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Abstract

Muscle atrophy is among the most common conditions during sickness, 
injury, aging and after orthopedic surgeries, and is associated with poor health 
outcomes. As such, it is important to understand the molecular machinery 
responsible for the control of muscle mass and function for development 
of therapeutic targets and strategies to combat muscle atrophy. We have 
identified the cold shock RNA binding protein, RNA-binding motif protein 3 
(RBM3) as a critical regulatory node in the control of skeletal muscle mass and 
herein, we review our current knowledge of its actions in skeletal muscle. We 
also cover future directions of research and how this knowledge may translate 
into therapeutic interventions.

The pleotropic nature of RNA-binding proteins and RBM3
Maintaining skeletal muscle mass throughout the lifespan is 

important for overall metabolic health1 and for preserving health 
span with aging2,3. In addition, muscle atrophy after orthopedic 
surgery contributes to sustained weakness that can impede 
recovery4. Our laboratory has identified the cold shock RNA binding 
protein (RBP), RNA-binding motif protein 3 (RBM3) as a regulatory 
node in the control of skeletal muscle mass5,6, suggesting it may be a 
promising target for therapies combating muscle atrophy. RBM3 is a 
RBP that has been shown to have multiple functions. As a whole, RBPs 
play a role in governing RNA metabolism and post-transcriptional 
processes related to mRNA polyadenylation, alternative splicing, 
nucleocytoplasmic trafficking, stability, and translation initiation 
and elongation7-10, which ultimately affects protein synthesis11. It is 
therefore not surprising that RBM3 is involved in various cell types, 
with a variety of functions that are mostly protective or beneficial 
which include, enhancing translational efficiency and protein 
synthesis8,12,13, miRNA biogenesis14, cell migration15, response to 
hypoxia16, and protection against necrosis and apoptosis17-19. 

Of particular interest with regard to skeletal muscle atrophy is 
understanding how RBPs augment cellular responses to stress via 
their impact on RNA stability. The stability of mRNAs determines 
not only their half-life, but the capacity of RNAs to be translated11. 
This feature of RBPs allows for transcript-specific translational 
reprogramming to create tailored and specific responses to a 
particular cellular stressor20. As an example, RBPs selectively 
protect mRNAs related to cell survival to preserve their translation 
in response to a DNA damage event that causes global reductions 
in protein synthesis21. Similar preservation of select RNAs via 
RBPs occurs in response to hypoxic conditions and allows for 
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the RNAs complexed with RBPs to evade the impact of 
RNA degradation and reduced translation caused by 
hypoxia22. As such, the RBP cytosolic poly(A)-binding 
protein 1 (PABPC1) elevates protein synthesis and 
causes hypertrophy in cardiac muscle by increasing RNA 
stability and translational efficiency in a transcript-specific 
manner23,24. Although the number of studies focused on 
the role of RBPs in skeletal muscle atrophy are limited, we 
propose that dynamic changes in RBPs (such as RBM3) 
play a central role in muscle adaptive processes through 
their differential effects on mRNA stability25.

Hibernating animals demonstrate RBP-mediated 
prevention of muscle atrophy

The function of RBM3 as a RNA stabilizing agent is 
cold-inducible, hence referring to the RNA-binding protein 
as a “cold-shock” protein. RBM3 expression is elevated in 
response to cellular and body temperature dropping below 
37oC and can provide a transcript-specific preservation 
of RNA important for cell survival and metabolic function 
during periods of cold stress17,26-28. Thus, it is not surprising 
that RBM3 is consistently upregulated in skeletal muscle 
and other organs of hibernating animals undergoing large 
drops in body temperature (sometimes reaching as low 
as 0-5oC)26,29-32. During hibernation, there are vast global 
reductions in metabolism and transcription in response 
to the cold temperatures and lack of physical activity, 
however, hibernating animals can preserve the expression 
and translation of select mRNAs33,34. Moreover, muscle 
mass does not decrease as expected in response to the 
lack of physical activity, reduced protein synthesis, and 
very low caloric intake35-37. Interestingly, it has been shown 
that black bears can surprisingly retain protein balance 
and protein content throughout the hibernation process29. 
Translational reprogramming via mRNA-RBP interactions 
(such as those seen with RBM3) is postulated to be an 
important factor allowing for the preservation of muscle 
mass25. That is, RBPs such as RBM3 may preserve select 
RNA transcripts promoting muscle hypertrophy in the face 
of the catabolic state caused by the global reductions in 
metabolism that occur with hibernation.

Overexpression of RBM3 promotes hypertrophy 
and prevents atrophy 

In a study from 2008, our laboratory discovered that 
skeletal muscle RBM3 expression was between 2.5 to 
4-fold higher in response to disuse atrophy6. The higher 
levels of RBM3 in atrophied muscle were apparent in both 
young and aged rats that underwent hindlimb suspension 
suggesting that the response of RBM3 is ubiquitous across 
age. It was postulated that the increased expression was a 
compensatory response in an attempt to combat atrophy 
since the elevation in RBM3 occurred after the appearance 
of apoptotic nuclei and elevations in markers of protein 
degradation.

These findings prompted a study to investigate whether 
overexpression of RBM3 prior to an atrophy event could 
attenuate the degree of muscle loss5. This concept is 
clinically important since pretreatment to attenuate 
atrophy would eliminate the need for muscle enhancing 
treatment after a period of disuse.  Overexpression of RBM3 
in C2C12 myotubes, an in vitro model of muscle, attenuated 
dexamethasone-induced atrophy. Additionally, in vivo 
overexpression of RBM3 in the hindlimb musculature of 
rats reduced the amount of muscle atrophy in response 
to 14 days of hindlimb suspension. The in vitro and in 
vivo experiments support the idea that RBM3 is indeed a 
protective factor against muscle loss. Interestingly, we also 
observed that RBM3 did not just attenuate atrophy, but 
promoted hypertrophy. C2C12 myotubes that overexpressed 
RBM3 but were not exposed to dexamethasone were 1.6-
fold larger than myotubes not overexpressing RBM3. 
Similarly, myofibers in rat muscle under normal weight-
bearing conditions that overexpressed RBM3 experienced 
growth. The findings from this study were the first to 
demonstrate that RBM3 has a direct role in skeletal muscle 
hypertrophy and atrophy.

Possible mechanisms dictating the anti-atrophic 
and hypertrophic effects of RBM3

As mentioned above, RBM3 has been demonstrated to 
have an abundance of functions across many cell types. 
One of the potential ways by which RBM3 may promote 
hypertrophy and prevent atrophy is by impacting protein 
turnover, that is, increasing protein synthesis or reducing 
protein degradation. RBM3 may act as a protective 
chaperone of mRNA by preventing their degradation and 
facilitating their translation to promote hypertrophy25,28,38. 
The tuning of protein turnover can also be independent of 
RNA stability as it has been shown that RBM3 enhances 
protein synthesis by increasing polysome formation and 
activation of translation initiation factors8,12. In addition, 
RBM3 influences the maturation and overall expression 
of miRNAs that are important for regulation of skeletal 
muscle protein degradation and ultimately muscle size14. 
Specifically, overexpression of RBM3 has been shown 
to elevate expression of miR-23a and miR-27a. MiR-
23a suppresses the expression of Muscle Atrophy F-box 
(MAFbx, or atrogin-1) and Muscle RING finger-1 (MuRF1), 
two ubiquitin ligases involved in the degradation of skeletal 
muscle protein during atrophy39,40. A validated target of 
miR-27a is myostatin, a well-known negative regulator of 
muscle size41,42. Promoting lower protein degradation may 
also be initiated by RBM3’s parallel influence on reducing 
caspase expression and activity17, p38MAPK signaling43, 
and the unfolded protein response8,44. The multitude 
of mechanisms by which RBM3 can influence protein 
turnover and mRNA translation make it highly likely that 
it is an important modulator of the response to atrophic 
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and hypertrophic conditions in muscle. A schematic 
summarizing the possible mechanisms by which RBM3 
may alter protein balance and attenuate muscle atrophy is 
summarized in Figure 1.

Therapeutic potential of RBM3 
The ultimate goal of understanding RBM3 and its role 

in regulating skeletal muscle mass is to derive a viable 
therapeutic intervention that leverages the cold shock 
RNA-binding protein to preserve or increase muscle mass. 
The ubiquity of RBPs and their involvement with a myriad 
of disease and pathologic conditions has made RBPs a 
desirable target for future pharmaceutical and gene therapy 
interventions across a range of disorders45. There can be a 
large benefit of targeting RBM3 for prevention of muscle 
atrophy in patients in the ICU or that are recovering from 
surgery. In addition, there may be therapeutic potential 
for RBM3 in patients with atrophy due to neuromuscular 
disease (e.g. ALS or muscular dystrophy) because RBM3 
is also inhibitory to apoptosis in muscle17. However, 
mainstream usage of these types of interventions will take 
much more time before they can be safely and routinely 
implemented as a standard of care. An intriguing aspect 
of RBM3 is its response to cold stress and we posit that 
utilizing this knowledge may be the most advantageous 
and safe manner to leverage the potential therapeutic 
benefits of RBM3 in muscle wasting and muscle growth in 
the near future. 

There is great interest in utilizing cold-water 
immersion to facilitate the expedited recovery of skeletal 
muscle following strenuous exercise bouts. The combined 
knowledge that cold stress can upregulate expression 
of RBM326,29-32 and that overexpression of RBM3 causes 
hypertrophy5 leads to speculation that post-exercise 

cold treatment may promote further gains in muscle 
growth and adaptation to exercise. However, current 
evidence regarding cold treatment following exercise 
remains equivocal and tends to skew towards a negative 
effect of cold treatment on skeletal muscle adaptations to 
resistance exercise (i.e. strength and mass) (reviewed)46. 
Surprisingly, instead of enhancing mRNA translation, the 
post-exercise cold treatment appears to “freeze-down” 
mRNA translational efficiency and capacity (as coined 
by Figueiredo and von Walden)47 by impeding ribosome 
biogenesis48,49 and subsequently lowering rates of protein 
synthesis48,50. Collectively, these findings promote that 
usage of cold stress (with the assumption that it elevates 
RBM3) may not be a beneficial strategy to augment muscle 
skeletal muscle hypertrophy in response to exercise 
training.

We caution the interpretation that utilizing cold stress 
to elevate RBM3 and promote preservation of muscle mass 
during atrophy causing scenarios is futile however, as 
there are many limitations to the aforementioned studies. 
First, the context of these studies is specific to application 
of cold stress after exercise bouts in relatively healthy and 
young individuals. There are no studies to date that have 
examined how the application of cold can mitigate atrophy 
during disuse or pathological conditions. Additionally, 
the response to cold treatment may differ among other 
populations (i.e. aged, ICU patients, etc.). Also, some of 
the studies showing that cold application lowers rates of 
protein synthesis apply the cold for very long periods of 
time that are not practical or clinically relevant (i.e. 24-48 
hours of cold exposure)46,48. Lastly,  no data are available 
to show whether cold immersion had any impact on RBM3 
levels in skeletal muscle in these studies and additionally, 
the protocols applied may not have been sufficient to alter 

Figure 1: Mechanisms by which RBM3 may attenuate atrophy in skeletal muscle. 
The cumulative impact of RBM3 on polysome formation, caspase expression and activity, unfolded protein response, miRNA biogenesis, 
and RNA stability can lead to a change in protein balance that ultimately protects against muscle atrophy.
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RBM3. Therefore, studies specifically examining the impact 
of clinically relevant cold application strategies should 
be performed to ascertain whether cold can attenuate 
atrophy. Even if cold-treatment in non-hibernating animals 
is not sufficient to elevate RBM3 and improve muscle 
hypertrophy in response to overload, the abundance of 
positive effects demonstrated by RBM3 in muscle and 
other cell types suggest that a mimetic or pharmaceutical 
intervention targeting RBM3 could be hugely beneficial for 
skeletal muscle. 

Conclusion
The accumulation of knowledge on functions of RBM3 

in skeletal muscle has highlighted its impact on muscle 
mass regulation. As a cold shock protein and RNA binding 
protein, RBM3 has the ability to influence numerous 
aspects of protein synthesis, through binding components 
necessary for protein synthesis and also by preventing RNA 
degradation. Through these functions, it is highly likely 
that RBM3 and by extension cold stress could be used as 
a therapeutic strategy to combat skeletal muscle atrophy. 
Future studies should continue to determine the specific 
role of RBM3 in regulation muscle mass and how this can 
be leveraged in generating therapies for skeletal muscle.
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