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MicroRNAs (miRNAs) were first described in 1993 ' formally classified in the early 2000’s * and
have been at the forefront of cell physiology research for the last two decades. In humans, at least 61
tissues express over 1900 miRNAs (https://asia.ensembl.org/Homo_sapiens/Info/Annotation) with
some level of tissue-specificity . MiRNAs primarily, > but not exclusively ¢, act by repressing a target
mRNA molecule and the translation of the corresponding protein. Most functional miRNA/mRNA
interactions are governed by base complementarity principles, but the scientific community is only
starting to appreciate the complexity of miRNA targeting rules ’ and the full extent of their influence

on gene expression.

MiRNAs are not only present in tissues. Biological fluids, including whole blood, plasma and serum,
as well as breast milk, cerebrospinal fluid, saliva and urine, all contain extracellular, or circulating “cell
free” miRNAs (cf-miRs) that are secreted by cells®. Cf-miRs were soon identified as potential
biomarkers for a range of physiological and pathophysiological conditions and have since received
growing attention. The popularity of cf-miRs is two-fold: the reasonable ease of access to most
extracellular fluids, and the discovery of high levels of regulation of specific cf-miRs in the presence of
diseases * ¥, These include cancer ', cardiovascular disease '? and liver disease '°, but also exercise
' making cf-miRs promising biomarkers. As such, miRNAs have not only instigated a rare paradigm
shift in the way we study gene regulation, but have also allowed access to a novel, non-invasive marker

of human health *. In April 2020, a PubMed search using the terms “human” and “microRNA” or
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“miRNA” returned over 100,000 articles. When refined to add the term “circulating”, the same search

returned close to 3500 articles, all published in the last decade.

Cf-miRs are found in circulation in two distinct forms, “vesicular” cf-miRs (miRNAs that are contained
in extracellular vesicles such as exosomes, microvesicles or apoptotic bodies) or “non-vesicular” cf-
miRs (miRNAs that are free in circulation as part of RNA-binding protein complexes). The presence of
non-vesicular miRNAs in circulation may result from active export systems and/or passive leakage
through the plasma membrane following cell damage or death '°. However, their biological function
and how they are protected from RNase degradation remain poorly characterised '’. Some evidence
suggests that non-vesicular cf-miRs are protected by forming RNA-binding protein complexes,
including nucleophosmin-1 (NPM1) in vitro '® and Argonaute2 (AGO2) in vivo '*'°. The conditions in
which tissues selectively secrete vesicular and non-vesicular miRNAs into the circulation and their
subsequent uptake by recipient cells are not fully understood. However, a number of recent studies

20-22

indicate that they are tightly-regulated and highly selective process that play a functionally

important role in cross-tissue communication 2%

Accessing vesicular cf-miRs relies on complex extraction and sorting techniques ***°. In contrast, the
first step of the classical RNA isolation process lyses extracellular vesicles, leading to the extraction of
both vesicular and non-vesicular cf-miRs. For this reason, the majority of the literature to date has
focused on the whole cf-miR pool without attempting to discriminate between the two fractions. There
are however significant differences in the miRNA profile of the vesicular and non-vesicular pool 27,
possibly owing to selective loading of miRNAs into extracellular vesicles ***. However, early limited
evidence suggest that in plasma, most cf-miRs may not be associated with exosomes/microvesicles "°.
Distinguishing between the two different cf-miR forms may therefore be essential to understand their

specific physiological function and improve biomarker sensitivity '.

A series of molecular techniques are used to measure the expression of miRNAs from tissues and fluids
(Figure 1). Single miRNA expression is usually assessed using primer-based real time PCR, while
miRNA arrays and small RNA sequencing have the potential to profile the expression of hundreds of
miRNAs simultaneously. Reflecting the more general trend in cf-miR research, in our field of exercise
physiology, only 10 studies to date have focused on vesicular cf-miRs, with the vast majority of studies
investigating the whole cf-miR pool. Regrettably, it is not uncommon to observe important
discrepancies in cf-miR expression and regulation between these studies *°. Differences in analytical
techniques, research protocols and participant characteristics account for some of these differences.
However, a number of methodological factors that are not unique to the exercise field have been broadly

overlooked in cf-miR research.

Most studies have been performed in whole blood, serum and plasma, and it is important to

acknowledge that blood cells either contain *' or produce * their own miRNAs. Differences in blood
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cell number therefore constitute a confounding factor when assessing changes in the cf-miR pool. Using
cell-free plasma and serum may bypass this issue, pending that haemolysis is strictly controlled at
collection as well as in the final extract **. In addition, platelet-derived miRNA contamination is
frequent in archived plasma and serum samples, and residual platelets should be thoroughly eliminated
prior to ** or after ** freezing to ensure accurate results. Another challenge intrinsic to cf-miR detection
resides in the low starting RNA amounts, owing to miRNA dilution and limited sample availability. In
most cases, RNA concentration is too low to be reliably measured. As a result, most studies use the
RNA extracted from an equal amount of fluid without formal quantification. This approach is valid but
contingent to the use of strict analytical controls at each stage of the downstream process. For PCR
based studies, Nielsen et al. have proposed a stringent workflow including several synthetic spike-in
controls during the extraction, reverse-transcription and amplification processes to account for potential
differences in starting RNA amounts **. Although integral to the reliability and reproducibility of the
results, these quality control steps are time consuming, cost generating and have not been systematically
implemented *°. Lastly, while high-throughput technologies come with global normalization strategies,
normalization of single cf-miR expression must be carefully considered. There is a lack of reliable
housekeeping miRNAs, and single-strand DNA quantification is hardly possible due to low starting
RNA concentrations **. Software using the most stable miRNAs from a given panel to compute a
normalization factor are therefore warranted when no other option is available. Numerous studies,

especially recent ones® ¥’

, have successfully implemented a combination of these quality control
steps. However, the bulk of published studies may still rely on inaccurate approaches that compromise
the reliability of the results and risk misinforming the field. A final consideration intrinsic to human
physiology research resides in striking the right balance between participant burden and appropriate
statistical power. Ethical considerations combined with financial constraints as well as the very nature
of exploratory research have led to the publication of numerous underpowered studies. It is important
to bear in mind that, because large effect sizes are rare in physiological sciences, significant findings
based on small sample sizes are more likely to constitute false-positives*. This remains a significant
barrier for implementation of fundamental results into clinical settings. There is now sufficient
published research in the field to estimate appropriate effect sizes, and researchers should take
advantage of the non-invasive nature of cf-miRs research to aim for larger sample sizes. An effort

should also be made to interpret new findings in the light of a pragmatic combination of statistical

significance, physiological relevance and the existing literature.

In conclusion, cf-miRs are attractive potential biomarkers that are readily available as they do not rely
on invasive tissue sampling. The apparent simplicity and specificity of the approach has led to the rapid
development of a considerable body of research. Measuring cf-miR expression levels however presents
unique challenges that have been frequently overlooked. Unless specifically isolating extracellular

vesicles, their cargo becomes part of the cf-miR pool. Vesicular and non-vesicular cf-miRs may
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however have different physiological relevance and role in tissue cross-talk. Secondly, a majority of
published studies have failed to put the relevant quality controls in place, leading to significant
discrepancies and a lack or reproducibility in the field. Finally, our functional knowledge is limited and
more research is warranted to understand the biological principles underlying the release and uptake of
both vesicular and non-vesicular cf-miRs. It has been suggested early on that cf-miR research might be
blinded by its own potential '°. It is now our role as researchers to safeguard this important research

field in order to prevent ‘blinded by potential’ becoming ‘wasted potential’.

Figures

Figure 1. Graphical summary representing non-vesicular and vesicular cell free miRNA (cf-miR)

extraction and analysis techniques including critical quality control (QC) steps.

Referencesl. Lee, R. C.; Feinbaum, R. L.; Ambros, V., The C. elegans heterochronic gene lin-4
encodes small RNAs with antisense complementarity to lin-14. Cell 1993, 75 (5), 843-54.

2. Wightman, B.; Ha, I.; Ruvkun, G., Posttranscriptional regulation of the heterochronic gene
lin-14 by lin-4 mediates temporal pattern formation in C. elegans. Cell 1993, 75 (5), 855-62.
3. Lau, N. C.; Lim, L. P.; Weinstein, E. G.; Bartel, D. P., An abundant class of tiny RNAs with

probable regulatory roles in Caenorhabditis elegans. Science (New York, N.Y.) 2001, 294 (5543), 858-
62.

4, Ludwig, N.; Leidinger, P.; Becker, K.; Backes, C.; Fehlmann, T.; Pallasch, C.; Rheinheimer, S.;
Meder, B.; Stahler, C.; Meese, E.; Keller, A., Distribution of miRNA expression across human tissues.
Nucleic acids research 2016, 44 (8), 3865-77.

5. Guo, H.; Ingolia, N. T.; Weissman, J. S.; Bartel, D. P., Mammalian microRNAs predominantly
act to decrease target mRNA levels. Nature 2010, 466 (7308), 835-40.

6. Vasudevan, S.; Tong, Y.; Steitz, J. A., Switching from repression to activation: microRNAs can
up-regulate translation. Science (New York, N.Y.) 2007, 318 (5858), 1931-4.

7. McGeary, S. E.; Lin, K. S.; Shi, C. Y.; Pham, T. M.; Bisaria, N.; Kelley, G. M.; Bartel, D. P., The
biochemical basis of microRNA targeting efficacy. Science (New York, N.Y.) 2019, 366 (6472).

8. Weber, J. A.; Baxter, D. H.; Zhang, S.; Huang, D. Y.; Huang, K. H.; Lee, M. J.; Galas, D. J.; Wang,
K., The microRNA spectrum in 12 body fluids. Clin Chem 2010, 56 (11), 1733-41.

9. Ly, J.; Getz, G.; Miska, E. A.; Alvarez-Saavedra, E.; Lamb, J.; Peck, D.; Sweet-Cordero, A.;

Ebert, B. L.; Mak, R. H.; Ferrando, A. A.; Downing, J. R.; Jacks, T.; Horvitz, H. R.; Golub, T. R,,
MicroRNA expression profiles classify human cancers. Nature 2005, 435 (7043), 834-8.

10. Calin, G. A.; Dumitru, C. D.; Shimizu, M.; Bichi, R.; Zupo, S.; Noch, E.; Aldler, H.; Rattan, S.;
Keating, M.; Rai, K.; Rassenti, L.; Kipps, T.; Negrini, M.; Bullrich, F.; Croce, C. M., Frequent deletions
and down-regulation of micro- RNA genes miR15 and miR16 at 13q14 in chronic lymphocytic
leukemia. Proceedings of the National Academy of Sciences of the United States of America 2002, 99
(24), 15524-9.

11. Nohata, N.; Hanazawa, T.; Enokida, H.; Seki, N., microRNA-1/133a and microRNA-206/133b
clusters: dysregulation and functional roles in human cancers. Oncotarget 2012, 3 (1), 9-21.

12. Wronska, A.; Kurkowska-Jastrzebska, I.; Santulli, G., Application of microRNAs in diagnosis
and treatment of cardiovascular disease. Acta physiologica (Oxford, England) 2015, 213 (1), 60-83.
13. Szabo, G.; Bala, S., MicroRNAs in liver disease. Nature reviews. Gastroenterology &
hepatology 2013, 10 (9), 542-52.



147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196

14. Siracusa, J.; Koulmann, N.; Banzet, S., Circulating myomiRs: a new class of biomarkers to
monitor skeletal muscle in physiology and medicine. Journal of cachexia, sarcopenia and muscle
2018, 9 (1), 20-27.

15. Jackson, D. B., Serum-based microRNAs: are we blinded by potential? Proceedings of the
National Academy of Sciences of the United States of America 2009, 106 (1), E5.

16. Arroyo, J. D.; Chevillet, J. R.; Kroh, E. M.; Ruf, I. K.; Pritchard, C. C.; Gibson, D. F.; Mitchell, P.
S.; Bennett, C. F.; Pogosova-Agadjanyan, E. L.; Stirewalt, D. L.; Tait, J. F.; Tewari, M., Argonaute2
complexes carry a population of circulating microRNAs independent of vesicles in human plasma.
Proceedings of the National Academy of Sciences of the United States of America 2011, 108 (12),
5003-8.

17. Wang, K., The Ubiquitous Existence of MicroRNA in Body Fluids. Clinical Chemistry 2017, 63
(3), 784-785.

18. Wang, K.; Zhang, S.; Weber, J.; Baxter, D.; Galas, D. J., Export of microRNAs and microRNA-
protective protein by mammalian cells. Nucleic acids research 2010, 38 (20), 7248-59.

19. Turchinovich, A.; Weiz, L.; Langheinz, A.; Burwinkel, B., Characterization of extracellular
circulating microRNA. Nucleic acids research 2011, 39 (16), 7223-33.

20. Whitham, M.; Parker, B. L.; Friedrichsen, M.; Hingst, J. R.; Hjorth, M.; Hughes, W. E.; Egan, C.
L.; Cron, L.; Watt, K. I.; Kuchel, R. P.; Jayasooriah, N.; Estevez, E.; Petzold, T.; Suter, C. M.; Gregorevic,
P.; Kiens, B.; Richter, E. A.; James, D. E.; Wojtaszewski, J. F. P.; Febbraio, M. A., Extracellular Vesicles
Provide a Means for Tissue Crosstalk during Exercise. Cell metabolism 2018, 27 (1), 237-251.e4.

21. Alexander, M.; Hu, R.; Runtsch, M. C.; Kagele, D. A.; Mosbruger, T. L.; Tolmachova, T.;
Seabra, M. C.; Round, J. L.; Ward, D. M.; O’Connell, R. M., Exosome-delivered microRNAs modulate
the inflammatory response to endotoxin. Nature communications 2015, 6 (1), 7321.

22. Thomou, T.; Mori, M. A,; Dreyfuss, J. M.; Konishi, M.; Sakaguchi, M.; Wolfrum, C.; Rao, T. N.;
Winnay, J. N.; Garcia-Martin, R.; Grinspoon, S. K.; Gorden, P.; Kahn, C. R., Adipose-derived circulating
miRNAs regulate gene expression in other tissues. Nature 2017, 542 (7642), 450-455.

23. Guescini, M.; Canonico, B.; Lucertini, F.; Maggio, S.; Annibalini, G.; Barbieri, E.; Luchetti, F.;
Papa, S.; Stocchi, V., Muscle Releases Alpha-Sarcoglycan Positive Extracellular Vesicles Carrying
miRNAs in the Bloodstream. PloS one 2015, 10 (5), e0125094.

24. Tkach, M.; Théry, C., Communication by Extracellular Vesicles: Where We Are and Where We
Need to Go. Cell 2016, 164 (6), 1226-1232.

25. Ludwig, N.; Whiteside, T. L.; Reichert, T. E., Challenges in Exosome Isolation and Analysis in
Health and Disease. International journal of molecular sciences 2019, 20 (19).

26. Cheng, Y.; Zeng, Q.; Han, Q.; Xia, W., Effect of pH, temperature and freezing-thawing on
quantity changes and cellular uptake of exosomes. Protein & Cell 2019, 10 (4), 295-299.

27. Endzelins, E.; Berger, A.; Melne, V.; Bajo-Santos, C.; Sobolevska, K.; Abols, A.; Rodriguez, M.;
Santare, D.; Rudnickiha, A.; Lietuvietis, V.; Llorente, A.; Line, A., Detection of circulating miRNAs:
comparative analysis of extracellular vesicle-incorporated miRNAs and cell-free miRNAs in whole
plasma of prostate cancer patients. BMC cancer 2017, 17 (1), 730.

28. Cheng, L.; Sharples, R. A.; Scicluna, B. J.; Hill, A. F., Exosomes provide a protective and
enriched source of miRNA for biomarker profiling compared to intracellular and cell-free blood.
Journal of extracellular vesicles 2014, 3.

29. Villarroya-Beltri, C.; Gutierrez-Vazquez, C.; Sanchez-Cabo, F.; Perez-Hernandez, D.; Vazquez,
J.; Martin-Cofreces, N.; Martinez-Herrera, D. J.; Pascual-Montano, A.; Mittelbrunn, M.; Sanchez-
Madrid, F., Sumoylated hnRNPA2B1 controls the sorting of miRNAs into exosomes through binding
to specific motifs. Nature communications 2013, 4, 2980.

30. Russell, A. P.; Lamon, S., Exercise, Skeletal Muscle and Circulating microRNAs. Progress in
molecular biology and translational science 2015, 135, 471-96.

31. Listowski, M. A.; Heger, E.; Boguslawska, D. M.; Machnicka, B.; Kuliczkowski, K.; Leluk, J.;
Sikorski, A. F., microRNAs: fine tuning of erythropoiesis. Cell Mol Biol Lett 2013, 18 (1), 34-46.



197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230

231

32. Chen, C. Z,; Li, L.; Lodish, H. F.; Bartel, D. P., MicroRNAs modulate hematopoietic lineage
differentiation. Science (New York, N.Y.) 2004, 303 (5654), 83-6.

33. Nielsen, S.; Akerstrom, T.; Rinnov, A.; Yfanti, C.; Scheele, C.; Pedersen, B. K.; Laye, M. J., The
miRNA plasma signature in response to acute aerobic exercise and endurance training. PloS one
2014, 9 (2), e87308.

34, Mitchell, A. J.; Gray, W. D.; Hayek, S. S.; Ko, Y. A.; Thomas, S.; Rooney, K.; Awad, M.; Roback,
J. D.; Quyyumi, A.; Searles, C. D., Platelets confound the measurement of extracellular miRNA in
archived plasma. Scientific reports 2016, 6, 32651.

35. Cheng, H. H.; Yi, H. S.; Kim, Y.; Kroh, E. M.; Chien, J. W.; Eaton, K. D.; Goodman, M. T.; Tait, J.
F.; Tewari, M.; Pritchard, C. C., Plasma processing conditions substantially influence circulating
microRNA biomarker levels. PloS one 2013, 8 (6), e64795.

36. Russell, A. P.; Ghobrial, L.; Ngo, S.; Yerbury, J.; Zacharewicz, E.; Chung, R.; Lamon, S.,
Dysregulation of microRNA biogenesis machinery and microRNA/RNA ratio in skeletal muscle of
amyotrophic lateral sclerosis mice. Muscle & nerve 2018, 57 (5), 838-847.

37. Ramzan, F.; Mitchell, C. J.; Milan, A. M.; Schierding, W.; Zeng, N.; Sharma, P.; Mitchell, S. M.;
D'Souza, R. F.; Knowles, S. O.; Roy, N. C.; Sjodin, A.; Wagner, K. H.; Cameron-Smith, D.,
Comprehensive Profiling of the Circulatory miRNAome Response to a High Protein Diet in Elderly
Men: A Potential Role in Inflammatory Response Modulation. Molecular nutrition & food research
2019, 63 (8), e1800811.

38. Ramos, A. E.; Lo, C.; Estephan, L. E.; Tai, Y. Y.; Tang, Y.; Zhao, J.; Sugahara, M.; Gorcsan, J.,
3rd; Brown, M. G.; Lieberman, D. E.; Chan, S. Y.; Baggish, A. L., Specific circulating microRNAs display
dose-dependent responses to variable intensity and duration of endurance exercise. Am J Physiol
Heart Circ Physiol 2018, 315 (2), H273-h283.

39. D'Souza, R. F.; Markworth, J. F.; Aasen, K. M. M.; Zeng, N.; Cameron-Smith, D.; Mitchell, C. J.,
Acute resistance exercise modulates microRNA expression profiles: Combined tissue and circulatory
targeted analyses. PloS one 2017, 12 (7), e0181594.

40. D'Souza, R. F.; Woodhead, J. S. T.; Zeng, N.; Blenkiron, C.; Merry, T. L.; Cameron-Smith, D.;
Mitchell, C. J., Circulatory exosomal miRNA following intense exercise is unrelated to muscle and
plasma miRNA abundances. American journal of physiology. Endocrinology and metabolism 2018,
315 (4), E723-e733.

41. D’Souza, R. F.; Markworth, J. F.; Aasen, K. M. M.; Zeng, N.; Cameron-Smith, D.; Mitchell, C. J,,
Acute resistance exercise modulates microRNA expression profiles: Combined tissue and circulatory
targeted analyses. PloS one 2017, 12 (7), e0181594.

42, De Winter, J. In Using the Student ’ s t-test with extremely small sample sizes, 2013.



:{ EV isolation, sorting ]

QC (haemolysis)
J

[Coll.ecti.'on ] PCR-based Analysis

v

._ QC (spike-in)
| RNA extraction) ~_)

. ST I—>[R:e_;vezrs_;e-—tran__gc__riﬁptin] \)
i C smal RMS?QL | | QC (spike-in)
“miRNA -.arrays;J PCR &)

QC (spike-in)

w Ve cf-miRs

- RNA-binding protein complex
&b 4 Global Normalization factor

S { Normalization ] .




	Article File
	Figure 1

