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FANTOMUS: exploring skeletal muscle molecular diversity
in human and crab-eating macaque
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Differences in lifestyle between humans and other primates, including the transition to
 bipedalism in humans, had contributed to the specialization and structure of skeletal 

muscles. In macaques, muscles are more adapted to climbing, jumping, and other
 strength-intensive activities, whereas in humans, muscles have evolved to be enduring 

and maintain posture. These differences are reflected at the molecular level, 
and one of the mechanisms allowing for rapid changes is the gene expression 

profiles involves regulatory genomic variants such as single-nucleotide
polymorphisms (SNPs) in gene promoters and enhancers.The SNPs in 

promoter sequences can affect the DNA binding of regulatory 
proteins, and therefore the overall transcriptional activity. We used

the CAGE-sequencing (CAGE-Seq) data that allows accurate
identification of transcription start sites by concentrating the
sequenced reads at the 5’-end of transcripts. The data were 

available from KFU (Kazan, Russia) and RIKEN (Tokyo, Japan) 
and included CAGE-Seq from 36 crab-eating macaque 

muscles and 75 human muscles, 27 of which were matched
between macaque and human. These data allowed

investigating promoter-level differences between species 
and peek into the role of regulatory sequence variants.

The human body contains more than six hundred different types of skeletal muscles with unique morphological and physiological 
features, yet the heterogeneity of their molecular composition remains underexplored. Nowadays, only a number of leg muscles, 
including soleus and vastus lateralis, are widely studied, which does not represent the overall molecular composition of muscles. 
Lack of molecular profiles also does not allow explaining the manifestation of certain pathologies, such as dystrophies, affecting only 
particular muscle groups.

Methods

Results
Upon peak transferring and filtering, we obtained 14744 reliable 

transcribed regulatory regions. 3089 of those had increased 
activity in the macaque muscles compared to the human 

muscles, and 4132 had decreased activity. Differentially active 
promoters had an average of 5.02% of SNPs in regions 

surrounding the peak summits (50bp upstream and 50bp 
downstream), while non-differentially active promoters had 

only  4.5% (yielding a Wilcoxon test P-value of  3·10 ).

The protein encoded by this gene is a high affinity 
calcium ion-binding protein that is structurally and 
functionally similar to calmodulin and troponin 
C. The encoded protein is thought to be involved in 
muscle relaxation.

PVALB promoter

GLI3 HSF1

Human : Chr22 (-)  36819482-36819482
Macaque: Chr10 (+) 1445625-1445697

Human CAGE clusters ("peaks") were 
transferred to the genome of the crab-eating 
macaque genome and back to the human 
genome using CrossMap software. To account 
for the mapping issues related to flaws of the 
macaque genome assembly, we filtered out the 
clusters that did not map reciprocally, as well as 
those that lacked active transcription in the 
macaque muscles.
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p-value = 2.91e-05 p-value = 7.72e-15
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Methods
The entire analysis was 
performed in the R
programming language, 
using the ggplot2 package 
for generating figures,
factoextra for visualizing 
and interpreting PCA 
results, and limma for 
statistical analysis of the 
differential protein 
abundance. The gene set 
enrichment analysis was 
performed using an online
resource WebGestalt.

To study the diversity of 22 human skeletal 
muscles based on their protein composition, 
we analyzed the mass spectrometry results 
obtained for 1804 proteins, courtesy of Prof. 
Popov,  (Institute of Biomedical Problems, 
Moscow). Comparison of the protein 
abundances and the previously obtained 
skeletal muscle transcriptome data showed 
prevalence of ribosomal proteins and 
translation regulators. The overall correlation 
of the normalized RNA and protein 
abundance was around 0.34. Next, we 
performed the principal component analysis 
(PCA) to assess the heterogeneity of the 
samples, which demonstrated the 
uniqueness of the extraocular muscle protein 
composition (PC1 with 45.1% of the 
explained variance). Using the ANOVA 
statistical test, we found that for the majority 
of proteins (1,293; 72%) their abundance was 
significantly different between muscle 
groups. Finally, we compared eye muscles 
against the rest of the samples. As a result, 
we found 220 overexpressed and 152 
underexpressed proteins. The gene set 
enrichment analysis demonstrated an 
increased content of electron transport chain 
components in extraocular muscles.
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