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Characterization of Human Myotubes From
Type 2 Diabetic and Nondiabetic Subjects
Using Complementary Quantitative Mass
Spectrometric Methods*s

Tine E. Thingholm1§1], Steffen Bakt§, Henning Beck-Nielsent, Ole N. Jensen§,

and Michael Gastert

Skeletal muscle is a key tissue site of insulin resistance in
type 2 diabetes. Human myotubes are primary skeletal
muscle cells displaying both morphological and biochem-
ical characteristics of mature skeletal muscle and the
diabetic phenotype is conserved in myotubes derived
from subjects with type 2 diabetes. Several abnormalities
have been identified in skeletal muscle from type 2 dia-
betic subjects, however, the exact molecular mechanisms
leading to the diabetic phenotype has still not been found.
Here we present a large-scale study in which we combine a
quantitative proteomic discovery strategy using isobaric
peptide tags for relative and absolute quantification (iTRAQ)
and a label-free study with a targeted quantitative pro-
teomic approach using selected reaction monitoring to
identify, quantify, and validate changes in protein abun-
dance among human myotubes obtained from nondiabetic
lean, nondiabetic obese, and type 2 diabetic subjects, re-
spectively. Using an optimized protein precipitation proto-
col, a total of 2832 unique proteins were identified and
quantified using the iTRAQ strategy.

Despite a clear diabetic phenotype in diabetic myo-
tubes, the maijority of the proteins identified in this study
did not exhibit significant abundance changes across the
patient groups. Proteins from all major pathways known
to be important in type 2 diabetic subjects were well-
characterized in this study. This included pathways like
the trichloroacetic acid (TCA) cycle, lipid oxidation, oxida-
tive phosphorylation, the glycolytic pathway, and glyco-
gen metabolism from which all but two enzymes were
found in the present study. None of these enzymes were
found to be regulated at the level of protein expression or
degradation supporting the hypothesis that these path-
ways are regulated at the level of post-translational mod-
ification. Twelve proteins were, however, differentially ex-
pressed among the three different groups. Thirty-six
proteins were chosen for further analysis and validation
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using selected reaction monitoring based on the regula-
tion identified in the iTRAQ discovery study. The abun-
dance of adenosine deaminase was considerably down-
regulated in diabetic myotubes and as the protein binds
propyl dipeptidase (DPP-IV), we speculate whether the
reduced binding of adenosine deaminase to DPP-IV may
contribute to the diabetic phenotype in vivo by leading to
a higher level of free DPP-IV to bind and inactivate the
anti-diabetic hormones, glucagon-like peptide-1 and glu-
cose-dependent insulintropic polypeptide. Molecular &
Cellular Proteomics 10: 10.1074/mcp.M110.006650, 1-15,
2011.

The constant increase in obesity in industrialized countries
resulting from a sedentary lifestyle and overly rich nutrition
has resulted in an elevation in the number of people diag-
nosed with diabetes worldwide (1-4). In the United States
alone, 23.6 million people have been estimated to have dia-
betes of which 17.9 million have been diagnosed, 90% of
them with type 2 diabetes (T2D)' (5, 6). Furthermore, in-
creased prevalence in the United States has lead the Ameri-
can Centers for Disease Control and Prevention to publically
classify the disease as an epidemic. The worldwide picture
shows the same trends and today T2D is seen as one of the
main threats to human health in the Western world (7). T2D is
a complex disorder characterized by impaired insulin secre-
tion from B-cells and insulin resistance in the major metabolic

" The abbreviations used are: T2D, type 2 diabetes; Acc, accession
number; CID, collision-induced dissociation; DPP-IV, propyl dipepti-
dase; EC, enzyme commission number; ESI, electrospray; ETD, elec-
tron transfer dissociation; FDR, false discovery rate; GIP, glucose-de-
pendent insulintropic polypeptide; GLP-1, glucagon-like peptide 1;
GS, glycogen synthase; HCD, higher-energy collision dissociation;
IPA, ingenuity® pathway analysis; iTRAQ, isobaric peptide tags for
relative and absolute quantification; LC, liquid chromatography; LTQ,
linear ion trap; MALDI, matrix-assisted laser desorption/ionization;
MS/MS, tandem mass spectrometry; PQD, pulsed g collision induced
dissociation; SCX, strong cation exchange chromatography; SILAC,
stable isotope labeling by amino acids in cell culture; SRM, selected
reaction monitoring; TCA, citric acid cycle; FWHM, Full Width at Half
Maximum; KEGG, kyo to encyclopedia of Genes and Genomes.
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tissues such as skeletal muscle, liver, and fat cells (8, 9).
Skeletal muscle is a key tissue site of insulin resistance, with
evidence of decreased insulin-stimulated glucose uptake and
storage as glycogen. Although several abnormalities have
been identified in skeletal muscle from T2D subjects, the
exact molecular mechanisms leading to insulin resistance
have still not been established (8, 10).

For the last two decades, measurements of energy stores
and metabolites, morphological studies, assays of enzyme
activity and phosphorylation, as well as gene and protein
expression have been carried out in skeletal muscle biopsies
to study the molecular mechanisms underpinning insulin re-
sistance (11). Changes in both mRNA and protein abundance
in skeletal muscle have been linked to a large number of
metabolic disorders, including insulin resistance (12, 13).
Most studies of changes in muscle structure and metabolism
under different physiological and pathophysiological condi-
tions have, however, only focused on a few genes or proteins
(12). In addition, most of these studies have been performed
on individual patient samples in which the risk of patient
variability is very high. Furthermore, the level of mMRNA may
not precisely reflect the exact protein abundance because of
post-transcriptional control, alternative splicing and different
lifetime, and no information on post-translational modifica-
tions (PTMs) is obtained from such analysis (14, 15). More-
over, it is still uncertain whether the pathophysiological mech-
anisms leading to the diabetic phenotype e.g. insulin
resistance will be found at the level of protein abundance or
PTM. To obtain a better understanding of the molecular
mechanisms leading to such disorders it is necessary to per-
form large-scale quantitative studies. Strategies such as pro-
teomics and gene expression profiling on skeletal muscle
biopsies have recently been implemented to obtain a more
global overview of the human skeletal muscle proteome. The
focus however, has mainly been on mitochondrial proteins
and only a few quantitative studies have been published.

Cultured human muscle cells (myotubes) are a valuable tool
for the investigation of T2D (16-21). Human myotubes are
primary skeletal muscle cells displaying the morphological,
metabolic, and biochemical properties of adult skeletal mus-
cle (16, 22). Furthermore, they express the diabetic phenotype
when established from subjects with T2D (16, 21) and are as
such a unique model system to distinguish between genetic
and environmental factors in the etiology of insulin resistance
and T2D. We and others have reported several potential in-
trinsic defects in myotubes established from subjects with
T2D. These include reduced insulin-mediated glucose uptake,
glucose oxidation, and glycogen synthesis (18, 21). In addi-
tion, lipid oxidation and trichloroacetic acid (TCA) flux was
decreased (23, 24) and very recently, it was found that the
ATP synthesis rate during ATP utilization was reduced in
isolated mitochondria from diabetic myotubes (25). The use of
primary cell lines is challenged by the fact that they can only
be cultured for a few passages to preserve their primary

phenotype. This precludes the use of metabolic labeling of
proteins such as N'#"®-labeling (26) and stable isotope label-
ing by amino acids in cell culture (SILAC) (27, 28) for quanti-
tation as a certain number of passages are needed to obtain
full incorporation. Instead, alternative stable isotopic labeling
methods such as isobaric peptide tags for relative and abso-
lute quantification (iTRAQ) are useful for labeling of primary
cells. Using this method, the labels are added at the peptide
level and therefore no demands are placed on the number of
cell culture passages. In addition, this also facilitates the
implementation of the strategy onto muscle biopsies (29).

In the present study, we investigated whether the basal
proteome in diabetic myotubes varies from that of nondia-
betic controls. We therefore combined a quantitative pro-
teomic approach using iTRAQ labeling with a label-free study
to provide independent data sets for the discovery phase.
Labeling with iTRAQ in combination with sample prefraction-
ation and nano liquid chromatography-tandem MS (LC-MS/
MS) for identification and quantitation of the basal proteome
of myotubes established from obese, diabetic subjects com-
pared with that of nondiabetic lean and nondiabetic obese
subjects revealed almost 3000 proteins. Furthermore, when
performing quantitative proteomics to investigate a biological
hypothesis, it is important to validate any quantitative find-
ings. To strengthen the data, all proteins that were identified
as differentially abundant in the iTRAQ discovery study were
subsequently validated in a targeted study using selected
reaction monitoring (SRM) (30). The SRM strategy is highly
sensitive making it possible to detect even precursor ions
present in low copy number in a complex sample (31). Thirty-
six proteins were analyzed using SRM and the abundances
found in the iTRAQ data were validated. Twelve of these
proteins were found to be differentially expressed between
the three different groups.

MATERIALS AND METHODS

Human Myotubes—Ten lean, ten obese control subjects, and ten
obese T2D patients participated in the study (see Table I). Their
clinical characteristics have previously been published (32, 33). Fast-
ing plasma glucose, serum insulin, and HbA levels were significantly
higher in the diabetic group compared with both the lean and obese
controls. Fasting HDL cholesterol concentrations were lower in T2D
patient compared with lean controls. The obese controls showed
higher fasting serum insulin levels compared with lean controls. The
glucose infusion rates during the steady state of the hyperinsulinae-
mic euglycemic clamp period were significantly lower in T2D subjects
compared with both lean and obese control subjects, and glucose
infusion rates was significantly lower in obese controls compared with
lean control subjects. Muscle biopsies were obtained from the vastus
lateralis muscle by needle biopsy ad modum Bergstrem (34) under
local anesthesia. Diabetic subjects were treated either with diet alone
or in combination with sulfonylurea, metformin, or insulin, withdrawn
1 week before the study. The subjects suffered from no diabetic
complications except for simplex retinopathy. The control subjects
had normal glucose tolerance and no family history of diabetes. All
subjects gave written, informed consent, and the local ethics com-
mittee of Funen and Vejle County approved the study. The setup
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TABLE |
This table shows the physiological and biochemical details of the 30 subjects®2. We use muscle biopsies from a total of 30 subjects (10 subjects
from each category). Data are means + S.E. *Significantly different from the lean controls (o < 0.05), *significantly different from the lean and
obese controls (p < 0.05)

Control, lean Control, obese T2D
n 10 10 10
Age (years) 51 =1 49 + 1 50 = 1
Weight (kg) 71.6 =3.0 105.5 + 6.4* 102.2 = 4.1*
BMI (kg/m?) 242 + 0.5 33.7 £ 1.4* 33.5 = 1.1*
Fasting plasma glucose (mwm) 5.7 £ 0.1 5.7 +0.2 10.0 = 0.7#
Fasting serum insulin (pm) 243 + 57 52.7 = 5.0* 94.6 + 10.1#
Glucose infusion rate (mg/min) 383.3 = 20.4 257.9 = 28.3* 117.8 = 18.6#
HbA,. (%) 5.5+ 0.1 5.4 = 0.1 7.7 = 0.5#
Fasting total cholesterol (mwm) 5.29 = 0.22 5.43 = 0.41 5.42 + 0.37
Fasting LDL cholesterol (mm) 2.94 = 0.22 3.33 £ 0.33 3.20 = 0.27
Fasting HDL cholesterol (mwm) 1.85 £ 0.15 1.48 £ 0.15 1.36 = 0.03*
Fasting plasma triglyceride (mm) 1.12 £ 0.16 1.35 £0.18 1.93 + 0.40

enabled us to specifically study proteome changes in diabetic and
obese subjects (diabetic and nondiabetic obese subjects), which
could provide insight into regulation occurring at a prestate of T2D. To
identify overall differences and trends among the type 2 diabetic
myotubes and controls, myotubes from each group were pooled
thereby avoiding variations among subjects.

Cell Culture—Cell cultures were established as previously de-
scribed (22, 35, 36). In brief, muscle tissue was minced, washed, and
dissociated for 60 min by three treatments with 0.05% trypsin-EDTA.
The harvested cells were pooled and fetal calf serum (FCS) was added
to stop trypsination. The cells obtained were seeded for up-scaling on
ECM-gel coated dishes after 30 min of preplating. Cell cultures were
established in Dulbecco’s modified Eagle’s medium supplemented with
10% FCS, 50 U/ml penicillin, 50 ug/ml streptomycin, and 1.25 ug/ml
amphotericin B. After 24 h, cell debris and nonadherent cells were
removed by change of growth medium to Dulbecco’s modified Eagle’s
medium supplemented with 2% FCS, 2% Ultroser G, 50 U/ml penicillin,
50 wg/ml streptomycin, and 1.25 pg/ml amphotericin B. Cells were
subcultured twice before final seeding (4-6 weeks). At 75% confluence,
the growth medium was replaced by basal medium (Dulbecco’s mod-
ified Eagle’s medium supplemented with 2% FCS, 50 U/ml penicillin, 50
ng/ml streptomycin, 1.25 ug/ml amphotericin B, and 25 pmol/I insulin)
to induce differentiation (37). The cells were cultured in humidified 5%
CO, ATM at 37 °C, and medium was changed every 2-3 days. Satellite
cell were differentiated into myotubes in passage four and myotubes
were harvested by cell lysis day 4 after induction of differentiation (22).
Myotubes established from diabetic and control subjects were visually
inspected under phase-contrast microscopy, and did not differ in
appearance.

Cell Lysis—The media was removed from the cells and 1.5 ml lysis
buffer (0.2% SDS, 50 mm Tris-Base, 1 mm MgCl,, 60°C) was added.
Complete protease inhibitor mixture (Roche) and Benzonase (Merck,
750 units.) was subsequently added to the lysate to avoid inactivation
of these at 60 °C. The cell lysates were transferred to 15-ml Falcon
tubes. The remaining cell debris were scraped off using a rubber
policeman and pooled with the cell lysate. Cell lysates from 10 T2D
subjects, 10 nondiabetic lean, or 10 nondiabetic obese subjects were
pooled, respectively and the lysates were snap-frozen in liquid
nitrogen.

Test of Different Protocols for Protein Precipitation— After thawing
the myotube lysates, the lysates were sonicated (on ice three times
20 s with intervals, output 40% using a probe sonicator). Five different
protocols for protein precipitation were tested in four replicates. In all
20 experiments, 133 pul cell lysate was used to test each protocol as
133 wl was the maximum volume to be used in the chloroform/

methanol protocol when performing the precipitation in a 1.5 ml
Eppendorf tube.

Protein Precipitation Using Acetone—One hundred thirty-three mi-
croliters cell lysate was transferred to a fresh 1.5-ml Eppendorf tube.
One milliliter ice-cold acetone was added. The sample was vortexed
for 1 min and incubated overnight at —20 °C. After incubation, proteins
were precipitated by centrifugation at 15,000 rpm at 4 °C for 30 min.
The protein pellet was subsequently washed three times using 1 ml
ice-cold acetone. As lyophilization of the protein pellet will often form
a hard rubber-like protein pellet that is very difficult to resolubilize, the
precipitated protein was left in the fume hood at room temperature
overnight to evaporate remaining acetone.

Protein Precipitation Using Chloroform/Methanol—One hundred
thirty-three microliter of cell lysate was transferred to a fresh Eppen-
dorf tube and 532 pnl ice-cold methanol was added. The lysate was
vortexed for 1 min after which 133 ul ice-cold chloroform was added.
The lysate was vortexed for 1 min and 400 ul ice-kold ddH,O was
added. The lysate was again vortexed and then centrifuged at 15000
rpm at 4 °C for 2 min. The upper layer containing methanol, water,
and dissolved salts was carefully removed without disturbing the
white protein layer in the middle. The lower layer contained chloro-
form. Six hundred microliters of ice-cold methanol was added and the
sample was vortexed for 1 min. Proteins were precipitated by centri-
fugation at 15000 rpm at 4 °C for 2 min. The protein pellet was
subsequently washed three times using 1 ml ice-cold methanol. The
precipitated protein was left in the fume hood at room temperature
overnight to evaporate remaining methanol.

Protein Precipitation Using Trichloroacetic Acid, Acetone, and
B-Mercaptoethanol—133 ul cell lysate was transferred was trans-
ferred to a fresh Eppendorf tube. 1400 ul ice-cold 10% trichloroacetic
acid/~90% acetone/0.07% B-mercaptoethanol was added. The
sample was vortexed for 1 min and incubated for 1 h at - 20 °C. After
incubation, proteins were precipitated by centrifugation at 15000 x
rpm at 4 °C for 15 min. The protein pellet was washed three times
using 1 ml ice-cold 10% trichloroacetic acid/90% acetone/0.07%
B-mercaptoethanol and the sample was incubated for 1 h at - 20 °C
between each washing step. The precipitated protein was subse-
quently left in the fumehood at room temperature overnight to evap-
orate remaining trichloroacetic acid/acetone/p-mercaptoethanol.

Protein Precipitation Using Ethanol/Acetone—One hundred thirty-
three microliters of cell lysate was transferred to a fresh Eppendorf
tube. To this 665 ul ice-cold absolute ethanol was added. The lysate
was vortexed for 1 min after which 665 ul ice-cold acetone was
added. The sample was vortexed and incubated overnight at —20 °C.
After incubation, proteins were precipitated by centrifugation at
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15000 rpm at 4 °C for 30 min. The protein pellet was subsequently
washed three times using ice-cold 40% ethanol, 40% acetone, and
20% ddH,0O. The precipitated protein was left in the fume hood at
room temperature overnight to evaporate remaining ethanol/acetone.

Protein Precipitation Using Trichloroacetic Acid—One hundred
thirty-three microliter of cell lysate was transferred to a fresh Eppen-
dorf tube. To this 20% trifluoroacetic acid (TFA) was added and the
sample was vortexed for 1 min. The sample was left on ice for 30 min to
allow protein precipitation. After incubation, proteins were centrifuged
at 15000 rpm at 4 °C for 15 min. The protein pellet was subsequently
washed three times using 1 ml ice-cold acetone to remove trichloro-
acetic acid. The precipitated protein was left in the fume hood at room
temperature overnight to evaporate remaining acetone.

The dry weight of the precipitated matter from all 20 precipitations
was measures (supplemental Table 1). Each protein pellet was then
dissolved using 20 ul 6 M urea and 2 M thiourea and incubated at
—80°C for 30 min. The frozen samples were subsequently sonicated
for 5 min in water bath to improve solubilization. After this 140 ul H,O
was added to dilute urea (as subsequent iTRAQ labeling in the bio-
logical study was not compatible with NH,HCO5 and >1 M urea). Two
microliters from each precipitation was measured for the amount of
protein using the Qubit™ quantitation platform (Invitrogen)
(supplemental Table 1). From each sample 50 ul were transferred to
fresh Eppendorf tubes and lyophilized in the speedvac to reduce
the volume after which 15 ul SDS sample buffer was added and the
samples were run on two gels along with a protein marker
(supplemental Fig. 1).

Protein Precipitation Using Ethanol and Acetone for Myotube Pro-
teomics — After thawing, the myotube lysates were sonicated (on ice
three times 20 s with intervals, output 40%). One milliliter lysate was
transferred to a fresh Eppendorf tube. Four ml ice-cold absolute
ethanol was added. The lysate was thoroughly vortexed after which 4
ml ice-cold acetone was added. The sample was vortexed and incu-
bated overnight at —20 °C. Proteins were precipitated by centrifuga-
tion at 15000 rpm at 4 °C for 30 min. The protein pellet was subse-
quently washed three times using ice-cold 40% ethanol and 40%
acetone/20% ddH,0.

Reduction and Alkylation—The pellet was resuspended in 40 ul 8 M
Urea (6 M urea (Sigma), 2 M thiourea (Merck, Darmstadt, Germany)
and 10 mwm dithiotreitol was added. The sample was incubated at room
temperature for 35 min. Finally, 20 mm iodoacetamide was added
followed by incubation for 35 min at room temperature in the dark.

Digestion with Lysyl Endopeptidase and Trypsin—The reduced and
alkylated sample was incubated at room temperature for 3 h with 1 ug
lysyl endopeptidase (Wako, Richmond, VA) per 50 pg protein. The
lysyl endopeptidase-digested sample was diluted with iTRAQ disso-
lution buffer (Applied Biosystems, Foster City, CA) to make a five
times dilution, because trypsin does not work well at high concentra-
tions of urea. One pg chemically modified trypsin (Promega, Char-
bonniéeres, France) was added per 50 ug protein and the sample was
incubated at room temperature for 18 h.

Amino Acid Analysis— Four microlliters from each sample was trans-
ferred to fresh 500-ml Eppendorf tubes. The samples were lyophilized
and the tubes transferred to hydrolysis glass vials (22-ml screw-lid glass
with mini-inert valves, Pierce) containing 400 ul hydrolysis buffer (6N
HCI, 0.1% phenol, 0.1% thioglycolic acid) and 4-5 samples per vial.
Oxygen was removed by argon after which the glasses were evacuated
to less than 5 mBar. The vials were incubated at 110 °C overnight
(18-20 h) and subsequently lyophilized and analyzed using a Biochrom
31 amino acid analyzer run as recommended by the manufacturer using
the Sodium Accelerated Buffer System.

iTRAQ 4plex Labeling—A 100 ng peptide sample derived from the
T2D myotube protein solution was transferred to fresh 500-ul Eppen-
dorf tubes and labeled with iTRAQ 114 according to the company

protocol (http://www3.appliedbiosystems.com/cms/groups/psm_
support/documents/generaldocuments/cms_047330.pdf). A 100-ug
sample of peptide from the lean myotube protein was labeled with
iTRAQ 115 and the obese myotube peptides were labeled with iTRAQ
116.

Determination of iTRAQ Mixing Ratio—To determine the correct
mixing ratio for the iTRAQ labeled samples, 1 ul of each sample was
pooled into 20 ul 0.1% TFA. The pooled sample was subsequently
desalted and concentrated on a 2 mm long reversed-phase micro-
column. The micro-column was prepared using a GELoader tip as
described previously (38) and sample loaded onto the reversed-phase
micro-column using gentle air pressure (38). The micro-column was
washed using 20 ul 0.1% TFA and the peptides were subsequently
eluted directly onto a matrix-assisted laser desorption ionization
(MALDI)-MS target using 0.5 ul a-cyano-4-hydroxycinnamic acid.
The sample was analyzed by MALDI MS/MS using a Bruker Ultraflex
MALDI-TOF/TOF instrument. All spectra were obtained in positive
reflector mode. Mass spectrometric data analysis was performed
using the Bruker Daltonics flexAnalysis 2.4 Software. The three la-
beled samples were subsequently mixed 1:1:1.

Strong Cation Exchange (SCX)—The mixed iTRAQ labeled sample
was diluted 10 times in SCX loading buffer (30% acetonitrile, 1%
acetic acid) and pH was adjusted to 2.7. The sample was loaded
slowly onto an equilibrated SCX column (SCX cartridge from Applied
Biosystems). The SCX column was washed with 1 ml SCX loading
buffer and the peptides were subsequently eluted using increasing
concentrations of KCI (200 wl of 50 mm, 100 mm, 150 mm, 200 mm,
250 mm, 300 mm, 350 mm, 400 mm, 500 mm, and 1 m KCI buffer). All
eluents were subsequently lyophilized.

Desalting the Sample Using R3 Columns before Mass Spectrome-
try—POROS Oligo R3 Reversed Phase resin (Applied Biosystems)
was dissolved in 100% acetonitrile (HPLC grade, Fisher Scientific).
The R3 beads were packed in a P100 tip by stamping out a small plug
of C18 material from a 3 M EmporeTM C18 extraction disk using an
HPLC syringe needle, and placing this plug in the constricted end of
P100 tips (39) to gain a micro-column of 1 cm. The R3 micro-column
was washed with 50 ul 100% acetonitrile and equilibrated with 50 ul
0.1% TFA. Each acidified sample was loaded onto a R3 column of 1 cm.
The flow-through was loaded onto another R3 column. The R3 micro-
columns were washed with 50 ul 0.1% TFA and the peptides were
eluted from the columns using 50 ul 50% acetonitrile and 0.1% TFA.
After lyophilization the peptides were resuspended in 5% formic acid
and the amount to be run on nanoLC-MS was tested on MALDI MS.

Nano-liquid Chromatography Tandem Mass Spectrometry
(nanoLC-MS/MS)

iTRAQ Study—The iTRAQ labeled peptides from the SCX fractions
were loaded onto an EASY nanoLC system (Proxeon, Denmark). They
were loaded directly onto a 20 cm 100 um inner diameter, 360 um
outer diameter, ReproSil - Pur C;g AQ 3 um (Dr. Maisch, Ammerbuch-
Entringen, Germany) reversed phase capillary column. The peptides
were eluted using a gradient from 100% phase A (0.1% formic acid)
to 40% phase B (0.1% formic acid, 90% MeCN) over 80-90 min at
200 nL/min directly into a LTQ-Orbitrap XL or Velos mass spectrom-
eter (Thermo Scientific, San Jose, CA). The LTQ-Orbitrap XL was
operated in a data-independent mode automatically switching among
MS, MS/MS (collision-induced dissociation (CID) or electron transfer
dissociation (ETD)), and Higher-energy Collision Dissociation (HCD)
using a threshold of 50,000 for ion selection. The LTQ-Orbitrap Velos
was operated in a data-independent mode automatically switching
among MS (Resolution of 30,000), MS/MS (Resolution of 7500), and
HCD using a threshold of 10,000 for ion selection.

For each MS scan on the LTQ-Orbitrap XL, the two most abundant
precursor ions were selected for fragmentation using firstly CID or
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ETD MS/MS (CID: normalized collision energy 35; activation time 30
ms; ETD: target value of 200000 anions; activation time 100 ms) to
facilitate peptide identification and then subsequently HCD (normal-
ized collision energy 55; activation time 30 ms) to obtain reliable high
abundant iTRAQ quantitative data (40). For each MS scan on the
LTQ-Orbitrap Velos, the three most abundant precursor ions were
selected for fragmentation using firstly MS/MS (normalized collision
energy 35; activation time 30 ms) to facilitate peptide identification
and then subsequently HCD (normalized collision energy 50; activa-
tion time 30 ms) to obtain reliable high abundant iTRAQ quantitative
data (40). Raw data were viewed in Xcalibur v2.1 (Thermo Scientific).

Label-free (HCD only) Study—The nonlabeled peptides from the
SCX fractions were loaded onto an EASY nanoLC system (Proxeon,
Denmark). They were loaded directly onto a 20 cm 100 wm inner
diameter, 360 um outer diameter, ReproSil - Pur C;g AQ 3 um (Dr.
Maisch, Ammerbuch-Entringen, Germany) reversed phase capillary
column. The peptides were eluted using a gradient from 100% phase
A (0.1% formic acid) to 40% phase B (0.1% formic acid, 90% MeCN)
over 120 min at 250 nL/min directly into a LTQ-Orbitrap XL mass
spectrometer (Thermo Scientific, San Jose CA). The LTQ-Orbitrap
Velos was operated in a data-independent mode automatically
switching between MS (Resolution of 30,000) and HCD using a
threshold of 10,000 for ion selection. For each MS scan, the seven
most abundant precursor ions were selected for fragmentation (nor-
malized collision energy 45; activation time 5 ms). Raw data were
viewed in Xcalibur v2.1 (Thermo Scientific).

Data Processing and Protein Sequence Database Searching—The
data were processed using Proteome Discoverer, beta-version
1.1.0.228. The files were subsequently submitted to an in-house
MASCOT server (version 2.2.05) (Matrix Science Ltd., London, U.K.)
for database searching through the Proteome Discoverer program.
The data were searched against the Swissprot human sequence
database (Sprot 2010 (517100 sequences; 182146551 residues), Tax-
onomy: Homo sapiens (human) (20367 sequences) as the study was
performed on human myotubes. The search was performed choosing
trypsin as specific enzyme. A maximum of 2 missed cleavages were
allowed. Carbamidomethyl (C) was chosen as fixed modification. As
variable modifications, iTRAQ 4plex (K), iTRAQ 4plex (N-term) and
Oxidation (M) were chosen. The data were searched with a peptide
mass tolerance of 10 ppm and a fragment mass tolerance of 0.8 Da
(CID/ETD) or 0.1 Da (HCD). Finally, the data were searched against
the human decoy database to calculate a false discovery rate (FDR) of
1 and 5% using the Proteome Discoverer program. Protein grouping
was performed in the Proteome Discoverer program.

Evaluation of iTRAQ Data—For the initial identification, peptides
with a false discovery rate (FDR) of =5% and a Mascot ion score of
at least 20 were accepted. For quantitation, only proteins identified by
at least two peptides and with FDR of =1% and mascot peptide ion
scores of at least 20 were considered. A Mascot score of 20 was
accepted as the quantiatative finding would subsequently be vali-
dated using SRM. In addition, only peptides containing N-terminal
iTRAQ labeling or peptides containing iTRAQ labeled lysine residue in
combination with another N-terminal modification were used for
quantitation. The iTRAQ data were normalized on protein median
using the Proteome Discoverer software as the majority of the pro-
teins with valid iTRAQ information were not differentially expressed
(supplemental Fig. 2). The data set was divided into 18 different bins
depending on their ion intensities. For each bin the mean value,
standard deviation and 95% confidence was calculated and based on
these values we decided to use the value 1.3 for the entire data set.

Selected Reaction Monitoring (SRM)—For each protein to be vali-
dated using SRM, proteotypic peptides (41 ), and matching SRM
transitions were selected based on a label-free discovery experiment
using HCD MS/MS on a mixture of all three biological replicates. Test

runs were performed to establish the retention time window for each
peptide ion. A minimum of four transitions, mainly y-ions, was chosen
for each peptide. When possible, three peptides were used per pro-
tein and all SRM analyses were run in five replicates. Twenty-five ug
peptide derived from the T2D, lean and obese myotube protein sam-
ples, respectively, were desalted as described above. On lyophiliza-
tion the peptides were resuspended in 25 ul 5% formic acid to gain
a concentration of 1 ug/ul. 5 ng peptides were used for each SRM
run. The peptides were traped on a 2 cm precolumn (100 um inner
diameter, 360 um outer diameter, ReproSil - Pur C;5 AQ 5 um (Dr.
Maisch, Ammerbuch-Entringen, Germany)) and separated using a 15
cm analytical column (100 wm inner diameter, 360 wm outer diameter,
ReproSil - Pur C;5 AQ 3 um) reversed phase capillary column. The
peptides were eluted using a gradient from 0% to 34% phase B (0.1%
formic acid, 90% MeCN) over 100 min at 250 nL/min directly into a
triple quadrupole mass spectrometer (TSQ Vantage, Thermo Scien-
tific, San Jose CA). The TSQ Vantage was operated in a nano-elec-
trospray mode. For ionization, 2300 V of spray voltage and 200 °C
capillary temperature were used. The selectivity for Q1 was set to 0.7
and Q3 at 0.7 Da (FWHM). The collision gas pressure of Q2 was set
at 1.5 mTorr argon. The collision energy was calculated by Pinpoint
1.0 (Thermo Scientific). The instrument acquisition parameters, in-
cluding collision energy and intensity were generated by using Pin-
point 1.0 software (Thermo Scientific). The cycle time of 3 s was used
as default for the 777 transitions used for targeting 158 peptides. The
complete transition list can be found in the supplemental Table 2. All
raw files were processed by Pinpoint 1.0. The targeted peptides were
verified by manual interpretation. For each targeted peptide that
fulfilled the verification criteria, the software computed the integrated
peak areas of all transitions for quantitation and calculated %CVs for
the five replicates.

Bioinformatic Analysis—Venn diagrams were prepared using the
Venny program (http://bioinfogp.cnb.csic.es/tools/venny/index.html).
The Protein Center software was used to investigate the cellular
localization of the proteins identified using Gene Ontology (GO) an-
notations as well as to study which KEGG pathways were over-
represented in the dataset (ThermoFisher, www.proxeon.com). The
Ingenuity® pathway analysis (IPA) software was used for biological
pathway analyses (Ingenuity® Systems, www.ingenuity.com).

RESULTS AND DISCUSSION

Strategy—In the present study, we investigated whether
there is a change in the basal protein abundance in primary
diabetic muscle cells (myotubes) when compared with that of
nondiabetic lean and nondiabetic obese controls. This is im-
portant in order to obtain a more global overview of the
skeletal muscle cell proteome, i.e. to investigate whether the
mechanisms leading to the diabetic phenotype e.g. insulin
resistance, are at the level of protein expression. The strate-
gies used in this study are illustrated in Fig. 1. The human
myotubes were harvested at passage four to keep them as
close to the in vivo system as possible. At this stage, the
myotubes from 10 subjects were pooled within each group to
avoid patient variability in this discovery study. As for in vivo
samples, primary cell lines are often limited by the amount of
material available. It is therefore crucial to minimize any sam-
ple loss during sample preparation. To obtain the best protein
precipitation, five different protocols were tested in four rep-
licates (supplemental Fig. S1 and Table 1). The experiments
showed that protocols using ethanol and acetone (v/v: 40%/
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Fic. 1. The figure illustrates the
strategies used in this study. On cell
lysis, proteins are isolated, reduced, al-
kylated, and digested. The resulting

Human myotubes

=> Celllysis = Protein precipitation =% Reduction, alkylation

T2D, o (ethanol/acetone) and digestion
obese Q<o (Lys-C. trypsin)
& nondiabetic,
;.: obese
nondiabetic,

lean

peptides are then used for three different
setups; (1) an iTRAQ discovery study in
which peptides and thereby proteins
that are differentially expressed among

the three groups are identified, (2) a la- :,,2;2; lean obese
bel-free study to identify the peptides ‘ ‘ ‘
best suited for MS/MS analysis from
each of the proteins found to be regu-
lated by iTRAQ, and (3) a targeted se-
lected reaction monitoring (SRM) study
that is set up based on the information
found in the two prior studies to validate
quantitative findings from the iTRAQ dis-
covery study.

iTRAQ discovery study

&

iTRAQ iTRAQ ITRAQ
114 115 116
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/ (Proteome Discoverer, Pinpoint, ProteinCenter,

Ingenuity Pathway Analysis)
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40%) or 100% acetone gave the best protein precipitation
from human myotubes. Based on protein measurements us-
ing the Qubit™ both methods gave ~100 ug protein from 133
wl cell lysate. However, the dry weight of the precipitated
matter from the four replicates isolated by 100% acetone
precipitation had an average weight of 1.16 mg whereas
ethanol and acetone precipitation only resulted in an average
weight of 0.65 mg (supplemental Table 1). It therefore seems
that precipitation using acetone alone coprecipitated approx-
imately twice as much nonprotein matter than the ethanol/
acetone protocol. Another protocol using chloroform/metha-
nol gave a less efficient protein precipitation on these cells
whereas protocols using trichloroacetic acid/acetone/B-mer-
captoethanol or just trichloroacetic acid gave poor protein
precipitations. This was mainly because of the fact that the
precipitated protein pellets were difficult to resolubilize, which
also resulted in poor reproducibility (supplemental Fig. 1). The
results illustrated the importance of optimizing protein precip-
itation protocols on the individual samples to be analyzed and
based on these results the ethanol and acetone method was
used in this study. Proteins harvested from the myotubes
(total cell lysates) were reduced, alkylated and subsequently
digested using Lys-C and trypsin. The resulting peptides were
then analyzed in three different set-ups: (1) an iTRAQ discov-
ery study to identify proteins differentially expressed among
the three groups, (2) a label-free qualitative study to obtain
HCD MS/MS information on peptides chosen for subsequent
validation in; (3) a targeted SRM study. In the iTRAQ discovery
study, peptides from diabetic myotubes were labeled using
iTRAQ 114, peptides from nondiabetic, lean myotubes were
labeled using iTRAQ 115, and peptides from nondiabetic,

obese myotubes were labeled using iTRAQ 116. The labeled
peptides were subsequently mixed in a 1:1:1 ratio, as deter-
mined by MALDI MS/MS analysis. The peptide sample was
then fractionated using SCX chromatography to reduce sam-
ple complexity before mass spectrometric analysis. The re-
sulting ten peptide fractions were analyzed using nanoLC-
electrospray ionization (ESI)-MS/MS. CID or ETD MS/MS was
applied for obtaining peptide sequence information, whereas
HCD MS/MS was used to obtain quantitative information from
the iTRAQ ions in the lower mass area. CID and ETD provide
complementary fragmentation and by using both strategies
on different replicates we are able to increase the number of
peptide identifications; however CID and ETD are both per-
formed in the linear ion trap (LTQ), which has poor resolution
in the lower mass region. Neither approach is therefore suit-
able for the quantitation of iTRAQ ions meaning that analytical
space needed to be devoted to HCD scans to provide high
resolution information on the relative iTRAQ reporters. By
analyzing the sample using a combination of CID or ETD with
HCD, we are able to obtain the best conditions for both
peptide sequencing and iTRAQ quantitation. A limitation to
this strategy, however, is the considerable amount of filling
time needed to get good ion statistics on the HCD data. This
gives a large reduction in the number of peptide identifica-
tions compared with experiments using only CID or ETD for
fragmentation. This is, however, needed to obtain strong
quantitative data. The experiments in this study were per-
formed as four sample replicates that were analyzed using
either CID/HCD on a LC-ESI-LTQ-Orbitrap XL (replicate 1 and
2), ETD/HCD on a LC-ESI-LTQ-Orbitrap XL (replicate 3), or
CID/HCD on a LC-ESI-LTQ-Orbitrap Velos (replicate 4). By
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Fic. 2. A, The table shows the total number of spectra recorded from each sample as well as the total number of peptides assigned
by database searching. B, A total of 2832 unique proteins were identified in this study. This Venn diagram illustrates the distribution of the
proteins among the four different experiments. The number of proteins unique as well as shared among different experimental setups. C,
CID/HCD versus CID/HCD on a LTQ-orbitrap XL, D, CID/HCD on a LTQ-orbitrap XL versus CID/HCD on a LTQ-orbitrap Velos, and E, CID/HCD

versus ETD/HCD on a LTQ-orbitrap XL.

this we expected to strengthen the data set by increasing the
overall number of peptide and protein identifications as well
as by obtaining overlapping information at both peptide and
protein level among the different replicates.

In replicate 1 and 2 (CID/HCD on XL) 63,536 and 62,316
spectra were recorded, respectively (Fig. 2A). This resulted in
the identification of 14,023 and 13,706 peptides, respectively.
Fewer spectra (48,413) were recorded for replicate 3 (ETD/
HCD on XL) as would be expected because ETD takes longer
because of the filling-time required for the anions, leaving time
for fewer MS/MS. However, more peptides were identified in
replicate 3 (14,697). This may be a direct result of labeling the
peptides using iTRAQ. Recently, we found that the derivatiza-
tion of peptides with isobaric tags such as iTRAQ and tandem
mass tags (42) resulted in increased charging in electrospray
ionization, reducing peptide identification efficiency using CID
(43). As ETD performs better on multiply-charged peptides,
increased charging would therefore be expected to improve
ETD analysis (44). 114,430 spectra were recorded in replicate
4 (CID/HCD on the LTQ Orbitrap Velos) as a result of the high
scan speed and sensitivity of the instrument (45). This led to
the assignment of 38,257 peptides. In total, 87,350 peptides
were identified across all four experiments of which 12,328
were nonredundant peptides from 3147 proteins. This re-
sulted in 2832 unique proteins after protein grouping

(supplemental Table 3). The Venn diagram in Fig. 2B illus-
trates the distribution of the 2832 proteins identified. Because
of the complexity of the sample, only 874 proteins were
identified in all four replicates whereas 1197 proteins were
identified in at least three of the replicates and 1192 proteins
were only identified in one replicate. By performing the study
in four replicates we were able to increase the coverage of the
proteome but as a total cell lysate is highly complex, addi-
tional prefractionation on both protein and peptide level and
longer LC gradients would undoubtedly aid in overcoming the
sampling effects seen here. Running the experiment in two
replicates on a LTQ-Orbitrap XL allowed the identification of
~250 additional proteins with the majority of the protein iden-
tifications shared between the two replicates (Fig. 2C). As
discussed above, replicates performed on an LTQ-Orbitrap
Velos resulted in a considerable increase in the number of
protein identifications, and the use of ETD/HCD gave rise to a
slight increase in the number of proteins identifications most
likely because of iTRAQ super-charging assisting ETD frag-
mentation (Fig. 2D, 2E).

Computational and Bioinformatic Analysis—The proteins
identified in this study were analyzed to obtain an overview of
their functional roles in a biological context. The 2832 proteins
were examined with respect to cellular localization using GO
annotation analysis in ProteinCenter (Fig. 3). As proteins often
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Fic. 3. The 2832 unique proteins
were examined with respect to
cellular localization using GO anno-
tation analysis in ProteinCenter
(www.proxeon.com).

belong to several cellular categories, the total percentage will
be higher than 100. ProteinCenter revealed that 2340 (82.6%)
proteins were assigned to the cytoplasm, 1731 (61.1%) pro-
teins were assigned to the membrane, and 1329 (46.9%)
proteins were assigned to the nucleus. From the 2,832 pro-
teins, 579 (20.4%) were assigned to the mitochondria. Muscle
tissue is rich in mitochondria and previous proteomic studies
of muscle tissue also reveal a high number of mitochondrial
proteins (12).

Quantitative Proteomic Analysis of the Diabetic and Nondli-
abetic Control Myotubes—For the quantitative analysis, only
peptides containing complete labeling (i.e. N-terminal iTRAQ
labeling or iTRAQ labeled lysine residue in combination with
another N-terminal modification) were considered, which ac-
counted for 99% of the assigned peptide spectra. In addition,
only proteins identified with at least two peptides with a
minimum Mascot score of 20 and a FDR = 1% were consid-
ered. The standard deviation and 95% confidence were cal-
culated for all iTRAQ data manually (data not shown) and
based on these data a fold-change of at least 1.3 was ac-
cepted for a protein being significantly regulated.

Despite a clear diabetic phenotype observed in myotubes
established from diabetic subjects, the majority of the pro-
teins identified in this study proved not to be differentially
expressed between the diabetic myotubes and the two non-
diabetic controls (supplemental Fig. 2). Also, none of the 579
mitochondrial proteins identified were found to be differen-
tially abundant. Microarray studies of muscle biopsies have
revealed several changes in gene expression when comparing
skeletal muscle cells from diabetic and nondiabetic subjects
(46). Sixty-one of the proteins found to be differentially abun-
dant in human muscle biopsies by Sreekumar and coworkers
(46) were in fact identified as not regulated at protein level in
this study. In addition, other microarray studies of human
myotubes showed no significant changes at the gene expres-
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i membrane
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sion level (47). A plausible explanation could be that the
proteins found to be differentially abundant in human muscle
biopsies may be highly influenced by factors such as stress,
physical activity, aging and fiber type composition. Human
myotubes are unaffected by environmental factors and as
such offer a unique model system for studying the genetic
influence of the T2D phenotype.

All enzymes from the TCA cycle were identified in this study
(including two proteins based on single peptide identifications
with a FDR = 5%). None of the enzymes showed any differ-
ential abundance in diabetic myotubes when compared with
the two nondiabetic controls (supplemental Table 8). A previ-
ous study revealed a reduction in citrate synthase activity in
diabetic myotybes when compared with nondiabetic myo-
tubes (32). As this enzyme was identified from a strong set of
iTRAQ data (90 peptides, 34 of which were nonredundant) in
this study, it illustrates that the enzyme activity is not regu-
lated through protein expression nor protein degradation. Ad-
ditional proteins from other pathways known to be highly
important in T2D were also well-characterized in this study. All
but two enzymes from lipid oxidation, oxidative phosphory-
lation, the glycolytic pathway and glycogen metabolism were
identified in this study and these pathways were also not
found to be regulated at the level of protein expression or
degradation (supplemental Table 8). Insulin resistance in skel-
etal muscle in vivo has been linked to reduced lipid oxidation.
Studies in human myotubes indicated that the reduction in
lipid oxidation observed in diabetic skeletal muscle in vivo
may be of genetic origin as the reduction was also observed
in cultured myotubes (20, 24). As all but one enzyme from the
fatty acid transport and oxidation were identified in this study
and none of the enzymes identified in diabetic myotubes
showed a significant change in abundance when compared
with the two nondiabetic controls, we expect that the regula-
tion of lipid oxidation is performed at PTM level.
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TABLE Il
The 12 proteins found to be differentially abundant are listed in this table. The accession number for each protein is listed along with the number
of unique peptides assigned to each protein. The overall protein ratios identified by iTRAQ are indicated for each protein. These values are
based on the total peptide information obtained for the individual proteins. *2 were isoform-specific. **51 were only assigned to Myosin-3, most
were isoform-specific. ***9 were only assigned to Myosin-8, 2 were isoform-specific

Protein name Acc. No Unique Average Std dev. Average Std dev.
N peptides (Lean/T2D) (Lean/T2D) (Obese/T2D) (Obese/T2D)
Adenosine deaminase P00813 3 1.45 0.46 1.63 0.48
Alcohol dehydrogenase 1B P00325 13 1.68 0.38 2.46 0.76
Apolipoprotein A-I P02647 2 1.32 0.02 1.27 0.10
Eukaryotic initiation factor 4A-I P60842 15 0.72 0.15 0.79 0.13
Fatty acid-binding protein P05413 6 0.75 0.12 0.93 0.07
Heat shock protein beta-6 014558 7 1.31 0.23 1.54 0.28
Hemoglobin subunit alpha P69905 5 1.55 0.47 1.26 0.19
Macrophage-capping protein P40121 3 1.30 0.05 1.15 0.02
Myosin-2 Q9UKX2 12* 0.84 0.28 0.95 0.35
Myosin-3 P11055 80* 0.76 0.14 0.77 0.16
Myosin-8 P13535 37 0.76 0.13 0.72 0.15
Tenascin P24821 13 0.78 0.18 0.60 0.21

A well-described defect in T2D is reduced glycogen syn-
thesis in skeletal muscle. This pathway regulates the disposal
of glucose in skeletal muscle and is in many ways controlled
by the insulin-sensitive enzyme glycogen synthase (GS). Myo-
tubes established from patients with T2D, precultured under
normophysiological conditions, express an impaired insulin-
stimulated GS activation indicating that it is in part a genetic
defect (21). As high plasma glucose and/or insulin levels are
often observed in obese and diabetic subjects it has been
suggested that these metabolic abnormalities might play an
important role in the development of acquired defects in
insulin action (17). Henry and coworkers concluded that ex-
posure of human skeletal muscle cells to high insulin induces
severe insulin resistance through multiply acquired posttrans-
lational defects as no changes were found at the level of GS
mRNA or protein expression (17). Also in the present study no
differential abundance was observed for GS when compared
with the two nondiabetic controls confirming that regulation
should be found at PTM level. Glycogen synthase kinase-3 is
a serine and threonine protein kinase, which on phosphory-
lation of GS, inhibits its actions. Studies in myotubes, how-
ever, have shown that the failure of insulin to decrease GS
phosphorylation and thereby increase its activity was not
based on changes in Glycogen synthase kinase-3 expression
or activity (19). Instead suggesting that the primary defect in
GS involved abnormal activity of another protein kinase or
phosphatase (19).

In addition, it has been reported that insulin-mediated glu-
cose oxidation is reduced in myotubes established from hu-
man diabetic subjects (18), however, all enzymes from the
glycolytic pathway were identified in this study and none of
the enzymes showed any differential abundance between
diabetic and nondiabetic myotubes.

Overall, this strongly supports the hypothesis that regula-
tion of these pathways may be performed at the level of PTM.
Nevertheless, some studies have found the abundance of

certain proteins to be differentially regulated in diabetes.
However, only a low number of proteins have been identified
as regulated. In this study, 12 proteins were found to be
differentially abundant among the three groups. Table Il lists
the 12 proteins found to be differentially abundant along with
their iTRAQ ratios. Some of the structural proteins identified in
this study like myosin-2, myosin-3, myosin-8 (all identified by
both common as well as isoform-specific peptides) and Te-
nascin were identified as up-regulated in diabetic myotubes
and might reflect intrinsic alteration of diabetic myotubes.
Sreekumar et al. compared gene expression in skeletal mus-
cle samples from nondiabetic control subjects and type 2
diabetic subjects before and after intensive insulin therapy
and identified 85 differentially expressed genes (46). The ex-
pression of 74 genes normalized after insulin therapy whereas
the expression of 11 genes remained unaffected by the insulin
therapy. Six of these proteins were identified with a down-
regulated expression in the diabetic muscle (myosin heavy
chain isoform I, troponin |, troponin C, tropomyosin, and
calmodulin type I). This regulation might be because of other
external factors such as physical activity or because of intrin-
sic alteration of muscle tissue in type 2 diabetes. Moreover,
the composition of skeletal muscle fiber has been found to be
altered in both type 2 diabetic patients (48) and their nondia-
betic first degree relatives (49), with a greater proportion of
type llb (nonoxidative) compared with type | (oxidative) mus-
cle fibers. At present it is still unknown whether altered myosin
isoform expression is important for the development of mus-
cle fiber distribution and development of insulin resistance.
However, an up-regulation of structural proteins is likely a
secondary effect resulting from the diabetic phenotype and
not the direct cause leading to insulin resistance and T2D.
In the present study, proteins like adenosine deaminase,
alcohol dehydrogenase 1, apolipoprotein A-l, and heat shock
protein beta-6 were all found to be down-regulated in diabetic
myotubes when compared with nondiabetic controls. Path-
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way analysis was performed on the regulated proteins using
IPA and ProteinCenter. However, no common pathway or link
among the regulated proteins could be established. Fatty
acid-binding protein was identified as slightly down-regulated
in myotubes established from obese subjects (both obese
diabetic and nondiabetic) whereas hemoglobin subunit alpha
was up-regulated in obese myotubes. Hemoglobin is an iron-
containing oxygen-transport protein in the red blood cells and
their progenitors. The up-regulation of the subunit alpha iden-
tified in this study is likely an artifact resulting from hemoglo-
bin adsorption during the biopsy process, and insufficient
dilution at the early passages during the establishment of the
satellite cell cultures. Peptides originating from the B and 6
subunits were also identified with a slight up-regulation (below
the threshold). However, peptides identified from all three
subunits also contained sites of possible PTM which could
explain the variation among the ratios of the different
subunits.

Another 24 proteins were found not to be significantly dif-
ferent among the three groups but contained at least one
peptide showing abundance differences. These regulated
peptides were all ambiguous in the way that they had either
been identified from spectra with poor ion statistics or with a
high standard deviation for the iTRAQ ratios, which made
them less trustworthy. In addition, several of these peptides
carried amino acids that could be targeted by various PTMs,
which could affect the quantitative results. Furthermore, sev-
eral regulated peptides only displayed minor differences in
regulation among the three groups. Supplementary Ta-
ble S4 and S5 lists the iTRAQ data for the 36 proteins ana-
lyzed by SRM (12 regulated and 24 nonregulated proteins,
respectively). The average ratio and standard deviation for
each peptide is listed. Overall, the consistency in iTRAQ ratio
measurements of peptides from the same protein was good;
however, many peptides had sites of possible PTMs which
could be a plausible explanation for any variation in the ratios
detected. For this reason an average ratio (and standard
deviation) was calculated for each protein as a mean value
from the peptide values. Peptides carrying oxidized methio-
nine residues were not included in the calculations as a dif-
ferential abundance of the modification would shift the protein
ratio.

To validate the results from the 12 differentially abundant
proteins and to confirm whether the abundance of the addi-
tional 24 proteins described above was altered, we designed
a targeted SRM experiment (Fig. 1). To obtain data for making
transitions for each peptide in SRM, a label-free analysis of

the myotube peptides was performed using HCD MS/MS
only. This study enabled us to identify proteotypic peptides
(41) and the matching SRM transitions. A minimum of four
transitions, mainly y-ions, was chosen for each protein and
when possible, three peptides were used per protein. In ad-
dition, all SRM analyses were run in five replicates. The SRM
data were subsequently normalized based on data from three
housekeeping proteins because these were known to be
present in a 1:1:1 ratio. In addition, equal amounts of a tryptic
digest of B-lactoglobulin had been spiked into each sample
before the SRM analysis and upon normalization this protein
also proved to be present in a 1:1.1 ratio (data not shown). A
total of 777 transitions were used for targeting 158 peptides.
The complete transition list can be found in the sup-
plemental Table 2. For each targeted peptide that fulfilled the
verification criteria, the software computed the integrated
peak areas of all transitions for quantification and calculated
%CVs for the five replicates. Fig. 4 gives two examples of
protein quantitation using SRM. The figure illustrates the SRM
data of adenosine deaminase and alcohol dehydrogenase 1
showing the overall abundance of the proteins in the different
myotube groups as well as the overall peptide abundance
based on all transitions from each peptide. The figure clearly
illustrates how both proteins are down-regulated in diabetic
myotubes.

The SRM data proved to be very consistent with the iTRAQ
data. Supplemental Table 6 lists the SRM data for the 12
regulated proteins selected for SRM analysis, whereas
supplemental Table 7 lists the SRM data for the 24 nonregu-
lated proteins selected for SRM analysis. For each peptide
analyzed by SRM the average ratio and standard deviation
were calculated based on the transitions for each peptide.
The overall protein ratio is listed as a mean of these values.
In addition, when available the iTRAQ data for the same
peptides (and proteins) are listed along with the average
ratio and standard deviations based on the data in
supplemental Tables 4 and 5.

The 24 proteins found not to be differentially regulated in
the iTRAQ study, though still having peptides displaying dif-
ferences in regulation, were confirmed as nonregulated using
SRM. For 11 proteins, the differentially abundant peptides
were amenable for SRM (17 peptides). For the remaining 13
proteins SRM had to be performed on other peptides than the
ones identified in the iTRAQ discovery study. The regulations
observed for the 12 regulated proteins using iTRAQ were also
confirmed by SRM. The exact fold regulation was not always
confirmed by SRM, but in many cases the regulation was

Fic. 4. This figure shows two examples of protein quantitation using SRM: A, Quantitation of adenosine deaminase; The total signal from
three peptides selected for SRM analysis illustrating the overall abundance of the protein. Standard deviations are indicated. The overall
peptide abundance based on all transition from each peptide is illustrated in “Peptide ratio.” The “Total Signal” is an average of the five
technical replicates in each group. The “Chromatogram” shows the peak profile of the different transitions from one of the 12 runs. The “Peak
profile” displays the peak profile for all 12 runs and each group is indicated. B, Quantitation of alcohol dehydrogenase 1; The total signal from
three peptides selected for SRM analysis including standard deviations. The “Peptide ratio,” “Total Signal,” and “Chromatogram”.
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highly similar  to that identified by iTRAQ
and in all cases a down- or up-regulation found by iTRAQ was
confirmed by SRM. Two proteins, Eukaryotic initiation factor
4A-1 and Macrophage-capping protein were identified by
iTRAQ as having a slight regulation. SRM confirmed this, but
with values below the threshold for acceptable regulation.

Because of the low number of differentially abundant pro-
teins, we were unable to generate functional clusters associ-
ated with T2D or obesity. Several of the individual proteins
identified in this study, however, do provide functional insight
into the biological processes occurring in these samples. For
example, adenosine deaminase was identified as 1.45-fold
down-regulated in diabetic myotubes when compared with
the nondiabetic, lean control using iTRAQ (confirmed as 1.35-
fold down-regulated by SRM). The protein was found as 1.63-
fold down-regulated when compared with the nondiabetic,
obese control using iTRAQ (confirmed as 1.76-fold down-
regulated by SRM as illustrated in Fig. 4A). In 1991, Bell and
coworkers identified a connection between adenosine deami-
nase and Maturity-onset diabetes of the young (MODY) (50).
In a study of the largest and best-studied Maturity-onset
diabetes of the young pedigree, the RW family (51, 52), they
found that a DNA polymorphism in the adenosine deaminase
gene (ADA) cosegregated with Maturity-onset diabetes of the
young. The majority of the diabetic subjects from the RW
family were characterized by having reduced or delayed in-
sulin secretory response to glucose. A few years before this,
Leighton et al. had shown that changes in the level of aden-
osine in skeletal muscle affected insulin sensitivity indepen-
dent of fiber type composition of the muscle (53). They
showed that the presence of adenosine deaminase in the
medium of soleus, extensor digitorum longus, and hemi-dia-
phragm muscles of rats resulted in increased insulin sensitiv-
ity (563). Another interesting point is that propyl dipeptidase
(DPP-1V) is known to bind to adenosine deaminase. Homodi-
meric DPP-IV is a membrane-bound exoprotease anchored to
the plasma membrane of endothelia of almost all organs (54).
It also exists as a soluble circulating form in body fluids such
as blood plasma and cerebrospinal fluid having both adeno-
sine deaminase-binding and enzymatic activity (55, 56).
DPP-1V is involved in the proteolytic cleavage of insulin-sens-
ing incretin hormones such as glucagon-like peptide 1
(GLP-1) and glucose-dependent insulintropic polypeptide
(GIP). By proteolytic cleavage, DPP-IV negatively regulates
the in vivo concentrations of these hormones. Incretin hor-
mones have potent insulin-secretory activity and are as such
antidiabetic. As DPP-IV inactivates GLP-1 and GIP, inhibitors
of DPP-IV have been found useful in the treatment of type 2
diabetes and other diseases (54, 57-63).

We observed a reduced abundance of adenosine deami-
nase in myotubes established from T2D subjects when com-
pared with nondiabetic controls. This decrease would lead to
a higher concentration of adenosine, which would contribute
to decreased insulin sensitivity in the diabetic myotubes.

However, the exact molecular role of adenosine deaminase in
diabetes has not yet been established and we speculate
whether the diabetic phenotype in vivo is also in part a result
of the down-regulation of adenosine deaminase leading to a
higher number of DPP-IV molecules free to bind and inacti-
vate GLP-1 and GIP besides from the increase in the adeno-
sine concentration.

Another protein found in this study to be down-regulated in
diabetic myotubes is apolipoprotein A-l. This protein was
identified from 3 peptides with good ion scores in the iTRAQ
experiments that all indicated a down-regulation in T2D (1.3-
fold). Only one of these peptides could be successfully vali-
dated using SRM. SRM confirmed a slight decrease in the
protein abundance in diabetic myotubes, however, the down-
regulation was only 1.1-fold which was not considered to be
significant. However, because the SRM data were weak com-
pared with the iTRAQ data, we considered the regulation of
this protein to be possible. Though, further experiments are
needed to validate a regulation. A down-regulation of this
protein in diabetic myotubes would in fact correlate with
studies showing that Apo A-I expression is reduced both in
plasma samples from T2D humans (64) as well as in animal
models of diabetes and cell cultures treated with high con-
centrations of glucose (65).

Alcohol dehydrogenase 1 was also found to be down-
regulated in T2D myotubes. It was identified with a 1.68-fold
down-regulation in diabetic myotubes when compared with
the nondiabetic, lean control using iTRAQ (confirmed as 1.61-
fold down-regulated by SRM) and a 2.46-fold down-regula-
tion when compared with the nondiabetic, obese control us-
ing iTRAQ (confirmed as 2.56-fold down-regulated by SRM).
The protein was identified and quantitated from 13 nonredun-
dant iTRAQ-labeled peptides of which almost all were found
in multiple runs (a total of 57 peptides). The iTRAQ-labeled
peptides had been assigned to alcohol dehydrogenase 1B,
however, the peptides were in fact common between alcohol
dehydrogenase 1A, 1B, and 1C. A protein alignment was
performed using ClustalW to find the peptides that were se-
quence specific to the three isoforms and SRM was subse-
quently performed on these and other selected peptides.
SRM confirmed the down-regulation found by iTRAQ (based
on three different SRM peptides), however, limited information
was found on the isoform-specific peptides simply because of
the fact that not all peptides are ionized and analyzed equally
well by MS. It was therefore not possible to conclude whether
one, two or all three isoforms were regulated. Fig. 4B illus-
trates the SRM data of alcohol dehydrogenase 1 illustrating
the results obtained by SRM.

CONCLUSIONS

To our knowledge, no large-scale quantitative proteomic
analysis had been performed on human myotubes to eluci-
date protein expression profiles between diabetic subjects
and nondiabetic lean and nondiabetic obese subjects, re-
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spectively. In the present study, a label-based discovery
study using iTRAQ was employed to identify and quantify
changes in protein expression in human myotubes estab-
lished from diabetic obese subjects versus nondiabetic sub-
jects. All proteins identified as regulated were subsequently
validated using a targeted label-free approach (SRM) and
there was a good correlation between the iTRAQ data and the
SRM data. The majority of the proteins identified in this study
proved not to be differentially expressed between the diabetic
myotubes and the two nondiabetic controls. Proteins from all
major pathways known to be important in T2D were well-
characterized in this study. All but two enzymes from the TCA
cycle, lipid oxidation, oxidative phosphorylation, the glycolytic
pathway, and glycogen metabolism were identified in the
present study and none of these enzymes were found to be
differentially abundant in myotubes established from diabetic
subjects when compared with nondiabetic controls. These
findings support the hypothesis that these specific pathways
are not regulated at the level of protein expression or protein
degradation but instead through some degree of PTM. Twelve
proteins were, however, differentially abundant between
the three different groups and it would be interesting for future
studies to perform more targeted experiments in which the
individual patient samples would be quantitatively screened
using SRM to determine the level of these proteins in each
patient. Adenosine deaminase was clearly down-regulated in
myotubes established from T2D subjects. As DPP-IV, which is
known to bind and inactivate the antidiabetic hormones,
GLP-1 and GIP, also binds to adenosine deaminase, we spec-
ulate whether the diabetic phenotype in vivo is in part a result
of the down-regulation of adenosine deaminase leading to a
higher number of DPP-IV molecules free to bind GLP-1 and
GIP as well as the increase in the adenosine concentration.
Because only minor changes were found in protein expres-
sion, the pathophysiological mechanisms leading to the dia-
betic phenotype may also be associated with a change in the
level of PTMs of proteins or in molecular mechanisms derived
from the action of insulin in these cells. Future studies inves-
tigating the effects of insulin stimulation on myotubes may
therefore provide additional insight into the mechanisms lead-
ing to the diabetic phenotype.
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