isotopic labeling (36). In this study,
we first applied two-dimensional electrophoresis (2-DE)-pro-
teomics approach to compare the different expression pat-
terns of wild-type (WT) and FADD-D mouse embryonic fibro-
blasts (MEFs). Then, we further investigated WT and FADD-D
livers by a label-free 1D-LC-MS/MS analysis using nanoLC
coupled to a g-TOF mass spectrometer (HPLC-Chip/Q-TOF).
Based on the information inherent in chromatographic data,
MS spectra, and MS/MS-based peptide assignments, label-
free quantitative strategies are attractive alternatives for
quantitative LC/MS/MS-based proteomics because of their
simplicity, affordability, and flexibility. Although suppressive
ionization may affect the quantification, previous studies have
demonstrated that spectral counting (peptide count), spectral
ion intensity, or peak area of peptide ions correlates well with
protein abundance in complex samples (37-39). Here, protein
samples from two genotype livers were trypsinized before
LC-MS analysis. Samples were analyzed in triplicates using

6550 nano HPLC-Chip/g-TOF mass spectrometer. The data
were analyzed and semiquantified using Spectrum Mill bioin-
formatics tool. In total hundreds of proteins were found to be
dysregulated because of FADD phosphorylation in both MEFs
and livers. Using MetaCore™ pathway analysis tools, we
identified a number of differentially expressed proteins in-
volved in glycogen metabolism, glycolysis, and gluconeo-
genesis, suggesting a novel role for FADD in glucose ho-
meostasis. Therefore, we performed further physiological
examinations on FADD-D mice to address this issue. Our data
showed that FADD-D mice were hypoglycemic and had in-
creased glucose tolerance. The hepatic glycogen accumula-
tion in FADD-D mice was also enhanced. In addition, the
phosphorylation form of Akt, a key regulator in glucose ho-
meostasis (27, 40), was elevated in liver tissue of FADD-D
mice. Collectively, these data suggest that FADD phosphor-
ylation might have an impact on glucose homeostasis, reveal-
ing a novel function of FADD, which has not been evaluated to
date.

EXPERIMENTAL PROCEDURES

Stable Cell Line Construction and Cell Culture—WT MEFs and
FADD-D MEFs were all cultured in DMEM (Hyclone, Logan, UT)
containing 10% FBS (Hyclone) with 50 U/ml penicillin/streptomycin.
FADD mutant cell line FADD-D was constructed based on FADD "/~
MEFs; the construction and validation of the cell lines were performed
in Dr. Astar Winoto’s Laboratory (UC Berkeley). Briefly, FADD-D mu-
tant cDNAs were generated using PCR, as previously described (8),
subcloned into the retroviral vector MSCV-Zeocin and transfected
into Bosc packing cells. Supernatant was used to infect FADD knock-
out MEFs. Infected MEFs were selected with Zeocin for 1 month. The
expression levels of FADD and FADD-D were examined using immu-
noblotting assay and were similar across different MEFs.

Two-dimensional Gel Electrophoresis and Matrix-assisted Laser
Desorption lonization-time-of-flight (MALDI-TOF) MS—MEFs (1 X
107) were all harvested when they reached 90% confluence, rinsed
three times with ice-cold PBS and pelleted at 2000 X g for 5 min.
Then, the pellets were lysed in a cell lysis solution containing 7 m urea,
2 ™M thiourea, 40 mm dithiotreitol, and 2% IPG buffer (pH 3-10 L, GE
Healthcare) at a volume ratio of 1:10. After cyclic liquid nitrogen
freezing-thawing treatment, the lysates were sonicated in short bursts
to disrupt nucleic acids, and then were clarified by centrifugation at
40,000 X g at 4 °C for 60 min. The protein concentration in the
supernatant was determined by the Bradford method. All procedures
were performed on ice. The supernatant containing 120 pg proteins
was first isoelectrically focused on a gel strip with 3-10 linear pH
gradient, and then resolved on an SDS-polyacrylamide gel as previ-
ously reported (41). The separated proteins were visualized by silver
diamine-staining as described before (42). After destaining with dou-
ble distilled water, gels were scanned at 300 dpi resolution, and the
images were processed using the Adobe Photoshop software (Adobe
Systems) and analyzed using the Image Master Platinum™ software
(GE Healthcare) according to the manufacturer’s procedures. Over a
twofold change in protein concentration was considered to be signif-
icant (p < 0.01 by Mann-Whitney test). The differentially expressed
proteins were cut and digested essentially as described by Yang et al.
(43).

MALDI samples were prepared according to a thin layer method
described before (43, 44). Mass spectra were recorded on an Ultraflex
I MALDI-TOF-TOF mass spectrometer (Bruker Daltonics GmbH, Bre-
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men, Germany) under the control of FlexControl™ 3.0 software
(Bruker Daltonik). MALDI-TOF spectra were recorded in the positive
ion reflector mode in a mass range from 700-4000 Da, and the ion
acceleration voltage was 25 kV. Acquired mass spectra were pro-
cessed using the software FlexAnalysis™ 3.0 (Bruker Daltonics):
Peak detection algorithm: SNAP (Sort, Neaten, Assign, and Place);
signal-to-noise (S/N) threshold: 3; Quality Factor Threshold: 50. The
tryptic auto-digestion ion picks (trypsin_[108-115], MH*842.509,
trypsin_[58-77], MH*2211.104) were used as internal standards. Ma-
trix and/or auto-proteolytic trypsin fragments or known contaminant
ions (keratins) were excluded. The resulting peptide mass lists were
used to search the IPI mouse database 3.29 (53981 sequences,
25507684 residues) with Mascot (v2.3.02) in automated mode. The
following criteria were used for search parameters: significant protein
MOWSE score at p < 0.05, minimum mass accuracy 120 ppm,
trypsin as enzyme, 1 missed cleavage site allowed, alkylation of
cysteine by carbamidomethylation as fixed modification and oxida-
tion of methionine as variable modification. In addition, the Mascot
Score and expectation of the first nonhomologous protein to the
highest ranked hit were checked.

Animals— All studies involving mice with high standard animal wel-
fare were approved by Nanjing University Animal Care and Use Com-
mittee. Animals were maintained in a specific pathogen-free animal
facility on a 12-h light-dark cycle at an ambient temperature of 21 °C.
They were given free access to water and food. Experiments were
performed on mice aged between 8-10 weeks. Details of generating
FADD-D mice have been described previously (8).

Protein Extraction, Separation, and Digestion—Proteins were ex-
tracted from fresh livers as described previously with some modifi-
cations (45). Briefly, minced livers were homogenized with 5 volumes
of ice-cold lysis solution using a loose fitting Dounce homogenizer.
After filtering through four layers of nylon gauze, the homogenate was
centrifuged at 12,000 X g for 10 min, and then the supernatant was
collected and the protein concentration was determined using the
Bradford protein assay kit (Bio-Rad, Hercules, CA). After being sep-
arated by SDS-PAGE, the PAGE was stained with Coomassie brilliant
blue G-250 and cut into slices. Before MS analysis, the gel was
destained with 100 mm ammonium bicarbonate (ABC)/50% acetoni-
trile (ACN) (1:1, v/v), and ACN was added to dehydrate. Subsequently,
trypsin (10 ng/ul) was added to the gel pieces, and then ABC/ACN
(9:1, v/v) of 40 mm was added to cover, and digested overnight. Then
the digest pieces were extracted with a solution containing 50% ACN
and 5% formic acid (FA). The digested peptides were concentrated
by freeze drier and stored at —80 °C for further MS analysis.

LC-CHIP Q-TOF MS/MS Analysis—The LC-CHIP Q-TOF MS/MS
analysis was conducted as described previously (46). The HPLC-Chip
is a microfluidic device that integrates sample preparation and anal-
ysis on a single chip, which includes a sample enrichment column, an
analytical column, a nano-spray tip, and all connections between
them. It inserts into the HPLC-Chip/MS interface, which includes the
nano-spray source, connections to the LC pumps and autosampler,
and the microvalve for column switching. The chip is hydraulically
interfaced to a nano-HPLC pump and an autosampler through a face
seal rotaryvalve, thus eliminating conventional LC fittings and con-
nections. Briefly, the lyophilized peptides were resuspended in 0.1%
FA. The resuspended peptide solution was enriched and fractionated
with HPLC-Chip (Agilent 1200 Series HPLC systems). The software
HPLC-Chip Cube MS interface was used to control the whole ana-
lytical process. A total of 1.0 ul sample (200 ng) was injected into the
enrichment column to desalt and analyze online through MS" after
isocratic elution and gradient elution by enrichment and separation
columns, respectively. The peptides were loaded into the enrichment
column before analytical separation. A Agilent 6550 ESI Q-TOF Mass
Spectrometer adopted Chip cube was used as an ion source. Pre-

cursor selection selected three max precursors per cycle, active
exclusion by enabled mode, excluded after 1 spectrum, and released
after 0.25 min and the MS or MS/MS scanning range of m/z 300 to
3000 or 100 to 3000.

Database Search for Protein Identification—Database search was
applied as previously reported (46). Briefly, the data of MS and
MS/MS were analyzed using the Agilent G2721AA Spectrum Mill MS
Proteomics Workbench (Rev A.03.03.078) against the database of
UniProtKB/SWISSProt, species Mus musculus (mouse). The value of
peptide spectral intensity was obtained from the analyzed data of MS
and MS/MS by the spectrum mill proteomics workbench. The Spec-
trum Mill Data Extractor program prepared MS/MS data files for
processing. Autovalidation was carried out after searching by calcu-
lated reversed database scores to rule out false positives.

Bioinformatics Analysis—The data set with a list of regulated pro-
teins identified by proteomics was analyzed further by pathway anal-
ysis using the network building tool MetaCore™ version 5.4 (GeneGo,
St. Joseph, MI). MetaCore™ is an integrated software suite for func-
tional analysis of experimental data. It is based on a proprietary
manually curated database of protein—protein, protein-DNA and pro-
tein compound interactions, metabolic and signaling pathways and
the effects of bioactive molecules in gene expression. The networks
can be visualized graphically as nodes (proteins) and edges (the
relationship between proteins) alongside the empirical expression
pattern. Differentially expressed proteins were converted into gene
symbols and uploaded into MetaCore™ for analysis. For enrichment
analysis, gene IDs of the uploaded files were matched with gene IDs
in GeneGo ontologies in MetaCore™ that includes GeneGo Pathway
Maps.

Metabolic Analysis—Mice were fasted overnight. Blood glucose
concentrations were measured using a glucometer (Roche, Mann-
heim, Germany). Serum insulin was determined using Rat/Mouse
Insulin ELISA (Millipore, Billerica, MA). Serum glucagon was deter-
mined by Bio-Plex kit (Bio-Rad Laboratories, Hercules, CA).

Intraperitoneal Glucose and Insulin Tolerance Test—For intraperi-
toneal glucose tolerance test (IPGTT), we subjected mice to an over-
night fast followed by intraperitoneal glucose injection (1.0 g/kg).
Blood glucose was measured at 0, 15, 30, 60, and 90 min after the
injection. For intraperitoneal insulin tolerance test (IPITT), mice were
fasted for 6 h, followed by intraperitoneal insulin injection (0.5 U/kg).
Blood glucose levels were then measured at 0, 15, 30, 60, and 90 min
after the injection.

Glycogen Content—The glycogen content was determined accord-
ing to the method described previously (47). Briefly, mice were fasted
overnight and sacrificed. Liver samples (30-90 mg) were weighted
and digested in 300 ul of 30% (w/v) KOH at the boiling water bath for
30 min. After the solution cooled to room temperature, 100 ul 1 ™
Na,SO, and 800 pnl ethanol were added and boiled for 5 min to
precipitate glycogen. The samples were centrifuged for 5 min at
10,000 rpm and the pellets were washed with 95% ethanol and dried
on air. Pellets were reconstituted in 200 ul 0.2 M Na-acetate buffer (pH
4.8) and hydrolyzed with 1.25 mg/ml amyloglucosidase (Sigma-Al-
drich, St. Louis, MO) at 55 °C for 2 h. Glucose concentration was
determined using Glucose (GO) Assay Kit (Sigma-Aldrich, St. Louis,
MO).

Histology—Livers collected from euthanized animals were fixed in
10% phosphate-buffered formalin and embedded in paraffin, then,
5-um-thick sections were stained with hematoxylin and eosin (H&E)
for routine histology. Liver samples were fixed in Carnoy solution
(60% ethanol, 30% chloroform, 10% glacial acetic acid) for glycogen
detection and stained with Periodic Acid-Schiff (PAS) Kit (Sigma-
Aldrich, St. Louis, MO).

For immunohistochemical staining, liver sections were immuno-
stained with anti-GS antibody (Cell Signaling Technology, Beverly,
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MA) and visualized with DAB. The localization of Foxo1 in liver was
detected by staining liver sections with anti-Foxo1 antibody (Cell
Signaling Technology, Beverly, MA) and Alexa Fluor 488-conjugated
anti-rabbit IgG antibody (Invitrogen, Carlsbad, CA) was used as the
secondary antibody. Nuclei were stained with Hoechst. The staining
was monitored with an Axiophot2 microscope (Zeiss, Jena,
Germany).

For electron microscopic examination, livers were fixed with 2.5%
glutaraldehyde in 0.1 m phosphate buffer (pH 7.4). The tissues were
postfixed in 2% osmium tetroxide solution and embedded in epoxy
resin. Sections were examined with electron microscope (Zeiss, Jena,
Germany).

Western Blotting—Mice fasted overnight were injected intraperito-
neally with 1 U/kg insulin. After 15 min, mice were sacrificed and
tissues were collected. Livers were homogenized in lysis buffer. After
centrifugation at 12,000 rpm, the supernatant was collected, and
protein concentration was quantified by Bradford assays.

For Western blotting, equal amounts of protein (50 ng) were elec-
trophoresed by 6-12% SDS-PAGE and then transferred onto a PVDF
membrane. Blots were probed with antibodies for Akt, phospho-Akt
(Serd73), phospho-GSK3pB (Ser9), GS (Cell Signaling Technology,
Beverly, MA, USA), GSK3B (BD Biosciences, Franklin Lakes, NJ),
Ppp1ica, Ldha, Pepck (Santa Cruz Biotechnology, Inc., Santa Cruz,
CA), Glucokinase (Bioworld Technology, Inc., MN), Pgam1, Aldoa,
Tpi1, Kpyr, and G6pc (Bioss, Beijing Biosynthesis Biotechnology,
Inc., Beijing, China).

RNA Extraction and Quantitative Real-time PCR—Total RNA was
extracted from tissues using a TRIzol reagent (Invitrogen, Carlsbad,
CA) following the manufacturer’s instructions and was used to pre-
pare cDNA by PrimeScript RT reagent kit (Takara, Otsu, Shiga, Ja-
pan). Quantitative real-time PCR (QRT-PCR) was performed on an ABI
system (Applied Biosystems, Foster City. CA). The primers used in the
gRT-PCR were listed in supplemental Table S1. All data were means
of fold change of triplicate analyses and normalized with those of
GAPDH.

Statistical Analysis—Data were presented as means = S.E. The
difference between the two genotype groups was analyzed by two-
tailed Student’s t test using Prism software (GraphPad, San Diego,
CA). Values were considered statistically significant at p < 0.05.

RESULTS

2-DE-Based Proteomics Analysis—Considering the signifi-
cance of serine 191 phosphorylation at FADD C-terminal re-
gion, we sought to reveal the molecular pathways directly or
indirectly controlled by this phosphorylation and underscore
its critical roles in nonapoptotic processes by the high
throughput proteomic approaches. The confirmation of
FADD-D MEF cell line was validated by Western blotting as
shown in supplemental Fig. S1A. Proteomic profiling of
FADD-D and wild type (WT) control MEFs was performed in
parallel by two-dimensional electrophoresis analysis. supple-
mental Fig. S2 showed the typical 2-D gel images of the two
cell lines respectively. A total of 35 proteins with their identi-
fied specific MS/MS sequences, were identified after in-gel
digestion, MALDI-TOF/TOF analysis, and IPI mouse database
search. To further interpret the likely roles of differentially
expressed proteins induced by FADD phosphorylation, we
used the MetaCore™ pathway mapping tool to analyze and
build the biological networks related to these proteins.
GeneGo Map Folder analysis was applied to show that energy
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Fic. 1. Representation of ontological category of differentially
expressed proteins in control and FADD-D cell lines by GeneGo
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Fold “energy metabolism and its regulation” were shown.

metabolism and its regulation have the highest significance.
Fig. 1 showed detailed GeneGo Maps in Fold “energy metab-
olism and its regulation,” among which insulin regulation of
glycogen metabolism, glycolysis and gluconeogenesis were
the most significant pathways. Six of the changed proteins
were involved in these pathways (Table | and supplemental
Fig. S3). supplemental Fig. S4A-S4C further displayed the
pathway maps associated with glycogen metabolism, glycol-
ysis, and gluconeogenesis. These results indicated that glu-
cose metabolism may be dysregulated because of FADD
phosphorylation in MEFs.

HPLC-Chip/Q-TOF Based Proteomics Analysis—To test
whether FADD phosphorylation has a critical role on glucose
metabolism, we generated FADD-D mice, an animal model
containing FADD phosphorylation-mimicking mutation of ser-
ine residue at 191 on the background of FADD /" (8). The
expression levels of FADD and its phosphorylation form in
livers of FADD-D and its littermate control mice were con-
firmed by Western blotting as shown in supplemental Fig.
S1B. HPLC-Chip/Q-TOF technology was applied to quantita-
tively determine differentially expressed proteins between
control and FADD-D mice livers. A t test identified 122 differ-
ential proteins. MetaCore™ pathway mapping tool revealed
that seven proteins among them were involved in glycogen
metabolism, glycolysis, and gluconeogenesis processes
(Fig. 2 and Table ll), which was partially consistent with the
above cellular proteomics results. These data suggest a cru-
cial role of FADD in glucose metabolism.
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TABLE |
Deregulated proteins involved in glycolysis and gluconeogenesis in FADD-D cells compared to FADD cells. The identification information for
each protein is documented in supplemental File S1

S’\lpcit Ratlf;oo'f: :Sg D-D Identified protein I\(l)ztj\év;rsk NCBI accession No. Cove;aegpii?ezastched MowseScore
1 -2.45 Phosphoenolpyruvate carboxykinase, PPCKM Gl:52783203 31% 125
mitochondrial precursor

2 3.13 Glucokinase HXK4 Gl:1708365 33% 110
3 -2.78 Glucose-6-phosphatase G6PT Gl:341940721 41% 148
4 3.79 Phosphoglycerate mutase 1 PGAMA1 Gl:20178035 67% 154
5 2.88 L-lactate dehydrogenase A chain LDHA Gl:126048 36% 159
6 2.86 Serine/threonine protein phosphatase PP1-cat Gl:49065812 30% 85
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the proteins that were up-regulated in FADD-D mice liver relative to

Low Blood Glucose Level in FADD-D Mice—To clarify the
specific role of FADD phosphorylation on glucose metabolism
physiologically, we examined blood glucose level in FADD-D
mice, and found that FADD-D mice displayed notably lower
fed and fasting blood glucose levels (Fig. 3A). Because glu-
cose homeostasis is mainly regulated by insulin and glucagon
(26, 48), we also detected their concentrations in serum.
Fasting insulin levels were higher in FADD-D mice (Fig. 3B). In
addition, glucagon, the counter-regulatory hormone of insulin,
was about three times the level of control mice in FADD-D
mice (Fig. 3C).

control group.

Improved Glucose Tolerance in FADD-D Mice—To further
explore the effects of FADD-D on glucose homeostasis in
vivo, we performed an intraperitoneal glucose tolerance test
(IPGTT). In an IPGTT assay, the glucose levels were signifi-
cantly decreased in FADD-D mice (Fig. 3D) and the incremen-
tal area under the blood glucose curve of FADD-D mice was
only about two-thirds of that in control mice (Fig. 3E), indicat-
ing an improved glucose clearance in FADD-D mice after a
glucose challenge.

The Intraperitoneal insulin tolerance test (IPITT) was also
conducted to evaluate whether insulin sensitivity was
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TABLE Il
Deregulated proteins involved in glycolysis and gluconeogenesis in FADD-D mice liver compared to control mice liver. The identification
information for each protein is documented in supplemental File S2

No. Identified protein 7Net.work Swiss-Prot No. Molepular Ratio of FADD-D
objects weight to control
1 Glucose-6-phosphatase, catalytic G6PT P35576 40,473 -1.97
2 Glucokinase (hexokinase 4) HXK4 P52792 52,089 4.65
3 Phosphoenolpyruvate carboxykinase 1, cytosolic PPCKC Q9z2v4 69,355 -2.34
4 Triosephosphate isomerase 1 TPIH P17751 32,192 -1.76
5 Pyruvate kinase isozymes R/L KPYR P53657 62,309 3.42
6 Fructose-bisphosphate aldolase A ALDOA P05064 39,356 -1.68
7 Glycogen synthase, liver GYS2 Q8VvCB3 80,871 8.56
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Fic. 3. Low blood glucose and increased glucose tolerance in
FADD-D mice. A, Fed and fasted blood glucose level in mice (n =
4-9 for each group). B and C, Fasted serum insulin (B) and glucagon
(C) levels in mice (n = 6-12 for each group). D, IPGTT of FADD-D
(black squares) and control mice (white diamonds). Mice were in-
jected intraperitoneally with 1.0 g/kg glucose, and blood glucose
levels were monitored at the intervals indicated (n = 3). E, The
histogram represents the cumulative increase in blood glucose from
basal level after the injection of glucose during IPGTT. F, IPITT of
FADD-D (black squares) and control mice (white diamonds). Mice
were injected intraperitoneally with 0.5 U/kg insulin, and blood
glucose levels were monitored at the intervals indicated (n = 3). G,
The histogram represents the cumulative decrease in blood glucose
from the basal level after the injection of insulin during IPITT. Data
are presented as means * S.E. Statistical significance was as-
sessed by two-tailed Student’s t test, 'p < 0.05, “p < 0.01, "p <
0.001.

changed in FADD-D mice. After insulin injection, the blood
glucose of FADD-D mice decreased to the level dramatically
lower than that observed in littermates (Fig. 3F). But there was
no significant difference in the relative decreased glucose
from basal levels between FADD-D and control mice (Fig. 3G),
suggesting that insulin sensitivity in FADD-D was unaltered.

Increased Glycogen Accumulation in Liver of FADD-D
Mice—Blood glucose homeostasis is maintained by a balance
between glucose production, uptake, and storage, which
mainly take place in liver (20). So, we next examined the liver
of these mice. Liver weights of FADD-D mice were decreased
compared with their littermate controls (Fig. 4A). But when
normalized to the body weight, the relative liver weight was
significantly higher in FADD-D mice (Fig. 4B).

Histology analysis of liver showed there was no notable
difference between FADD-D and control mice on Hematoxylin
and Eosin (H&E) stains. Periodic acid-Schiff (PAS) staining
revealed a remarkable increased hepatic glycogen accumu-
lation in FADD-D mice (Fig. 4C), which was further confirmed
by electron microscopy (Fig. 4D). In addition, the biochemical
assay demonstrated that there was an approximate sixfold
increase in hepatic glycogen content in FADD-D mice com-
pared with littermate controls (Fig. 4E).

Enhanced Akt Phosphorylation in FADD-D Mice—To inves-
tigate the molecular mechanisms underlying the hypoglyce-
mia and hepatic glycogen accumulation in FADD-D mice, we
studied the insulin signaling, which plays a critical role in
glucose homeostasis (26, 27). Under resting conditions, there
was a significant increase in the phosphorylation of Akt in
FADD-D mice liver (Figs. 5A and 5B). After insulin stimulation,
FADD-D and control mice both had increased Akt phosphor-
ylation. But, consistent with the above IPITT results, the
amplification of Akt phosphorylation after insulin stimulation
showed no significant difference between FADD-D and con-
trol mice (Fig. 5D), indicating unaltered insulin sensitivity in
FADD-D mice.

Similar alterations were observed in glycogen synthase ki-
nase (GSK) 38 (Figs. 5A, 5C, and 5E), a key negative regulator
in glycogen synthesis downstream of Akt (28, 29). Because of
the increased GSK3B phosphorylation under basal condi-
tions, the unphosphorylated GSK33, which is the active form
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and can phosphorylate and inactivate GS, was decreased. As
a result, the activate form of unphosphorylated glycogen syn-
thase (GS) was highly expressed in FADD-D mice corre-
spondingly, as detected by Western blot and immunohisto-
chemistry analyses of liver sections (Figs. 5A and 5F), leading
to enhanced hepatic glycogen synthesis. The increased GS
expression in FADD-D liver also confirmed our proteomics
data.

In addition, as another downstream target of Akt, forkhead
transcription factor (Foxo1) was also phosphorylated and a
significant nuclear exclusion of Foxo1 was observed in liver
sections of FADD-D mice compared with their littermates
(Fig. 5Q).

Expression of Genes Involved in Glucose Metabolism in
FADD-D Mice—We next preformed qRT-PCR to analyze the
expression of genes involved in glucose metabolism. Consis-
tent with changes in insulin signaling and the above proteo-
mics results, the mRNA levels of the two rate-limiting enzymes
involved in gluconeogenesis and glycogenolysis glucose-6-
phosphatase (G6pc) and phosphoenolpyruvate carboxyki-
nase (Pepck) controlled by Foxo1 (30, 31), were down-regu-
lated in liver tissues from FADD-D mice (Fig. 6A). Furthermore,
the decreased hepatic Foxo1 mRNA level in FADD-D mice
(Fig. BA), together with the loss of function of Foxo1 by phos-
phorylation, led to suppression of G6pc and Pepck expres-
sion. Proteomics data indicated that Glucokinase (Gck), which
is critical in glycogen synthesis and glycolysis (49), was highly
expressed in FADD-D mice liver. The gRT-PCR analysis fur-
ther confirmed the enhanced expression of Gck (Fig. 6B),
accounting for the increased hepatic glycogen and low blood
glucose observed in FADD-D mice. We also detected the
mRNA expression of other changed enzymes identified in our
proteomics analyses (Figs. 68 and 6C). In addition, we per-
formed Western blots to verify the protein expression of these

enzymes, which was mostly consistent with our proteomics
results (Fig. 6D). In general, immunoblotting, gRT-PCR and
physiological analyses confirmed the quantitative results de-
tected by comparative proteomics. Thus, these data demon-
strate for the first time that phosphorylation of FADD is asso-
ciated with glucose homeostasis in vivo.

DISCUSSION

FADD serves as a critical adaptor in death receptor medi-
ated apoptotic signaling. Further studies have revealed a
novel role of “proliferation-apoptosis coupler” of FADD, which
is assumed regulated by its phosphorylation (8, 17). Intrigu-
ingly, in this study, we uncover an unexpected role of FADD in
glucose homeostasis, which may also be regulated by its
phosphorylation.

Cellular and mice liver comparative proteomics revealed a
special role for FADD in glycolysis and gluconeogenesis. Con-
ventional 2-DE, in combination with advanced mass spectro-
metric techniques, has facilitated the rapid characterization of
thousands of proteins in a single polyacrylamide gel. How-
ever, several limitations and problem issues have been rec-
ognized: (1) Although silver staining has high sensitivity, it is
worth paying special attention that this method has a narrow
linear dynamic range, making it less suitable for quantification;
(2) Proteins displayed in a single 2D gel represent only a
portion of all the proteins that are present in a sample. Thus,
in our study, in addition to 2-DE, we further applied HPLC-
Chip/Q-TOF technology to perform proteomics screening.
The combined use of HPLC-Chip/Q-TOF and 2D-PAGE meth-
odologies afforded a number of advantages over the use of a
single proteomic methodology, including the ability to confirm
experimental results and accuracy by essentially comparing
results from each method. Because each method has its own
unique set of advantages, the combined use of both tech-
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FiG. 5. Enhanced Akt phosphorylation in the liver of FADD-D mice. A, Western blots of liver tissue lysates from FADD-D and control mice
were performed after insulin treatment to assess phospho-Akt, phospho-GSK3g, as well as total Akt, GSK3B, GS and GAPDH expression
levels (n = 3 for each group). B and C, Densitometric analysis of phospho-Akt (B) and phospho-GSK38 levels (C) in (A). D and E, Amplification
of Akt phosphorylation (D) and GSK3B phosphorylation (E) after insulin stimulation. F, GS immunostaining in liver sections of FADD-D and
control mice (n = 3 for each group). Scale bar, 20 um. G, Immunohistochemistry with anti-Foxo1 antibody (green) and Hoechst (blue) to show
the localization of Foxo1 in liver sections of FADD-D and control mice (n = 4 for each group). Scale bar, 20 um. Data are presented as means +
S.E. Statistical significance was assessed by two-tailed Student’s t test, ‘o < 0.05.

niques enhanced our confidence in the reported findings. It is
important to point out that, though distinct sets of glycolysis
and gluconeogenesis proteins were identified with each pro-
teomic platform (HPLC-Chip/Q-TOF and 2D-PAGE), the re-
sults observed seemed to point in the same direction. All of
the dysregulated proteins identified by proteomics analyses
were further validated by qRT-PCR and/or Western blotting
assays. For instance, G6pc and Pepck, two enzymes involved
in gluconeogenesis, were found to be decreasingly expressed
in FADD-D MEFs and livers by proteomics analyses. Later
gRT-PCR and Western blots confirmed these results. How-
ever, the mRNA levels of a few proteins did not always agree
with proteomics results, suggesting that the observed altera-

tions in levels of these proteins were caused by post-tran-
scriptional changes in the stability of mRNA and/or protein.
For example, consistent with observations from proteomics,
the expression of GS markedly increased at protein levels in
FADD-D livers by Western blotting analysis, but the mRNA
level was found to be reduced. As we know, although abun-
dant mRNAs usually result in high protein levels (50), the
general correlation between mRNA levels and protein abun-
dance is often poor (51), which might be because of the
regulatory complexity of mMRNA translation and protein stabil-
ity. Additionally, although the directional changes for all pro-
teins analyzed by Western blotting were consistent with the
proteomics data, the intensity differences seen by the
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immunoblotting analysis did not always agree with the pro-
teomics results. For example, the intensity of pyruvate kinase
isozymes R/L (Kpyr) in FADD-D liver was 3.4-fold compared
with control liver by proteomics analysis, whereas on the
immunoblotting analysis, the intensity of Kpyr in FADD-D liver
was only about 1.3-fold of that in control liver. Actually, there
might be many technical reasons for differences in the abso-
lute values (e.g. different methods of detection and variations
in how software packages define the outlines of bands/spots)
as well as biological reasons (protein isoforms differing in
charge that are separated by 2-DE but co-migrate in the 1D
gels used for immunoblotting). Proteomics analysis is known
to suffer from a high rate of false-negative results, thus em-
phasizing the importance of performing replicate proteomic
experiments, and validating the data by orthogonal ap-
proaches. In general, gRT-PCR and immunoblotting con-
firmed most of the quantitative results detected by proteo-
mics screening.

As an important part of metabolism, glucose homeostasis is
maintained by the balance of glucose storage as glycogen,
glucose utilization by glycolysis and glucose production
through gluconeogenesis and glycogenolysis (20). Our anal-
ysis of cellular and mice liver comparative proteomics re-
vealed a special role for FADD in glucose metabolism.
Glycogen synthase (GS) and glycogen phosphorylase (GP),
responsible for glycogen synthesis and breakdown respec-

® Pgaml B — 29kDa
Tpil — 27kDa
Kpyr ‘E — 57 kDa
Aldoa El — 40 kDa
Tublin E] — 55kDa

tively, coordinate to regulate glycogen metabolism (52, 53).
The increased expression of protein serine/threonine protein
phosphatase PP1-alpha catalytic subunit (Pppica), as indi-
cated in our proteomics and Western bolt assays, will inacti-
vate GP and inhibit glycogen breakdown (52). On the other
hand, GS is inactivated by multisite phosphorylation involving
several protein kinase, such as GSK3, which is regulated by
Akt (28, 29, 54, 55). In FADD-D mice, the highly phosphory-
lated Akt increased the active form of GS through elevated
GSK3p phosphorylation, leading to enhanced glycogen syn-
thesis as we have detected. Another protein with increased
expression identified in the proteomics of MEFs and liver in
FADD-D mice was Gck, which catalyzes glucose into glu-
cose-6-phosphate (20), initiating glycogen synthesis. Gck
also plays a critical role in glycolysis, together with the
changed expression of other enzymes involved in glycolysis
(20, 56), such as phosphoglycerate mutase 1 (Pgam1) and
L-lactate dehydrogenase A chain (Ldha), enhancing the use of
glucose in FADD-D mice. On the contrary, as a result of Akt
phosphorylation-induced inactivation of Foxo1, the protein
and mRNA expressions of G6pc and Pepck, two key enzymes
in gluconeogenesis and glycogenolysis controlled by Foxo1,
were suppressed in FADD-D mice liver, leading to decreased
glucose production (30). Collectively, the changes in the pro-
tein and mRNA levels of these enzymes involved in glucose
metabolism contributed to the decreased glucose production,
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Fic. 7. Schematic representation of the altered glucose homeo-
stasis in FADD-D mice. Elevated Akt phosphorylation in FADD-D
mice inactivated GSK3p and increased active form of GS, together
with the highly expressed Gck and Pppica, leading to enhanced
glycogen accumulation. On the other hand, Akt phosphorylated and
inactivated Foxo1, which regulates the transcription of Gépc and
Pepck, suppressing gluconeogenesis and glycogenolysis. The ex-
pression levels of proteins involved in glycolysis were also changed.
As a result, there was a low blood glucose level in FADD-D mice. The
purple ellipses indicate proteins with changed expression we have
found in proteomics and verified by Western blots.

as well as the increased glucose storage and use, finally
leading to the hypoglycemia observed in FADD-D mice
(Fig. 7).

Western blots of liver tissues showed that FADD-D may
regulate glucose homeostasis through increasing the phos-
phorylation of Akt, which is a key node in insulin signaling (27).
Unfortunately, we failed to detect the interaction between
exogenously expressed Akt and FADD in vitro. It is likely there
might be other proteins integrating the relationship between
Akt and FADD, such as type 2A phosphatase (PP2A). Re-
cently, our laboratory has found that FADD interacts with
PP2A to facilitate the dephosphorylation of conventional PKC
(cPKC), which can be abolished by FADD deficiency or phos-
phorylation (57). Akt belongs to the AGC kinase family and has
extensive homology to protein kinase C (PKC) within kinase
domains (58). In addition, Akt has a similar pattern of phos-
phorylation in PKC (59) and can also be inactivated by PP2A
(60, 61). Thus, we suspect that FADD might regulate Akt
activity by PP2A in the same way in PKC. Phosphorylation of
Akt can also be affected by mammalian tribbles homolog 3
(TRB3) or protein tyrosine phosphatase 1B (PTP1B) (62, 63).

In subsequent studies, we will put emphasis on identifying the
possible mediators that might serve as the link between
FADD-D and enhanced Akt activation.

In conclusion, by comparative proteomics discovery and
physiological validation, our study provides evidence for the
first time, that FADD, especially its phosphorylation form, has
an impact on glucose homeostasis, another nonapoptotic
function compared with previous reports. We suggest that
FADD-D might affect the expression of enzymes in glucose
metabolism, decreasing the blood glucose level. This effect
might have a correlation with increased Akt phosphorylation
in FADD-D, providing a potential drug target in the treatment
of diabetes. Further studies may focus on clarifying the rela-
tionships between FADD and Akt, and investigating mecha-
nisms underlying the effect of FADD on glucose metabolism in
detail.
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