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Purpose and aims 
Thousands of genetic loci have been shown to harbor genome-wide significant association signals for 
complex traits: for obesity, around 1,000 single nucleotide variants (SNVs) have been associated with 
multiple adiposity traits and for type 2 diabetes (T2D) the number of independent SNVs currently stands at 
around 400. Notwithstanding the major contribution these discovery studies have made in determining the 
biological basis to disease, to use these data for drug development requires that the underlying molecular 
mechanisms of these associations are determined. Linking T2D-associated SNVs with skeletal muscle insulin 
resistance via “sub-phenotypes” like gene expression may help dissect such relationships. However, 
important challenges remain, i.e. which are the causal variants (or haplotype) in an associated locus and how 
are transcripts/genes influenced by the SNVs (e.g. expression, splicing, spatial or temporal differences in 
protein activity)? By addressing these questions, our ability to identify new therapeutic targets embedded 
within the plethora of associated SNVs may increase substantially. To this end, the outlined experiments in 
this project provide a proof-of-principle of how causal variants in phenotype-associated loci may be identified 
using functional genomics. 
 
AIMs 

1) Human myotubes as a model system for follow-up studies of SNVs 

to provide comprehensive genomic and transcriptomic information of muscle biopsies, myoblasts 

and myotubes to identify regulatory eQTLs 

2) Establishing the CRISPR technology in myotubes for studying rare SNVs 

to demonstrate a proof-of-principle project for CRISPR in human myotubes, specifically to analyze 

the phenotype of a rare human TBC1D4 nonsense variant that leads to imbalanced glucose control. 

 
State-of-the-art 
Healthy, non-diabetic individuals with a family history of diabetes are years prior to a diagnosis characterized 
by decreased basal energy expenditure and metabolic inflexibility, conditions often attributed to 
mitochondrial dysfunction1. In fact, metabolic inflexibility is one of the earliest signs of metabolic 
disturbances and is defined as the inability to switch from high rates of fatty acid uptake and lipid oxidation 
to suppression of lipid metabolism with a parallel increase in glucose uptake, storage and oxidation, e.g. in 
response to feeding or exercise2. Although insulin resistance in skeletal muscle has been attributed to 
different pathological mechanisms, such as mitochondrial dysfunction3, impaired glycogen synthesis4, and 
accumulation of diacylglycerol with subsequent impairment of insulin signaling5, a conclusive, unifying 
mechanism is still lacking. One suggested underlying mechanism for insulin resistance is a redistribution of 
lipid stores from adipose tissue to non-adipose tissues (e.g. skeletal muscle), the sometimes called “ectopic 
fat distribution hypothesis”. In support of this, studies have reported a strong correlation between 
intramuscular triacylglycerol (IMTG) content and insulin resistance6, 7. However, and in contrast, endurance-
trained athletes have been shown to be highly insulin sensitive despite having large IMTG depots8, 9. One 
possible explanation for this discrepancy is that it is not the IMTG content per se that is important for the 
development of insulin resistance, but rather the relationship between IMTG content and muscle oxidative 
capacity. A reduced oxidative capacity has been found in skeletal muscle from T2D individuals10, 11, and lean, 
insulin resistant offspring of diabetic patients12, supporting the hypothesis that insulin resistance in skeletal 
muscle is associated with dysregulation of intramyocellular fatty acid metabolism. We and others have also 
clearly shown that mitochondrial dysfunction is a general feature of the aging muscle and in the development 
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of insulin resistance, dysfunctions that can be ameliorated with physical activity13. The influence of genetic 
variation on gene expression has also been extensively studied in human tissues, but only a limited number 
of studies have examined skeletal muscle. To this end, we published, for that time, the largest skeletal muscle 
expression quantitative trait loci (eQTL) study, identifying 287 significant muscle eQTLs14. 
 
Significance and scientific novelty   
Skeletal muscle is the main organ for insulin-mediated glucose disposal and muscle insulin resistance is 
already present in the prediabetic state. However, the mechanism/s regulating insulin sensitivity in human 
skeletal muscle is after many years of research still unclear. This is also reflected by the fact that there is no 
current effective pharmacologic treatment in market specifically enhancing muscle insulin sensitivity. One 
possible reason why no such treatment exist today could be due to the described large difference in skeletal 
muscle metabolism between humans and different model organisms. For example, we have described that 
a remarkable acceleration of metabolome evolution has taken place especially in human prefrontal cortex 
and skeletal muscle15 by comparing the metabolomes in different human tissues to other primates, e.g. 
chimpanzee. In other words, metabolism in muscle is unique for humans much more so than for other tissues 
(including parts of the brain). This clearly questions the human relevance for any results concerning muscle 
metabolism obtained in rodents or other model organisms and could explain the lack of success in bringing 
candidate targets for treating insulin resistance from the experimental stage to a clinical setting. 
 
Preliminary and previous results 
Myoblasts are muscle stem cells, which can proliferate and be differentiated ex vivo into myotubes that 
express mature muscle markers and respond with atrophy and hypertrophy to stimulation16, 17. We have been 
isolating myoblasts from skeletal muscle biopsies (v. lateralis), i.e. the muscle satellite cell study (MSAT). All 
participants in the MSAT study perform a Wingate test (30 s all-out cycling) and a VO2MAX test (~10 min 
increasing intensity cycling), to measure their anaerobic- and aerobic capacity. This is an ongoing study and 
currently ~50 individuals have completed the study and we have isolated myoblasts from them. The myotube 
differentiation protocol has been optimized in a subset of individuals (n = 10) by measuring a number of 
differentiation markers with QPCR (MEF2C, MYH2, NCAM, FSP1, DES) and with immunohistochemistry 
(MYH2, NCAM, PAX7, FSP1). Examples of measurements of myotube differentiation and function is shown in 
figure 1. We have also performed RNA sequencing of both biopsies, myoblasts and myotubes. In all myotube 
experiments described in this application; MYH2, NCAM and FSP1 mRNA will be measured using QPCR to 
estimate the proportion of different cell types after differentiation. 

Figure 1. Measurements of myotube differentiation and function. (a-c) mRNA levels measured using QPCR during differentiation: (a) 
myoblast marker, Neural cell adhesion molecule (NCAM), (b) myotube marker, myosin heavy chain 2 (MYH2), (c) fibroblast marker, S100 
calcium binding protein A4 (S100A4); n = 10. (d) Immunohistochemistry image of differentiated myotubes obtained with MHY2 antibodies 
and Dapi staining. (e) Insulin signaling in response to 100 nM insulin (10 min); n = 4. (f) Glucose uptake in response to 100 nM insulin (1 
h) in differentiated myotubes; n = 4. 
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In a pilot project to study gene-drug interactions for aim 2, we have inserted an SLC47A1 functional variant 
into human liver (Huh7) cells using CRISPR technology (Dalla-Riva, Keller, Hansson, Mulder, Franks et al. 
unpublished). SLC47A1 encodes MATE1, an organic cation exporter that mediates metformin efflux from 
hepatocytes and other cells. As we and others have shown18, metformin treatment in people who are non-
diabetic but overweight conveys a weight-loss phenotype similar to that seen with exercise training, 
demonstrating a role for metformin in the regulation of energy balance and suggesting that the underlying 
mechanisms may overlap with those regulated by exercise. We have previously shown that SLC47A1 variants 
improve the efficacy of metformin in diabetes prevention19, purportedly by increasing cellular metformin 
concentrations. Thus, we proceeded to treat SLC47A1 mutant and wildtype Huh7 cells with metformin to 
test whether this specific genetic perturbation modified the effects of metformin on markers of energy 
metabolism.  
 
Research plan  
 
Aim 1 
Rationale: the genetic influence on gene expression (i.e. eQTLs) is dependent on environmental triggers. 
Having access to primary cells (+/- differentiation) and tissue from the same individual enables us to identify 
“regulatory eQTLs”, i.e. SNVs influencing expression in one situation but not in another. Mapping the 
regulatory landscapes in these different conditions opens up the possibility to pinpoint the exact molecular 
mechanism behind these eQTLs. 
 
We will conduct an eQTL screen (WGS and RNAseq) in undifferentiated myoblasts, myotubes and muscle 
biopsies from the MSAT study. The eQTL results from the cultured cells will be compared with eQTLs 
identified using the muscle biopsy of the same individual from which the myoblasts were isolated. If an eQTL 
found in the biopsies is only replicated in some of the culture conditions (i.e. biopsy vs. myoblasts and/or 
myotubes), we will identify differences in transcription factor expression, miRNA expression and other 
possible underlying molecular signatures to describe the mechanism behind that particular eQTL. These 
results will also be complemented with ATACseq (Assay for Transposase-Accessible Chromatin using 
sequencing). ATACseq is a technique for mapping open genomic regions accessible for transcriptional 
regulation. At a later stage these experimental conditions could also be complemented with culturing at 
high/low glucose concentration and with/without contractions. This approach will be limited to study 
common SNVs (i.e. MAF > 10%). The work in aim 1 will be performed during the first 12 months under the 
supervision of Ola Hansson and Paul Franks, the experimental costs will be covered by an ERC-project granted 
to Paul Franks. 
 
Aim 2 
Rationale: In order to study the influence of low-frequency SNVs (i.e. MAF < 10%) on muscle function and 
health, these alleles most likely need to be introduced to the experimental model system. This is possible by 
using clustered regularly interspaced short palindromic repeat (CRISPR-Cas9) technology20.  CRISPR-Cas9 is a 
method whereby one can introduce a double-stranded break in DNA at a specific location. Repairing this 
break opens the possibility to edit the DNA sequence, e.g. permanently change a C-allele to a T-allele at a 
specific position. Importantly, if causality should be claimed for the effects of a particular allele on cellular 
functions it would be necessary to change that naturally occurring allele for another and study the impact 
this has on the mechanism(s) of interest. 
 
A proof-of-principle project will be undertaken using TBC1 Domain Family Member 4 (TBC1D4 /AS160) gene 
as an example. AS160 is regulating Glut4 vesicle transport to the plasma membrane and thereby plays a key 
role in the regulation of skeletal muscle insulin sensitivity. An exonic (most likely causal) protein truncating 
variant has been strongly associated with skeletal muscle insulin resistance and inhibition of post-prandial 
glucose transportation in a Greenlandic Inuit population21. We will introduce the nonsense p.Arg684Ter 
variant using CRISPR-Cas9 in the myoblast cells from the MSAT study and measure the expression of AS160 
during differentiation to myotubes using QPCR and western blot (mRNA and Protein). Glucose uptake, insulin 
signaling and Glut4 vesicle transport in p.Arg684Ter myotubes will be measured to explain the phenotype on 
the cellular level. Performing CRISPR-Cas9 allele conversions in human myotubes is technically challenging, 
especially concerning the clone selection step. Polyclonal experiments are likely needed, in which the allele 
distribution is only shifted and not completely changed. The CRISPR-Cas9 allele conversion approach will also 
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be complemented with siRNA- and/or CRISPR-Cas9-mediated knock down experiments. The work in aim 2 
will be performed during the last 12-months under the supervision of Ola Hansson and the experimental 
costs will be covered jointly by all the applicants. 
 
Ola Hansson will add expertise of functional genomics and he has also focused his research on this subject 
for the last 18 years. Paul Franks has experience in population genetics and has established the CRISPR 
technology in his laboratory. Jens Lagerstedt will support the project with expertise on muscle biology, 
especially concerning insulin signaling and glucose transport. 
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