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Altered gene expression and
repressed markers of autophagy in
skeletal muscle of insulin resistant
wewr e patients with type 2 diabetes

Published: 02 March 2017 Andreas Buch Mgller?, Ulla Kampmann?, Jakob Hedegaard?, Kasper Thorsen?,

Iver Nordentoft3, Mikkel Holm Vendelbo*, Niels Mealler®* & Niels Jessen-3:

. This case-control study was designed to investigate the gene expression profile in skeletal muscle

. from severely insulin resistant patients with long-standing type 2 diabetes (T2D), and to determine

. associated signaling pathways. Gene expression profiles were examined by whole transcriptome,
strand-specific RNA-sequencing and associated signaling was determined by western blot. We
identified 117 differentially expressed gene transcripts. Ingenuity Pathway Analysis related these
differences to abnormal muscle morphology and mitochondrial dysfunction. Despite a ~5-fold
difference in plasma insulin, we did not observe any difference in phosphorylation of AKT or AS160,
although other insulin-sensitive cascades, as mTOR/4EBP1, had retained their sensitivity. Autophagy-
related gene (ATG14, RB1CC1/FIP200, GABARAPL1, SQSTM1/p62, and WIPI1) and protein (LC3BII,
SQSTM1/p62 and ATG5) expression were decreased in skeletal muscle from the patients, and this was

: associated with a trend to increased phosphorylation of the insulin-sensitive regulatory transcription

. factor FOXO3a. These data show that gene expression is highly altered and related to mitochondrial

. dysfunction and abnormal morphology in skeletal muscle from severely insulin resistant patients with

: T2D, and that this is associated with decreased expression of autophagy-related genes and proteins.

 We speculate that prolonged treatment with high doses of insulin may suppress autophagy thereby

. generating a vicious cycle maintaining insulin resistance.

. Type 2 diabetes (T2D) is a complex disease that affects millions of people worldwide and the prevalence is increas-
. ing rapidly'. The disease is characterized by impaired insulin action and accompanied hyperglycemia?. Exogenous
insulin is commonly used to treat these patients, but some patients are extremely insulin resistant and represent
a major clinical challenge in terms of achieving glycemic control despite treatment with high doses of insulin®.
Skeletal muscle is the major organ for insulin-stimulated glucose uptake in humans*, and insulin resistance in
skeletal muscle is a major contributor to hyperglycemia in T2D®. Insulin resistant skeletal muscle is characterized
: by abnormal morphology, including lipid accumulation and dysfunctional mitochondria®’. The molecular bases
. of these impairments are unknown but altered gene expression has been ascribed a critical role®. In accordance
. to this, gene expression profiles from patients in the early stage of T2D include up to 100 abnormally expressed
: genes and many of these have structural/contractile properties or are involved in mitochondrial function and
metabolism®!%. Whether these differences in gene expression persist or are worsened in late stages of T2D are
not known.
: Insulin stimulates several intracellular signaling cascades in skeletal muscle, including signaling to glucose
© transport, protein synthesis, and autophagy!’. Insulin treatment to patients with T2D is primarily dosed in order
© to obtain glycemic control, but is often complicated in the late stage of T2D due to gradually increasing insu-
* lin requirements'?. Impaired insulin signaling to glucose transport does not necessarily translate into similar
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reductions in the activation of other insulin sensitive pathways. Increasing doses of insulin may therefore have
unintended effects on cellular homeostasis and exaggerate the diabetic gene expression profile in these patients.
Obtaining glycemic control through treatment with high doses of insulin might ultimately cause a vicious cycle
where insulin resistance in skeletal muscle is worsened by the treatment. The potential consequences of treat-
ment with high doses of insulin include excessive stimulation of growth promoting pathways and impaired
cellular housekeeping through autophagy. Studies in transgenic mice have demonstrated that insufficient auto-
phagy is associated with impaired function of insulin-sensitive tissues, including skeletal muscle'*!%. Moreover,
autophagy-deficient skeletal muscle displays many of the same characteristics as insulin resistant muscle, includ-
ing both abnormal muscle morphology and mitochondria dysfunction'®. Insulin has previously been shown to
inhibit autophagy in human skeletal muscle!®!?, and we speculate that chronic exposure to high levels of insulin
may inhibit autophagy and thereby maintain insulin resistance.

The aim of the present study was to investigate global gene expression in skeletal muscle from severely insulin
resistant patients with T2D treated with high doses of insulin. We hypothesized that skeletal muscle from these
patients are characterized by abnormal expression of genes encoding structural and functional proteins, and that
this is associated with aberrant regulation of insulin sensitive signaling cascades.

Materials and Methods

Study design. In the present study, we compare global gene expression in skeletal muscle from healthy
human subjects and severely insulin resistant patients with long standing T2D. The study design and data of
different nature from the same cohort have been presented previously>'s.

Subjects. Seven T2D patients with severe insulin resistance (five males and two females) and seven age
matched healthy human subjects (six males and one female) participated in the study after verbal and writ-
ten information and consent. Severe insulin resistance was defined as insulin requirements of more than 100
U*day . The study was approved by the Ethics Committee System of Central Region Denmark and conducted
in accordance with the Helsinki Declaration.

Protocol. T2D patients had their oral antidiabetic treatments (metformin) withdrawn two day before the
study and their usual insulin treatment was replaced with a continuous infusion of short acting insulin (Actrapid,
Novo Nordisk, Denmark) and glucose one day before the study. The rates of insulin and glucose infusions were
adjusted to reach a plasma glucose level of 8 mM. Skeletal muscle biopsies were sampled after overnight fast from
m. vastus lateralis using a Bergstrom needle and blood samples were drawn from an antecubital vein. The biopsies
were frozen in liquid nitrogen and stored at —80 °C until analyses were performed. Blood samples were handled
and analyzed as previously described*!s.

RNA sequencing. Total RNA was purified from frozen biopsies using the QiaSymphony robot in combina-
tion with the QiaSymphony RNA Mini kit (Qiagen, CA, USA) according to the Manufacturers protocol includ-
ing DNase treatment. We were not able to isolate muscle RNA from one of the diabetic patients and one of
the control subjects, leaving 6 patients in each group for RNA-sequencing. RNA concentration was determined
using a spectrophotometer with absorbance at 260 nM (NanoDrop ND-1000) and RNA integrity was assessed
using a 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Whole transcriptome, strand-specific
RNA-Seq libraries facilitating multiplexed paired-end sequencing were prepared from 500 ng total-RNA using
the Ribo-Zero Magnetic Gold technology (Epicentre, an Illumina company) for depletion of rRNA followed by
library preparation using the ScriptSeq v2 technology (Epicentre). The RNA-Seq libraries were combined into
2nM pooled stocks, denatured and diluted to 10 pM with pre-chilled hybridization buffer and loaded into TruSeq
PE v3 flowcells on an Illumina cBot followed by indexed paired-end sequencing (101 + 7+ 101 bp) on a Illumina
HiSeq 2000 using TruSeq SBS Kit v3 chemistry (Illumina). Paired de-multiplexed fastq files were generated using
CASAVA software (Illumina) and processed using tools from CLC Bio (QIAGEN). Fastq files were trimmed for
stretches of adapter sequences, joined into a single read if possible followed by quality trimming using commands
from the CLC Assembly Cell. Processed fastq files were then imported into the CLC Genomics Workbench
(QIAGEN) and mapped against gene regions and transcripts annotated by Human NCBI REFSEQ October 30,
2012. Gene-wise matrices of “total exon reads” counts were exported from the CLC Genomics Workbench for
exploration and statistical analysis in the R computing environment (version 3.0.0 for Windows) using the R
package Empirical analysis of Digital Gene Expression data in R (edgeR, version 3.2.3) facilitating identifica-
tion of differentially affected genes between healthy human subjects and severely insulin resistant patients with
T2D"-2, The differentially regulated gene transcripts were annotated to biological function and pathways using
Ingenuity Pathway Analysis software*. The analysis was performed in November 2015 and the results were fil-
tered for skeletal muscle related functions in humans or mice or rats. Supervised hierarchical cluster analysis and
heat map was generated using GeneSpring GX11.5 software (Agilent Technologies, CA, USA).

Protein extraction and western blot analysis. Frozen muscle tissue were homogenized in ice-cold
lysis buffer (50 mM HEPES, 137 mM NaCl, 10 mM Na,P,0,, 10mM NaF, 1 mM MgCl,, 2mM EDTA, 1% NP-40,
10% glycerol (vol/vol), 1 mM CaCl,, 2mM Na;VO,, 100 mM AEBSF [4-(2-aminoethyl) benzenesulfonyl fluo-
ride], hydrochloride, pH 7.4) using a Precellys homogenizer (Bertin Technologies, France). Insoluble materials
were removed by centrifugation at 14,000 x g for 20 minutes at 4 °C. Protein concentration of the supernatant
was determined using a Bradford assay (BioRad, CA, USA). Samples were adjusted to equal concentrations
with milli-Q water and denatured by mixing with 4x Laemmli’s buffer and heating at 95°C for 5 minutes. Equal
amounts of protein were separated by SDS-PAGE using the BioRad Criterion system, and proteins were elec-
troblotted onto PVDF membranes (BioRad). Control for equal loading was performed using the Stain-Free tech-
nology that allows visualization of total protein amount loaded to each lane and has been shown to be superior to
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Figure 1. Heat map of the 117 genes differentially expressed genes between controls and type 2 diabetic
subjects. Fold change in gene expression is color coded: red: expression higher than the median of all samples;
blue: expression lower than the median of all samples; yellow: median expression. Supervised hierarchical
clustering was performed vertically in samples and horizontally in genes. As illustrated by the dendrogram,
the analysis identified two distinct clusters separating healthy subjects from patients with type 2 diabetes. The
length of the lines indicates the degree of separation between the clusters.

beta-actin and GAPDH in human skeletal muscle??%. Membranes were blocked for 2 hours in a 2% bovine serum
albumin solution (Sigma-Aldrich, MO, USA) and incubated overnight with primary antibodies (antibodies are
specified in the Electronic Supplementary Material Table S1). After incubation in primary antibodies the mem-
branes were incubated 1 hour with HRP-conjugated secondary antibodies. Proteins were visualized by chemilu-
miniscence (Pierce Supersignal West Dura, Thermo Scientific, IL, USA) and quantified with ChemiDoc™ MP
imaging system (BioRad). Protein Plus Precision All Blue standards were used as marker of molecular weight
(BioRad).

Statistics. Normal distribution and equal variance was assumed after graphical inspection of QQ-plots
and Bland-Altman plots. Comparisons between groups were performed by Student’s t-test. Data were analyzed
in SigmaPlot (SigmaPlot 11.0, Sysstat Software, CA, USA) and is presented as mean + SEM. Data based on
RNA-sequencing was analyzed and corrected for multiple testing as described in the methods (RNA sequencing).
Heatmap was creased in GeneSpring 13.1.1 (Agilent) using median scaled log2 transformed RNA expression data
with one added to values before log2 transformation.

Results

Subject characteristics. Characteristics of the included subjects have been published in details previ-
ously>'8. In short, age and BMI were 59 +2 years and 28 & 1.5kg/m? in the control group and 58 & 2 years and
35.7 £2.1kg/m? in the diabetes group. BMI tended to be elevated in the T2D patients (p = 0.05). Fasting plasma
glucose were 5.3+ 0.2 mmol/l and 7.9 £ 0.4 mmol/l in controls and T2D patients, respectively (p < 0.001). Insulin
levels were 68 £ 8 pmol/l in the controls and 350 £ 46 pmol/l in T2D patients (p < 0.001), and C-peptide were
809 4 100 pmol/l in the controls and 641 & 148 pmol/l in the T2D patients (p < 0.001). The mean duration of
diabetes was 17.3 £ 4.1 years at the time of inclusion.

Gene transcription profile. Using whole transcriptome, strand-specific RNA-sequencing, we identified
1,732 gene transcripts that were differently expressed in the two groups with an uncorrected p-value < 0.05 and
117 genes that were differently expressed following correction for multiple testing (FDR < 0.05, Electronic Su
pplementary Material Table S2). Supervised hierarchical cluster analysis illustrated on the heat map in Fig. 1
separated healthy subjects and T2D patients into two distinct clusters. All differently expressed gene transcripts
were further analyzed using Ingenuity Pathway Analysis software. The result of this analysis is summarized in
Table 1 and shows that the most pronounced differences are associated with morphologic abnormalities, altered
substrate metabolism, and mitochondrial dysfunction. Gene transcripts annotated with oxidation of fatty acids
had a z-score smaller than -2. No other function achieved a z-score greater than 2 or smaller than -2. Gene tran-
scripts encoding structural and functional genes such as myosin heavy chain isoforms (MYHI, MYH2, MYH4),
and laminins (LAMB3) were highly upregulated in skeletal muscle from T2D patients, whereas genes encod-
ing proteins involved in mitochondrial biogenesis (PPARGCIA) and respiration (COX6A2) were suppressed.
Moreover, the expression of gene transcripts encoding proteins involved in insulin signal transduction, such as
insulin receptor (INSR), insulin receptor substrate (IRS2), and protein kinase AKT (AKTI and AKT2) were sup-
pressed in patients with T2D. We also observed increased expression of embryonic and perinatal forms of myosin
heavy chain (MYH3 and MYHS) in muscle from T2D patients. The complete gene expression data can be found
as a text file in the Electronic Supplementary Material (genes_exonReads_Matrix).

Autophagy-related gene and protein expression is repressed in skeletal muscle from T2D
patients. Autophagy is a catabolic process involved in maintenance of cellular homeostasis by delivering
cytoplasmic constituents to the lysosomes for degradation?. As the gene expression profile revealed major dif-
ferences related to mitochondrial dysfunction and altered morphology, we hypothesized that regulation of auto-
phagy would be affected in the patients. During autophagy Microtubule Associated Protein 1 Light Chain Beta
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Function annotation p-value Number of molecules
Abnormal muscle morphology 1.03E-04 24
Mitochondrial quantity 4.80E-04 7
Muscle mass 8.22E-04 17
Muscle function 8.67E-04 23
Oxidation of fatty acids 2.92E-03 7

Pathway annotation
Oxidative phosphorylation 2.71E-14 38
Mitochondrial dysfunction 2.71E-11 45

Regulation z-score Direction Number of molecules
Oxidation of fatty acids 2.20 Down 7

Table 1. Ingenuity Pathway Analysis. Upper part: The top-five annotated functions sorted by p-values and
number of associated genes. Middle part: The top-tow annotated pathways sorted by p-values and number.
Lower part: Gene transcripts annotated with oxidation of fatty acids were significantly down-regulated in T2D
patients.

(LC3BI) and GABA(A) Receptor-Associated protein (GABARAPI) are converted to LC3BII and GABARAPII
through lipidation by an ubiquitin-like system involving Autophagy-related gene (ATG) 5%. During this process
LC3BII and GABARAPII are incorporated into the growing autophagosomal membrane where they functions
as binding proteins for adapter proteins such as Sequestosome (p62) that recruits cellular components for degra-
dation. We did not observe any difference in the ratio of LC3BII to LC3BI in the two groups (Fig. 2A). Separate
analysis of LC3BI and LC3BII demonstrated that LC3BII was suppressed in T2D patients (Fig. 2B), but although
LC3BI was lower in T2D patients, this did not reach statistical significance (Fig. 2C, p=0.10). Protein expression
of p62 and ATG5 were suppressed in T2D patients (Fig. 2D,E). GABARAP protein expression was lower in T2D
patients, but this did not reach statistical significance (Fig. 2F, p=0.13). In the RNA-sequencing data we identi-
fied 5 autophagy-related gene transcripts that were differently expressed (ATG14, GABARAPL1, RB1CC1/FIP200,
WIPII1, and SQSTM1/p62) and all of them were decreased in the patients (Supplementary Material Table S3).

Autophagic regulation through FOX03a tends to be repressed in skeletal muscle from T2D
patients. The insulin sensitive kinase AKT serves as a common upstream regulator of enzymes involved in
transcriptional and non-transcriptional regulation of autophagy®. Forkhead box O3a (FOXO3a) plays a major
role in transcriptional regulation of autophagy, while Unc-51 Like Protein Activating Kinase 1 (ULK1) plays a
critical role in non-transcriptional regulation of autophagy by receiving inhibitory signals from the upstream
kinase mammalian target of rapamycin complex 1 (mTORC1) and stimulatory signals from AMP activated pro-
tein kinase (AMPK)?*®. AKT-pan protein expression was decreased by ~25% in T2D patients, but this did not
translate into a difference in AKT phosphorylation at Ser*”® when expressed as a ratio of AKT-pan expression
(Fig. 3A). Protein expression of mTOR was equal in the two groups, and although mTOR phosphorylation at
Ser?*#8 was ~25% elevated in T2D patients, this did not reach statistical significance (Fig. 3B, p=0.11). We did not
observe any difference in ULK1 protein expression and phosphorylation at Ser”’ (Fig. 3C), while phosphoryla-
tion of ULK1 at Ser®>® was decreased in in T2D patients (Fig. 3D). We did not observe any difference in AMPK«
protein expression or phosphorylation at Thr'”* (Fig. 3E). FOXO3a was equally expressed in the two groups, and
the phosphorylation of FOXO3a at Ser*'#?2! tended to be elevated by ~75% in T2D patients (Fig. 3F, p=0.07).

Signaling to protein synthesis is stimulated in skeletal muscle from T2D patients. Besides being
involved in regulation of autophagy mTORCI1 also plays a role in regulation of protein synthesis by regulation of
downstream targets, such as Eukaryotic Translation Initiation Factor 4E Binding protein (4EBP1) and ribosomal
protein S6 (S6rp)*. Protein expression of 4EBP1 was suppressed by ~50% in T2D patients, and phosphorylation
of 4EBP1 at Thr*”/* was elevated, as demonstrated by ~40% decreased non-p-4EBP1 (Fig. 4A). No difference in
protein expression of S6rp and phosphorylation at Ser**23¢ was observed between the two groups (Fig. 4B).

Expression of mitochondrial proteins are repressed in skeletal muscle from T2D patients.
Decreased mitochondrial content has been demonstrated in skeletal muscle from patients with T2D”. This is in
good agreement with the mitochondrial dysfunction revealed in the present study by RNA-sequencing. To exam-
ine whether this is associated with decreased expression of mitochondrial proteins we examined the expression of
Voltage Dependent Anion Channel (VDAC), Succinate Dehydrogenase alpha (SDHA), Pyrovate Dehydrogenase
alpha 1 (PDHal), Cytochrome C (Cyt-C), and Cytochrome C oxidase 4 (COX-IV). Protein expression of Cyt-C,
SDHA, VDAC, and COX-IV were suppressed by 30-50% in T2D patients (Fig. 5A-D), while the difference in
PDHal protein expression did not reach statistical significance (Fig. 5E).

Discussion

In the present study, we used RNA-sequencing to demonstrate that skeletal muscle from severely insulin resist-
ant T2D patients have an altered gene expression profile compared to healthy controls. 117 genes were differ-
entially regulated and many of these genes were related to abnormal muscle morphology and mitochondrial
dysfunction. These findings demonstrate that insulin resistant skeletal muscle in humans exhibit characteristics
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Figure 2. Autophagy-related protein expression is repressed in skeletal muscle from T2D patients. The
ratio of LC3BII to LC3BI was equal in the two groups (A). Separate analysis of LC3BII and LC3BI showed that
LC3BII was decreased in the diabetics (B), but the difference in LC3BI did not reach statistical significance
(C). p62 and ATG5 were decreased in the patients (D,E). GABARAP was decreased in the patients, but the
difference did not reach statistical significance (F). Values are means &+ SEM. *Indicate difference in the mean
values based on Student’s t-test. Representative western bots are shown below the graphs. Based on the applied
molecular standards, approximated molecular weights are indicated on the right.
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Figure 3. Autophagic signaling through ULK1 and Foxo3a are repressed in skeletal muscle from T2D
patients. AKT phosphorylation at Ser*” was equal in the two groups (A). mTOR phosphorylation at Ser?*®
was elevated in the patients, but the difference did not reach statistical significance (B). ULK1 phosphorylation
at Ser”” was equal in the two groups (C), while ULK1 phosphorylation at Ser®> was decreased in patients with
T2D (D). AMPKa phosphorylation at Thr'”? was equal in the two groups (E). FOXO3a phosphorylation at
Ser32/318 was increased in the patients, but the difference did not reach statistical significance (F). Values are
means £ SEM. *Indicate difference in the mean values based on Students t-test. Representative western bots
are shown below the graphs. Based on the applied molecular standards, approximated molecular weights are
indicated on the right.

similar to those observed in autophagy-deficient skeletal muscle in mice. In accordance to this, we demonstrate
that gene and protein expression of several autophagic components are suppressed in skeletal muscle from these
patients. We also demonstrate that gene expression of embryonal and perinatal myosin heavy chains (MYH3 and
MYHS) are highly elevated in T2D. This is highly unusual and could indicate exaggerated stimulation of growth
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Figure 4. Signaling to protein synthesis is stimulated in skeletal muscle from T2D patients. 4EBP1
phosphorylation at Thr¥”/4 was elevated, in the patients as demonstrated by decreased non-p-4EBP1 (A). S6rp
phosphorylation at Ser?**2%¢ was equal in the two groups (B). Values are means &= SEM. *Indicate difference in
the mean values based on Students t-test. Representative western bots are shown below the graphs. Based on the
applied molecular standards, approximated molecular weights are indicated on the right.

promoting pathways. The impaired muscle phenotype in T2D patients may therefore at least partly be a conse-
quence of inadequate cellular maintenance through autophagy and excessive activity of growth promoting path-
ways. However, the data reported here are only associative and further studies are needed to examine the relation
between autophagy, mitochondrial dysfunction, and exogenous treatment with insulin.

Comparison of gene transcription profiles obtained in previous investigations of patients with T2D**! with
the gene transcription profile obtained in the present study reveal an overlap of less than 15%. Some of this
discrepancy might be explained by the use of RNA-sequencing instead of microarrays. RNA-sequencing offers
the advantage compared to microarrays that is does not require prior knowledge of transcript-specific probes,
which enables detection of unknown and low abundant gene transcripts. However, much of the variation is
likely explained by large differences in the investigated populations. Due to severe insulin resistance, the patients
included in the present study had insulin and glucose infused at the time of biopsy sampling. Thus, we are not able
to discriminate the effects of insulin stimulation, obesity, or altered substrate availability. The altered gene expres-
sion profile may therefore reflect the effects of both the disease and its treatment/complications. Nonetheless, the
presented data provides new information on gene expression in an experimental setup that reflects the metabolic
and hormonal environment these insulin resistant muscles are normally exposed to. Many of the differently regu-
lated gene transcripts are in accordance with previous histological and metabolic findings. MYHI (myosin heavy
chain ITX) and MYH4 (myosin heavy chain IIB) were highly upregulated in the patients and TNNTI (slow skeletal
muscle troponin T) was decreased, which corresponds well with decreased proportion of slow oxidative fibers
observed in patients with T2D*!. PPARGCIA and COX6A2 were suppressed in the patients, which indicate that
mitochondrial function is impaired, as the proteins encoded by these transcripts are involved in mitochondrial
biogenesis and electron transport®. These observations are supported by the Ingenuity Pathway Analysis that
demonstrated that the gene transcription profile is associated with mitochondrial dysfunction and altered muscle
morphology. Impaired mitochondrial function is also supported by decreased expression of several mitochon-
drial proteins. Thus, RNA-sequencing enables us to generate data that reflect histological and metabolic obser-
vations in skeletal muscle from T2D patients, and reveal that many characteristics of skeletal muscle in the early
stage T2D persist in the late stage of T2D.

Despite a ~5-fold difference in insulin levels at the time of biopsy sampling, we did not observe any difference
in AKT phosphorylation at Ser*” or phosphorylation of the AKT substrate AS160 at Thr®. This impaired signa-
ling to GLUT4 transport is in agreement with numerous observations in T2D patients®?. However, the increased
insulin levels were associated with increased 4EBP1 phosphorylation at Thr*”/4¢ and a trend to increased mTOR
phosphorylation. These data indicate that, despite severe reduction of insulin signaling to glucose uptake, other
components of the insulin signaling cascade has retained some sensitivity. Thus, the growth-mediating effects of
mTOR may be chronically stimulated in patients treated with high doses of insulin. This could contribute to direct
muscle homeostasis into highly unusual states. In support of this, we observed that gene transcripts encoding
embryonal and perinatal myosin heavy chains (MYH3 and MYHS) were highly elevated in the patients. Increased
expression of these genes has previously been observed in skeletal muscle from patients with spinal cord injuries,
and is associated with metabolic inflexibility®*. Reduced expression of C100rf10 in the patients also supports that
insulin has retained its ability to mediate intracellular signals, as expression of this gene is negatively regulated
by insulin®*. The mechanism behind this has been shown to depend on members of the FOXO family*, which is
in good agreement with the inhibitory effects of insulin on these transcription factors and the observed trend to
increased FOXO3a phosphorylation in the present study. Intact insulin action on growth-promoting pathways
may therefore lead to unrestrained stimulation in patients treated with high doses of exogenous insulin, which
probably leads to impaired muscle homeostasis and function.

SCIENTIFIC REPORTS | 7:43775 | DOI: 10.1038/srep43775 7



www.nature.com/scientificreports/

A B
= 150 __ 150,
s 2
B <
E 50 S 501
£ E:
S ()]
5 o 20
CON  T2D CON T2D
Cyt-C [ | - 14 1Da SDHA |l s | ~70 kDa
C D
150
5 2150
£ 100 ] * -% 100 1 *
5 B
Qo
o 50 g 50
8 3
0 ° 0
CON  T2D CON  T20

VDAC W | ~324Da fe— - 17 D5

m
2

8

PDAcA /protein [AUJ

CON T2D

PDHul [ SN S| ~ 43 kDa

Figure 5. Expression of mitochondrial protein is repressed in skeletal muscle from T2D patients. Cyt-
C, SDHA, VDAC, and COX-IV were suppressed in the patients (A-D), while the difference in PDHal did
not reach statistical significance (E). Values are means + SEM. *Indicate difference in the mean values based
on Students t-test. Representative western bots are shown below the graphs. Based on the applied molecular
standards, approximated molecular weights are indicated on the right.

Insulin is a potent inhibitor of autophagy and we speculated that the distorted gene expression profile could
be worsened by insufficient cellular removal of dysfunctional mitochondria and proteins. In skeletal muscle from
diabetic rats with high insulin levels the ratio of LC3BII to LC3BI is decreased, indicating that the number of
autophagosomes is reduced™. In contrast, diabetic rats with low insulin levels have an increased ratio of LC3BII to
LC3BI*. These findings suggest that insulin is responsible for suppressing muscular autophagy in T2D. In accord-
ance to this, reduced ratio of LC3BII to LC3BI has been demonstrated during insulin stimulation in patients
with T2D". Our data showed that the expression of LC3BII was suppressed in T2D patients treated with high
doses of insulin. mRNA expression of LC3B was equal in the two groups, and although not reaching statistical
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significance, protein expression of LC3BI tended to be lower in T2D patients. These findings indicate that the pro-
duction of LC3B is unchanged or even suppressed in muscle from T2D patients, and autophagosome formation
may therefore be impaired in skeletal muscle from these patients. GABARAPLI mRNA was also suppressed in the
patients, which further suggests that the supply of building blocks for autophagosome formation is suppressed?.
Our data also indicate that the recruitment of proteins to the autophagosome is inhibited, as mRNA and protein
expression of p62/SQSTM1 were down-regulated in the patients. These data show that markers of autophagy is
suppressed in skeletal muscle from patients with long standing T2D, which could be a consequence of prolonged
exposure to highly elevated insulin levels.

ULK1 and the FOXO3a play major roles in regulation of autophagy and both are inhibited during insu-
lin stimulation®*?’”. ULK1 is inhibited by mTORC1 through phosphorylation at Ser””%:*-40 and FOXO3a in
inhibited by AKT through phosphorylation at Ser*'#32! 41, Stimulation with insulin inhibits autophagy through
mTORCI1/ULK1in human skeletal muscle'®*>%3. However, despite elevated insulin levels in T2D patients we did
not observe increased ULK1 phosphorylation at Ser””” and mTOR phosphorylation at Ser?*¢. This could indi-
cate insulin resistance and implies that another mechanism than mTORC1/ULKI is responsible for suppressing
autophagy. FOXO3a phosphorylation at Ser®'8/32! was elevated in skeletal muscle from T2D patients but the differ-
ence remained non-significant. However, the strong tendency could indicate that this transcription factor indeed
was inactivated. To examine whether this was associated with transcriptional down-regulation of autophagy,
we sampled autophagy-related gene transcripts from the RNA-sequencing dataset. Five autophagy-related gene
transcripts (ATG14, GABARAPLI, RBI1CC1/FIP200, WIPI1, and SQSTM1/p62) were down-regulated in skeletal
muscle from T2D patients. The expression of SQSTM1/p62 and GABARAPLI is known to be tightly controlled by
FOXO3a, and these data therefore provide further evidence to suggest that the transcriptional activity of FOXO3a
is inhibited*. These data indicate that insulin-induced transcriptional inhibition of FOXO3a could be involved in
suppressing autophagy in skeletal muscle from severely insulin-resistant T2D patients. However, only markers of
autophagy are reported in the present study, and further studies aimed at developing methods to measure auto-
phagy flux are needed to confirm this hypothesis.

More than 30 autophagy-related genes encoding proteins of the autophagic core machinery have been discov-
ered in mammalian cells**. We identified 33 autophagy-related gene transcripts by RNA sequencing in human
skeletal muscle. Five of these were decreased in patients with T2D compared to healthy controls and further 3
tended to be decreased. We did not find evidence for global down-regulation of autophagy-related gene expres-
sion using the Ingenuity Pathways analysis. However, autophagy is a dynamic process that involves a high degree
of non-transcriptional regulation. This limits the ability to detect regulation by bioinformatics analysis of a single
muscle biopsy.

Autophagic flux cannot be determined in human skeletal muscle in vivo and this is a limitation for clini-
cal studies. Consequently, the present study only contains data on autophagic markers. The observed decreased
in LC3BII and p62 protein could be caused by reduced autophagosome formation and decreased flux through
the autophagy-lysosomal system. Using specific lysosomal inhibitors in cultured cells demonstrates that protein
levels of LC3BII do not per se reflect autophagy flux and that the amount of autophagy-related proteins varies
among different stages of autophagy*4~*¢. Our data does therefore not allow us to conclude that autophagic flux is
decreased, but they clearly demonstrate that expression of several components of the autophagic machinery are
decreased in skeletal muscle from patients with T2D.

In conclusion, skeletal muscle gene transcription profiles from severely insulin resistant patients with T2D
show distinct dysregulation with major differences related to mitochondrial dysfunction and morphological
abnormalities. Gene and protein expression of several autophagic markers are suppressed in skeletal muscle from
patients with T2D, which may be a consequence of inhibited FOXO3a activity. We speculate that prolonged
treatment with high doses of exogenous insulin in these patients could contribute to the accumulation of dys-
functional mitochondria and abnormal morphology and thereby generating a vicious cycle maintaining insulin
resistance.

References
1. Kharroubi, A. T. & Darwish, H. M. Diabetes mellitus: The epidemic of the century. World J. Diabetes 6, 850-867 (2015).
2. Reaven, G. M. Pathophysiology of insulin resistance in human disease. Physiol. Rev. 75, 473-486 (1995).
3. Kampmann, U. et al. GLUT4 and UBC9 protein expression is reduced in muscle from type 2 diabetic patients with severe insulin
resistance. PLoS One 6, 27854 (2011).
4. Baron, A. D., Brechtel, G., Wallace, P. & Edelman, S. V. Rates and tissue sites of non-insulin- and insulin-mediated glucose uptake in
humans. Am. J. Physiol. 255, E769-74 (1988).
5. DeFronzo, R. A. & Tripathy, D. Skeletal muscle insulin resistance is the primary defect in type 2 diabetes. Diabetes Care 32 Suppl 2,
§157-63 (2009).
6. Petersen, K. E, Dufour, S., Befroy, D., Garcia, R. & Shulman, G. I. Impaired mitochondrial activity in the insulin-resistant offspring
of patients with type 2 diabetes. N. Engl. J. Med. 350, 664-671 (2004).
7. Kelley, D. E., He, J., Menshikova, E. V. & Ritov, V. B. Dysfunction of mitochondria in human skeletal muscle in type 2 diabetes.
Diabetes 51, 2944-2950 (2002).
8. Zelezniak, A., Pers, T. H,, Soares, S., Patti, M. E. & Patil, K. R. Metabolic network topology reveals transcriptional regulatory
signatures of type 2 diabetes. PLoS Comput. Biol. 6, 1000729 (2010).
9. Sreekumar, R., Halvatsiotis, P, Schimke, J. C. & Nair, K. S. Gene expression profile in skeletal muscle of type 2 diabetes and the effect
of insulin treatment. Diabetes 51, 1913-1920 (2002).
10. Palsgaard, J. et al. Gene expression in skeletal muscle biopsies from people with type 2 diabetes and relatives: differential regulation
of insulin signaling pathways. PLoS One 4, €6575 (2009).
11. Boucher, J., Kleinridders, A. & Kahn, C. R. Insulin receptor signaling in normal and insulin-resistant states. Cold Spring Harb
Perspect. Biol. 6, doi: 10.1101/cshperspect.a009191 (2014).
12. Zierath, ]. R., Krook, A. & Wallberg-Henriksson, H. Insulin action in skeletal muscle from patients with NIDDM. Mol. Cell. Biochem.
182, 153-160 (1998).
13. He, C. et al. Exercise-induced BCL2-regulated autophagy is required for muscle glucose homeostasis. Nature 481, 511-515 (2012).

SCIENTIFIC REPORTS | 7:43775 | DOI: 10.1038/srep43775 9



www.nature.com/scientificreports/

14. Barlow, A. D. & Thomas, D. C. Autophagy in diabetes: beta-cell dysfunction, insulin resistance, and complications. DNA Cell Biol.
34,252-260 (2015).

15. Masiero, E. et al. Autophagy is required to maintain muscle mass. Cell. Metab. 10, 507-515 (2009).

16. Vendelbo, M. H. et al. Fasting Increases Human Skeletal Muscle Net Phenylalanine Release and This Is Associated with Decreased
mTOR Signaling. PLoS One 9, 102031 (2014).

17. Kruse, R, Vind, B. E, Petersson, S. J., Kristensen, J. M. & Hojlund, K. Markers of autophagy are adapted to hyperglycaemia in skeletal
muscle in type 2 diabetes. Diabetologia 58, 2087-2095 (2015).

18. Kampmann, U. et al. Insulin dose-response studies in severely insulin-resistant type 2 diabetes-evidence for effectiveness of very
high insulin doses. Diabetes Obes. Metab. 13, 511-516 (2011).

19. Robinson, M. D. & Smyth, G. K. Moderated statistical tests for assessing differences in tag abundance. Bioinformatics 23, 2881-2887
(2007).

20. Robinson, M. D. & Smyth, G. K. Small-sample estimation of negative binomial dispersion, with applications to SAGE data.
Biostatistics 9, 321-332 (2008).

21. Robinson, M. D., McCarthy, D. J. & Smyth, G. K. edgeR: a Bioconductor package for differential expression analysis of digital gene
expression data. Bioinformatics 26, 139-140 (2010).

22. Robinson, M. D. & Oshlack, A. A scaling normalization method for differential expression analysis of RNA-seq data. Genome Biol.
11, R25, doi: 10.1186/gb-2010-11-3-r25 (2010).

23. McCarthy, D. J., Chen, Y. & Smyth, G. K. Differential expression analysis of multifactor RNA-Seq experiments with respect to
biological variation. Nucleic Acids Res. 40, 4288-4297 (2012).

24. Kramer, A., Green, J., Pollard, J. Jr & Tugendreich, S. Causal analysis approaches in Ingenuity Pathway Analysis. Bioinformatics 30,
523-530 (2014).

25. Gurtler, A. et al. Stain-Free technology as a normalization tool in Western blot analysis. Anal. Biochem. 433, 105-111 (2013).

26. Vigelso, A. et al. GAPDH nad B-actin protein decreases with aging, making Stain-Free technology a superior loading control for
Western blotting of human skeletal muscle. ] Appl Physiol 118, 386-394 (2015).

27. Feng, Y., He, D., Yao, Z. & Klionsky, D. J. The machinery of macroautophagy. Cell Res. 24, 24-41 (2014).

28. Zhao, J., Brault, J. ], Schild, A. & Goldberg, A. L. Coordinate activation of autophagy and the proteasome pathway by FoxO
transcription factor. Autophagy 4, 378-380 (2008).

29. Kim, J., Kundu, M., Viollet, B. & Guan, K. L. AMPK and mTOR regulate autophagy through direct phosphorylation of UIKk1. Nat.
Cell Biol. 13, 132-141 (2011).

30. Ma, X. M. & Blenis, J. Molecular mechanisms of mTOR-mediated translational control. Nat. Rev. Mol. Cell Biol. 10, 307-318 (2009).

31. Patti, M. E. et al. Coordinated reduction of genes of oxidative metabolism in humans with insulin resistance and diabetes: Potential
role of PGC1 and NRF1. Proc. Natl. Acad. Sci. USA 100, 8466-8471 (2003).

32. Zierath, J. R. & Wallberg-Henriksson, H. From receptor to effector: insulin signal transduction in skeletal muscle from type II
diabetic patients. Ann. N. Y. Acad. Sci. 967, 120-134 (2002).

33. Petrie, M. A,, Suneja, M., Faidley, E. & Shields, R. K. Low force contractions induce fatigue consistent with muscle mRNA expression
in people with spinal cord injury. Physiol. Rep. 2, 00248 (2014).

34. Kuroda, Y. et al. Insulin-mediated regulation of decidual protein induced by progesterone (DEPP) in adipose tissue and liver. Horm.
Metab. Res. 42, 173-177 (2010).

35. Chen, S., Gai, J., Wang, Y. & Li, H. FoxO regulates expression of decidual protein induced by progesterone (DEPP) in human
endothelial cells. FEBS Lett. 585, 1796-1800 (2011).

36. Ly, P. et al. Autophagy in muscle of glucose-infusion hyperglycemia rats and streptozotocin-induced hyperglycemia rats via selective
activation of m-TOR or FoxO3. PLoS One 9, e87254 (2014).

37. Milan, G. et al. Regulation of autophagy and the ubiquitin-proteasome system by the FoxO transcriptional network during muscle
atrophy. Nat. Commun. 6, 6670 (2015).

38. Egan, D., Kim, J., Shaw, R. J. & Guan, K. L. The autophagy initiating kinase ULK]1 is regulated via opposing phosphorylation by
AMPK and mTOR. Autophagy 7, 643-644 (2011).

39. Jessen, N., Sundelin, E. I. & Moller, A. B. AMP kinase in exercise adaptation of skeletal muscle. Drug Discov. Today 19, 999-1002
(2014).

40. Moller, A. B. et al. Physical exercise increases autophagic signaling through ULK1 in human skeletal muscle. J. Appl. Physiol. 118,
971-979 (2015).

41. Tong, J. E, Yan, X., Zhu, M. J. & Du, M. AMP-activated protein kinase enhances the expression of muscle-specific ubiquitin ligases
despite its activation of IGF-1/Akt signaling in C2C12 myotubes. J. Cell. Biochem. 108, 458-468 (2009).

42. Bak, A. M. et al. Differential regulation of lipid and protein metabolism in obese vs. lean subjects before and after a 72-h fast. Am. J.
Physiol. Endocrinol. Metab. 311, E224-35 (2016).

43. Rittig, N. et al. Anabolic effects of leucine-rich whey protein, carbohydrate, and soy protein with and without beta-hydroxy-beta-
methylbutyrate (HMB) during fasting-induced catabolism: A human randomized crossover trial. Clin. Nutr., doi: 10.1016/j.
cInu2016.05.004 (2016).

44. Klionsky, D.J. et al. Guidelines for the use and interpretation of assays for monitoring autophagy (3rd edition). Autophagy 12, 1-222
(2016).

45. Sahani, M. H,, Itakura, E. & Mizushima, N. Expression of the autophagy substrate SQSTM1/p62 is restored during prolonged
starvation depending on transcriptional upregulation and autophagy-derived amino acids. Autophagy 10, 431-441 (2014).

46. Mizushima, N. & Yoshimori, T. How to interpret LC3 immunoblotting. Autophagy 3, 542-545 (2007).

Acknowledgements

Anette Mengel, Karen Mathiessen, Helle Zibrandtsen, Pamela Celis, Hanne Steen, Lone Andersen, and Lisa
Buus are thanked for excellent technical assistance. The study received support from the Danish Council for
Independent Research (grant# 0602-01978B to N.J.), the Danish Council for Strategic Research (grant# 0603-
00479B to NM), the Danish PhD Schools of Metabolism and Endocrinology, and the A.P. Mgller Foundation for
the Advancement of Medical Science.

Author Contributions

Author contributions: A.B.M., M.H.V,, UK., N.M,, and N.J. conception and design of research; A.B.M., UK,
J.H., K.T,, LK.N., and M.H.V. performed experiments; A.B.M., ].H., K.T. LK.N., and N.J. analyzed data; A.B.M.,
M.H.V,, UK., N.M,, and N.J. interpreted results of experiments; A.B.M. and N.J. prepared figures; A.B.M. drafted
manuscript; ABM., M.H.V,, UK,, ] H,, K.T., LK.N., N.M,, and N.]. critically revised the manuscript and approved
final version.

SCIENTIFICREPORTS | 7:43775 | DOI: 10.1038/srep43775 10



www.nature.com/scientificreports/

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing Interests: The authors declare no competing financial interests.

How to cite this article: Moller, A. B. et al. Altered gene expression and repressed markers of autophagy in
skeletal muscle of insulin resistant patients with type 2 diabetes. Sci. Rep. 7, 43775; doi: 10.1038/srep43775
(2017).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

M o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2017

SCIENTIFICREPORTS | 7:43775 | DOI: 10.1038/srep43775 11


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Altered gene expression and repressed markers of autophagy in skeletal muscle of insulin resistant patients with type 2 dia ...
	Materials and Methods

	Study design. 
	Subjects. 
	Protocol. 
	RNA sequencing. 
	Protein extraction and western blot analysis. 
	Statistics. 

	Results

	Subject characteristics. 
	Gene transcription profile. 
	Autophagy-related gene and protein expression is repressed in skeletal muscle from T2D patients. 
	Autophagic regulation through FOXO3a tends to be repressed in skeletal muscle from T2D patients. 
	Signaling to protein synthesis is stimulated in skeletal muscle from T2D patients. 
	Expression of mitochondrial proteins are repressed in skeletal muscle from T2D patients. 

	Discussion

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Heat map of the 117 genes differentially expressed genes between controls and type 2 diabetic subjects.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Autophagy-related protein expression is repressed in skeletal muscle from T2D patients.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Autophagic signaling through ULK1 and Foxo3a are repressed in skeletal muscle from T2D patients.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Signaling to protein synthesis is stimulated in skeletal muscle from T2D patients.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Expression of mitochondrial protein is repressed in skeletal muscle from T2D patients.
	﻿Table 1﻿﻿. ﻿  Ingenuity Pathway Analysis.



 
    
       
          application/pdf
          
             
                Altered gene expression and repressed markers of autophagy in skeletal muscle of insulin resistant patients with type 2 diabetes
            
         
          
             
                srep ,  (2017). doi:10.1038/srep43775
            
         
          
             
                Andreas Buch Møller
                Ulla Kampmann
                Jakob Hedegaard
                Kasper Thorsen
                Iver Nordentoft
                Mikkel Holm Vendelbo
                Niels Møller
                Niels Jessen
            
         
          doi:10.1038/srep43775
          
             
                Nature Publishing Group
            
         
          
             
                © 2017 Nature Publishing Group
            
         
      
       
          
      
       
          © 2017 The Author(s)
          10.1038/srep43775
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep43775
            
         
      
       
          
          
          
             
                doi:10.1038/srep43775
            
         
          
             
                srep ,  (2017). doi:10.1038/srep43775
            
         
          
          
      
       
       
          True
      
   




