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Abstract: Micro-ribonucleic acids are control gene expression in cells. They represent the changed cellular states that occur can be
employed as biomarkers. Red blood cells alter biochemically and morphologically while they are being stored, which could be
detrimental to transfusion. The effect of storage on the erythrocyte transcriptome is not mostly investigated. Because adult erythrocytes
lack a nucleus, it has long been assumed that they lack deoxyribonucleic acid and ribonucleic acid. On the other hand, erythrocytes
contain a diverse range of ribonucleic acids, of which micro-ribonucleic acids are key component. Changes in this micro-ribonucleic
acid protect cells from death and adenine triphosphate depletion, and they are linked to specific storage lesions. As a result, changes in
micro-ribonucleic acid in stored erythrocytes may be used as a marker to assess the quality and safety of stored erythrocytes.
Therefore, this review ams to review the role of microRNA in stored packed red blood cells as quality indicator. Google Scholar,
PubMed, Scopus, and Z-libraries are used for searching articles and books. The article included in this paper was written in the English
language and had the full article. During long storage of RBCs, miR-16-2-3p, miR-1260a, miR-1260b, miR-4443, miR-4695-3p, miR-
5100, let-7b, miR-16, miRNA-1246, MiR-31-5p, miR-203a, miR-654-3p, miR-769-3p, miR-4454, miR-451a and miR-125b- 5p are up
regulated. However, miR-96, miR-150, miR-196a, miR-197, miR-381 and miR-1245a are down regulated after long storage of RBCs.
The changes of this microRNAs are linked to red blood cell lesions. Therefore, micro-ribonucleic acids are the potential quality
indicator in stored packed red blood cells in the blood bank. Particularly, micro-ribonucleic acid-96 is the most suitable biomarker for
monitoring red blood cell quality in stored packed red blood units.
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Introduction

Blood transfusions save hundreds of lives around the world per day. The most commonly transfused blood component
worldwide is concentrated red blood cells (RBC)." Blood transfusions are one of the most common clinical therapeutic
procedures for acute or chronic blood loss, with approximately 85 million RBC units transfused each year around the
world.> Blood and blood component storage allows for better control of blood supply safety, adequacy, and
management.> Red blood cells can now be kept in a solution of saline adenine-glucose—-mannitol (SAGM) as
a combination anticoagulant and energy source for up to 6 weeks at a temperature of +4°C for an adequate and available
blood supply, however storage may compromise the efficacy and quality of blood components.*

During storage, blood cells continue their metabolic activity, releasing byproducts into the medium and undergoing
biologic and immunologic alterations that may have an impact on RBC function and survival.>® Despite recent
improvements in blood storage conditions, a wide range of detrimental molecular, biochemical, and physical modifica-
tions known as “storage lesions” have been observed during preservation.'> Metabolic effects, shape changes, membrane
loss, rheological alterations, losses of membrane carbohydrates, oxidative damage to lipids and proteins, changes in
oxygen affinity, and changes in oxygen delivery are all part of the storage lesion that red blood cells go through.
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Table 1 Summary of the Expression of miRNA in Stored Packed RBCs

List of MiRNA Expression Function Reference
MicroRNA-16 Up Promote cell apoptosis [56,58]
MiRNA-4443 Up Promote apoptosis [56]
MiRNA-4695-3p Up Inhibition of apoptosis [56]
MiRNA-5100 Up Enhance the apoptosis [56]
Let-7b Up Integrity of the RBC membrane [58]
MiRNA-1246 Up Inhibiting survival and promoting apoptosis [57]
MiRNA-31-5p Up Promote apoptosis [58]
MiRNA-203a Up Promote of cell apoptosis [58]
MiRNA-654-3p Up Promote apoptosis [58]
MiRNA-769-3p Up Enhanced apoptosis [58]
MiRNA-4454 Up Changes in micro-environment of stored RBC [59]
MiRNA-451a Up Protecting RBCs from oxidative stress and homeostasis of RBCs [59]
MiRNA-125b-5p Up Inhibition apoptosis [59]
MiRNA-96 Down Inhibition of apoptosis [58,60]
MiRNA-150 Down Inhibition of apoptosis [58]
MiRNA-196a Down Inhibition of apoptosis [58]
MiRNA-197 Down Inhibition of apoptosis [58]
MiRNA-381 Down Promoting apoptosis [82]
MiRNA-1245a Down Promoting apoptosis [82]

Additionally, there are concerns associated with shorter RBC lifespan, increased RBC adherence to endothelium,
potassium buildup, and the loss of active proteins, lipids, and microvesicles.’

Storage damages include changes in cell flexibility and a decrease in glucose, diphosphoglycerate, and adenine
triphosphate (ATP) levels, as well as acidosis caused by lactic acid accumulation. Deactivation of the sodium/potassium
ATPase pump results in a drop in sodium and a rise in potassium levels in plasma.* Other morphological and molecular
alterations, as well as oxidative damage to lipids, proteins, and carbohydrates, contributed to the sphero-echinocyte
shape. Spherical cells have a lower surface area-to-volume ratio than discoid cells, which leads to higher osmotic fragility
and decreased cell deformability and survival.®

The two key elements that influence the process of causing a red blood cell storage lesion are the length of storage
period and donor variability. Even when the same amount of time and ex vivo storage conditions are used, donor
variation may affect the quality of the red blood cell units obtained from various blood donors. Donor genetic and
environmental characteristics are directly related to donor variation.”'® Red blood cell storage capacity may be impacted
by the inherent traits of blood donors (RBCs). Hemolysis, redox, and metabolic characteristics of stored RBCs as well as
their post-transfusion recovery have been demonstrated to be influenced by environmental (alcohol use,'' smoking'? and
genetic (sex,' ethnicity,'* hemoglobin (Hb) mutation.'® The increase in red blood storage lesion was caused by factors
including blood donors’ aging, smoking, BMI, and decreased level of physical activity.'® Additionally, having a male
sex, being Asian or African American, having sickle cell disease, thalassemia, or lacking glucose-6-phosphate
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dehydrogenase may alter RBC rheology or antioxidant capability and compromise RBC recovery during storage and after
transfusion.'>!7!8

RBCs’ homeostasis is affected by storage on three levels: energy metabolism, redox metabolism, and cell membrane,
leading to a clearly characterized phenotype of morphologic, structural, and functional alterations. This phenotype is
characterized by loss of normal shape due to the buildup of free hemoglobin, heme, lactate, oxidized glutathione,
malondialdehyde, potassium, inflammatory lipids, and extracellular vesicles, including microvesicles. Additionally,
preserved packed red blood cells showed decreased PH, glutathione, phospholipids, cholesterol, and 2,3-diphosphogly-
cerate levels.”® Additionally, improper ATP-centered metabolism and oxidative stress contribute to RBC storage lesions
(RBCSL). High energy phosphate compound metabolites are used as energy sources to preserve membrane integrity and,
hence, RBC survival. This process causes the RBCs to lose energy and valuable deformability, physiological surface
area, topography, and shape.'’

In general, these alterations have an impact on the quality of RBCs that have been preserved for a long time. Even
when transfused within the 42 days, stored RBC has a worse quality including the higher fraction of RBC eliminated
after transfusion, reduced oxygen delivery capability, reduced deformability and adverse clinical consequences.’®
Also, these changes may have been linked to a negative impact on transfusion.®° Transfusions of old RBCs have been
linked to greater rates of morbidity and mortality in specific patient groups, particularly in newborns and infants after
massive transfusions. Transfusions of RBC with elevated potassium levels have been linked to cardiac hyperkalemia and
neonatal arrhythmia.*®* Prolonged RBC preservation has been linked to an increased risk of problems and poor clinical
results. Patients with heart disease who had “older” RBC transfusions may develop thrombotic problems.?” Prolonged
RBC preservation in trauma patients may raise the risk of deep vein thrombosis and bacterial infections.***° The
alterations in RBCs and bioactive chemicals accumulated during storage are thought to be the cause of these problems.”
Hemoglobin or hematocrit, percent hemolysis, PH, lactate, electrolyte panels, and 2,3-diphosphate glycerides are among
the RBC quality indicators tested by conventional techniques. The novel method for checking the quality of packed
RBCs in blood banks is micro-ribonucleic acid (miRNA).>'!

MicroRNAs are short, non-coding RNA molecules that control how genes are expressed in cells. They are 22
nucleotide lengths in their mature state with great stability and long half-life. The miRNA molecule binds to a messenger
RNA (mRNA) with complementarity in the 3’-untranslated region, causing translation to be disrupted and gene
expression to be prevented.’” In humans, there are more than 2500 mature miRNAs, resulting in a greater family of
microRNAs.* Those miRNAs are essential for several biological processes, including cell proliferation, tissue devel-
opment, cell growth, apoptosis,** signal transmission, immunomodulation, and hematopoiesis.*> MiRNAs are thought to
regulate more than 60% of human protein-coding genes.*®

For many years, microRNAs have been successfully used as diagnostic markers for a variety of diseases.”’ It is
possible that changes in miRNA expression levels cause disease and cellular abnormalities, or that diseases cause
dysregulated miRNA expression.*® MicroRNAs are involved in a wide range of biological processes, and it has been
suggested that when they are dysfunctional, human illnesses can result.*®**** They play a function in the inflammatory
response, solid cancer and leukemia, and neurological illnesses and are involved in the pathogenesis of a variety of
diseases.*' It can be used as valuable clinical biomarkers for diagnosis and prognosis of specific diseases, as well as
monitoring therapy responses, due to their unique qualities of disease specificity, high stability, and accessibility.*?

Researchers have studied the physiological and biochemical alterations that occur in stored RBCs. RBC must use its
accessible posttranscriptional machinery in the cytoplasm to be alive and functional, particularly during in vitro storage,
and to control all essential physiologic functions because it is enucleated.*® Despite the lack of ribosomal and large-sized
RNAs in mature RBCs, miRNAs are numerous and diverse in mature erythrocytes.** MicroRNAs are non-coding tiny
single RNA molecules that play a key role in a variety of biological processes in RBCs such as cell differentiation,
proliferation, and apoptosis. As a result, miRNA alterations in stored RBCs could be used as biomarkers for storage
lesions. Due to the linkage between miRNA and its target mRNAs in terms of gene regulation, the underlying processes
of miRNA as a quality indicator in stored packed RBCs may offer insight into related RBCSL.*’ Researchers have so far
paid little attention to the comprehensive study of RBCSL in terms of the exact nature of the occurrence and the
molecular components involved.*® Therefore, this review aims to review the role of miRNA as a quality indicator for
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stored packed RBCs in blood banks. For preparing this review, Google Scholar, PubMed, Scopus and Z-libraries were
used for searching articles and books. The keywords such as, Blood bank, microRNA and red blood cells. The article
included in this paper was written in the English language and had the full article. Articles that are outdated are excluded
from the review. This means the article included only published over 2000 G.C. The reference was entered by endnote
Version 20 in Vancouver style.

MicroRNA Expression in Stored Packed RBC as Quality Tool

Compared to other blood cells, mature RBCs have an abundance of miRNAs, which are the negative regulators of cellular
mRNAs.** During storage, the mRNA and miRNA present in stored RBCs undergo morphological and molecular alterations. The
miRNA and mRNA expression profiles are altered during storage in RBC. It is reasonable to postulate that miRNAs provide
translational regulation of existing mRNAs in these cells. These decisional steps within the stored RBCs will ultimately determine
the fate of the RBCs, that is survival during storage by resisting the onset of physiological changes or ultimately undergoing cell
death.*®

The effect of storage on the erythrocyte transcriptome has not been thoroughly investigated. Because adult erythrocytes lack
a nucleus, it has long been assumed that they lack deoxy nucleotide acid (DNA) and RNA. On the other hand, erythrocytes
contain a diverse range of RNAs, of which miRNAs are a key component, and these miRNAs persist beyond terminal
differentiation.*’*** Changes in these miRNAs protect cells from death and ATP depletion, and they are linked to specific storage
lesions.*” As a result, changes in miRNA in stored erythrocytes may be used as a marker to assess the quality and safety of stored
erythrocytes.® MiRNAs should be considered when looking for novel and stable biomarkers in stored packed RBCs for
a number of reasons, including the fact that they are very stable in RBCs, some miRNAs can only be expressed in certain cells,
and miRNA levels are simple to measure using common laboratory methods, even more advanced and powerful ones.”’ The
following facts also pertain to miRNAs and cellular apoptosis as they relate to the quality of RBCs that have been stored. The first
is that mature RBCs contain a large amount of miRNAs. White blood cell miRNAs have little effect on the second RBC miRNA
study because RBC miRNAs create a significant abundance of white blood cells.** The third is that miRNAs are widely known
for controlling how genes and mRNAs expressed within cells, particularly those involved in differentiation and apoptosis.*’

The RBC storage lesion is frequently accompanied by considerable transcriptome changes. The miRNAs must be
expressed at a high level and target to have a biological effect, and they may even serve a unique role in anucleated cells’
physiological activities. As a result, miRNAs are suitable prospective markers for investigating storage lesions in RBC
storage because of their abundance and their stable structure.’” As cells differentiate into reticulocytes, the nuclei are
expelled, but translation activities and cytoplasmic RNAs (including mRNAs and miRNAs) are still observable.”

Understanding how miRNAs work in RBCs as they are being stored may shed light on the mechanisms underlying storage
defects.** Through mRNA degradation or translation inhibition, microRNAs regulate cellular processes like apoptosis. This
regulatory role of the miRNA is more pertinent to understanding the events connected to RBC stored damage during storage.
These cells must rely on the available cytoplasmic posttranscriptional regulatory systems for survival because they are
enucleated and have lost their transcriptional regulatory mechanisms.>> As a result, these miRNAs are anticipated to play an
important role in erythroid cell posttranscriptional regulation. The expression of numerous miRNAs can substantially change
during storage, according to RBC profiling studies, and apoptosis-associated miRNAs have been discovered.****

The miRNA of RBCs changes dramatically during storage. For example, the up regulation of miRNA-16-2-3p,
miRNA-1260a, miRNA-1260b, miRNA-4443, miRNA-4695-3p, miRNA-5100, lethal (let)-7b, miRNA-16, miRNA-
1246, miRNA-31-5p, miRNA-203a, miRNA-654-3p, miRNA-769-3p, miRNA-4454, miRNA-451a and miRNA-125b-
S5p occurred during long-term preservation of erythrocytes.*>-¢ Although miRNA-96, miRNA-150, miRNA-196a,
miRNA-197, miRNA-381, and miRNA-1245a are down regulated after 20 days of storage.*>*>® The significance of
miRNAs in RBC storage lesions has been confirmed by microRNA dysregulation, and this finding raises the possibility
that miRNAs in RBCs serve as possible quality markers in stored RBCs.*

Each miRNA in stored RBCs has many functions. Also, the mechanism of how the miRNA is used as the quality tool
for stored packed RBCs is based on their function. Based on the research using the target scan tool revealed that let-7b,
miRNA-16, miRNA-96, miRNA-196a, miRNA-150, and miRNA-197 each can target on 819, 733, 787, 211, 142, and
140 genes of mRNA, respectively. At least one gene is related to the RBC membrane and apoptosis and targeted by each
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miRNA.®® MicroRNA-96 appears to target at least 17 conserved mRNAs (genes) associated with RBC membrane and
apoptosis.** Potential targets for miR-96 included septin family genes, cathepsin B, docking protein 4, CAPNSI1, caspase
2, and apoptosis-associated tyrosine kinase. The role of miRNA-96 could be the inhibition of apoptosis in mature RBCs.
An increase in miRNA-96 expression level in RBCs may inhibit apoptosis. Thereby, this inhibition of apoptosis may
result in the accumulation of lipid peroxidation and decrease in antioxidant resources within the RBCs, which can affect
the quality of RBC that would be transfused to a blood recipient. Becuase the accumulation of lipid peroxidation is
one key components of RBC storage lesion.®® MicroRNA-196a was found to protect stored RBCs from cell death and
ATP loss. The variations in miRNA during erythrocyte storage are linked to certain storage lesions. As a result, miRNA
has the potential to be used as a biomarker to assess the quality and safety of RBCs.””> MicroRNA-96 is most likely
a good candidate for testing as a potential biomarker for evaluating the quality of RBCs in stored blood units.*

The most prevalent miRNAs that have been found to be intracellularly linked to aragonite 2 in 24-hour-stored RBCs
are miRNA-451a, miRNA-16, let-7, and miRNA-486—5p.(’1 In most cells and tissues, miRNA-16 is one of the most
prevalently cloned miRNAs. It was discovered to be stable and abundant in RBC storage.®” It is a significant miRNA that
participates in a variety of biological activities., includes encouraging cell apoptosis and suppresses cell growth.®*%*
Lethal-7 was one of the miRNAs which are crucial for cell maturation and development,®” one of the useful markers of
RBC storage is lethal-7b, and the storage of RBCs for up to 40 days causes its levels to rise. It demonstrates that this
miRNA is involved in preserving the RBC membrane’s integrity.*’

Researchers have determined that miRNA-451a plays a crucial role in the homeostasis of RBCs. Furthermore, it has
been observed that miRNA-451a positively controls terminal erythroid development, inhibits the expression of 14-
3-3zeta, and protects RBCs from oxidative stress.®®®” The significant regulatory roles for miRNA-381 and miRNA-
1245a are inducing apoptosis.®®® After 1 week of storage, the expression levels of miRNA-381 and miRNA-1245a in
RBC were reduced, suggesting that these two miRNAs can resist the negative effects of storage damage. MicroRNA-381
and miRNA-1245a may therefore be employed as indicators for RBC storage products.’® According to reports, miRNA-
150-3p is crucial in preventing the apoptotic process. Additionally, it has been demonstrated to play a role in
differentiating erythrocytes.”” MicroRNA-769-3p overexpression may be crucial for RBC survival and promotes
apoptosis.”' The function of miRNA-1246 is to promote apoptosis while suppressing cellular survival.”? The function
of miRNA-4695-3p is to prevent RBCs from apoptosis.”® The cell growth is inhibited by miRNA-4443.7*

For the miRNA molecule with multiple functions, miRNA-125b is small and non-coding. It is one of the earliest
miRNAs to be discovered. It is essential to many functions, including the control of RBCs’ differentiation, and
apoptosis.”> MicroRNA-769-3p overexpression dramatically reduced cell growth and increased apoptosis.”® The
miRNA-203a-3p has many impacts, including reducing cell growth and promoting apoptosis.”” MiRNA-654-3p over-
expression could induce apoptosis by targeting the mRNA for the ras protein activator like 2 genes.”® The overexpression
of miRNA-5100 can induce apoptosis.”’ The fact that these miRNAs have a direct link to the mRNAs that are expected
to be their apoptosis-related targets will also demonstrate that there was a connection relevant to the storage lesions in
RBCs. Given their relationship to mRNA, it would make sense to think that these miRNAs will serve as appropriate
indications for storage lesions. Therefore, this microRNA profile may indicate certain types of storage lesions in RBCs
Table 1.8

MiRNAs are a novel method for confirming the quality of packed RBCs in blood banks. But, they have some
drawbacks. These are the lack of reproducibility across technologies for biomarker discovery in RBCs, some miRNAs
are released from blood cells during the storage period and could lead to false results,® the extraction and analysis of
miRNAs from the RBCs requires long times and needs experienced personnel, needs sophisticated laboratories and
expensive for detections of miRNA in stored packed RBC.*' Finally, all miRNA findings need additional validation
processes and an exact standardization of all pre-analytical and analytical procedures before being applied to clinical
practice in order to account for any potential technical biases.

Conclusion
Red blood cells have a comprehensive storage lesion that involves metabolic consequences, shape alterations, membrane
loss, rheological changes, losses of membrane carbohydrates, and oxidative damage to lipids. Additionally, the proteins’
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modifications to oxygen affinity and delivery, the RBCs’ enhanced endothelial adherence and shorter lifespan, as well as
the incidental dangers of potassium buildup and the loss of active proteins, lipids, and microvesicles. The miRNA-16-
2-3p, miRNA-1260a, miRNA-1260b, miRNA-4443, miRNA-4695-3p, miRNA-5100, let-7b, miRNA-16, miRNA-1246,
miRNA-31-5p, miRNA-203a, miRNA-654-3p, miRNA-769-3p, miRNA-4454, miRNA-451a and miRNA-125b-5p
increased during long storage of erythrocytes. However, miRNA-96, miRNA-150, miRNA-196a, miRNA-197,
miRNA-381 and miRNA-1245a are down regulated after long storage of RBCs. MicroRNA alterations in stored
RBCs can be used as biomarkers for storage lesions. Particularly, miRNA-96 is likely the best candidate to be tested
as a potential biomarker for assessing the quality of RBCs in blood units that have been kept. Therefore, recommended
for blood bank, the microRNAs are tested as a potential quality biomarker for packed red blood cell. Also, the integration
of both biochemical and microRNA detection test is used as quality indicator of packed RBCs. Recommended for
researchers, there needs a further study about the role of miRNA as quality indicator for stored packed RBCs and the
mechanism how the miRNA used as a quality indicator for stored RBCs. There is a limited study in the role of miRNA as
quality tool for stored RBCs, and the mechanism is also not well addressed.

Abbreviations
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messenger ribonucleic acid; NGS, next-generation sequencing; PCR, polymerase chain reaction; RBC, red blood cell;
RBCSL, red blood cell storage lesion; RT, reverse transcriptase; RT-qPCR, reverse transcription quantitative polymerase
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