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Disseminated Intravascular Coagulation (DIC) is a type of tissue and organ dysregulation in sepsis, due mainly to
the effect of the inflammation on the coagulation system. MicroRNAs, long non-coding RNAs, and circular RNAs
are studied in relation to DIC. Specifically, the axis between these non-coding RNAs and the corresponding
affected pathway has been identified, including inflammation, alteration of the coagulation cascade, and endothelial

damage.

non-coding RNAs MiRNAs IncRNAs biomarkers sepsis DIC

| 1. The Role of microRNAs in DIC

MiRNAs have been proposed as potential biomarkers for several pathologies since they play a key role in different
molecular processes and thus can potentially determine the affected pathways due to diseases . Moreover,
mMiRNAs are stable in the cell and in exosomes, and thus are found in several body fluids which makes them easily
accessible for measuring them [&. Consequently, on-going research has studied the potential of miRNAs to

improve both diagnosis and prognosis in several diseases, including trauma-induced coagulopathy and sepsis.

The inflamma-miR miR-155 was found to be upregulated the cardiac tissue of mice treated with
lipopolysaccharides (LPS) Bl and in plasma samples from septic patients. These authors showed the potential use
of circulating miR-155 to identify septic patients with cardiac injury from septic patients without cardiac injury,
obtaining an AUC (area under the curve) of 0.863 in the receiver operating curve (ROC) Bl Importantly,
overexpression of the inflamma-miR miR-155 has proven to induce spontaneous endothelial damage and
alteration of the endothelial barrier function, thus leading to vascular leakage in a claudin-1-dependent manner in
several models of endotoxemia . In addition, recent research has proposed miR-155 as a master regulator of the
coagulation factor XlII in several diseases [2l. As described in the previous section, factor XlII participates in the
crosslinking process of fibrin, stabilizing the blood clot. Therefore, these interesting findings provide an intriguing
guestion about the possibility of modulating the expression of miR-155 to control the expression of factor XIII in

patients who are suspected to have DIC.

One of the most-studied miRNAs in sepsis is miR-122, identified as a diagnostic and prognostic biomarker in the
serum of patients with sepsis B4, Specifically, miR-122-5p has been associated with coagulation abnormalities

related to sepsis [&. Wang et al. described an overexpression of miR-122-5p in abnormal coagulation patients.
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Additionally, coagulation-related parameters such as aPTT, fibrinogen, and antithrombin 11l were correlated with the
level of miR-122 8 so it can be stated that miR-122 levels correlate with non-normal and worrisome coagulation
during sepsis 8. Particularly, results suggest that miR-122 may regulate antithrombin Il expression &, thus
affecting the anticoagulant and anti-inflammatory properties of antithrombin Ill. In other studies, miR-122 levels in
septic patients were analyzed in both surviving and deceased patients and it was observed that miR-122 was
overexpressed in non-surviving septic patients 8. Wang et al. performed a similar study where they also
differentiated between patients with normal and non-normal coagulopathy & It was shown that miR-122 levels
were significantly higher in the group of patients with non-normal coagulopathy. Moreover, Wang et al.
demonstrated that miR-122 levels in patients with sepsis and non-normal coagulation had elevated miRNAs up to
13 days after admission, so miR-122 could be used as a coagulation index for the detection of coagulation

disorders in patients with sepsis [&l.

Ma et al. have shown the role of miR-125b in sepsis-induced cardiomyopathy & and how its overexpression in
mouse hearts improved survival by improving heart function. The proposed mechanism consisted of suppressing
ICAM-1 and VCAM-1 and a decrease in inflammatory cytokines [, These findings are relevant since it was found
that miR-125b is upregulated in sepsis and showed a positive correlation with enhanced disease severity,
inflammation, and increased mortality in sepsis patients (12, The previous results further reinforce the role of miR-
125 in controlling key steps in the coagulation cascade, through its role in regulating endothelial adhesion proteins,

such as ICAM-1 and VCAM-1, and directly regulating the expression of coagulation factors.

Upstream to factor IX in the intrinsic pathway, factor Xl can be regulated by miR-181a-5p. It was shown how miR-
18la-5p caused a slight, yet significant, decrease in factor XI mRNA levels, thus reducing the protein levels of
factor X 2. The assays demonstrated a direct interaction between miR-181a-5p and the 3-UTR of the messenger
for factor XI. Importantly, factor XI mRNA levels were inversely and significantly correlated with miR-181a-5p levels,

specifically in healthy livers, demonstrating that miR-181a-5p can directly impact the coagulation pathway 121,

In the extrinsic pathway, we can find factor X in the coagulation cascade. It has been found that miR-24 is
overexpressed following trauma. However, it negatively correlates with factor X of the coagulation cascade in
trauma patients, such that miR-24 is suspected to be able to inhibit factor X synthesis after trauma or trauma-
induced coagulopathy 2. Furthermore, miR-24 can decrease factor X and factor XIl mRNA levels through
negative regulation of nuclear factor, specifically nuclear factor-4 alpha in liver cells 13l After performing the
corresponding study, the authors concluded that miR-24 overexpression in patients after trauma was involved in
the hypocoagulation state by inhibiting factor X and/or factor XII synthesis 13l Thus, it can be stated that miR-24
plays an anticoagulant role as well as being a suitable biomarker for trauma-induced coagulopathy. MiR-24 could
become a new therapeutic treatment for these patients since it has been shown in vitro that pretreatment with miR-

24 can significantly suppress factor X levels [13],

Zhang et al. have studied the expression of miR-19a-3p in relation to DIC 4], Their research revealed the potential
of this miRNA as a therapeutic target due to its capability of inhibiting the coagulation cascade by targeting TF. As

described above, TF by forming a complex with factor Vlla initiates clotting by activating factor X and factor IX.
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Both in vitro and in vivo results showed a great improvement in coagulation when miR-19a-3p was administered as
a therapy. MiR-19a was able to inhibit the coagulation pathway by directly targeting TF through 3'-UTR binding
sites 4. The PI3K/AKT pathway is directly related to TF expression and coagulation. Factor Xa regulates TF
expression in endothelial cells via mitogen-activated protein kinase (MAPK)- and nuclear factor kappa B (NF-kB)-
dependent pathways 13181 |ndirectly, TF regulation by miR-19 was dependent on the NF-kB/IkB pathway and the
AKT pathway 14131 Therefore, miR-19 seems an interesting axis connecting the coagulation pathway,

inflammation pathway, and AKT pathway.

Here it is important to note that recent literature showed how miR-19a was down-regulated while TF was shown to

be up-regulated in newborns with sepsis-induced DIC relative to the control group 241,

TF expression can also be modulated by miR-223. In this regard, it was demonstrated that miR-223 is one of the
most abundant miRNAs in platelets and platelet-derived extracellular vesicles X218 Therefore, this miRNA could
be transferred to platelets from monocytic cells and regulate TF expression as it binds to the 3'-UTR of the TF

mRNA transcript and thereby inhibits its expression 12291,

The before mentioned miRNAs clearly show the impact of miRNA expression in the control of the coagulation
process. However, further studies to assess the impact of miRNAs in DIC are needed. In this regard, only an
integrative analysis of molecular mechanisms in the context of the control of coagulation factors and endothelial
adhesion proteins and mediators that clearly contribute to the coagulation cascade may help to understand the

intricate mechanisms underlying sepsis-associated DIC.

| 2. The Role of Long Non-Coding RNAs in DIC

LncRNAs are defined as long transcripts of RNA of more than 200 nucleotides that are not associated with the

expression of proteins 211,

Recent studies have shown that sepsis-related cardiac dysfunction can alter the expression of such ncRNAs [221[23],
Moreover, several INcCcRNAs have been described in sepsis and cardiovascular diseases (221231 As such, it is vital
that their role becomes established regarding the dysregulation that takes place during DIC. This will in turn permit

the description of IncRNA as biomarkers in diagnosis and prognosis, as well as possible therapeutic targets.

Epigenetic changes due to sepsis-related molecular pathways may also influence ncRNAs. Specifically,
IncXR_343955 was found to be differentially methylated and may regulate the expression of different CAMs [24],
LINC00341 has also been associated with VCAM expression, inhibiting it (22, Since these IncRNAs are linked to
the expression of CAMs, they indirectly influence the PI3K/AKT pathway [22l. Thus, elucidating their role in the
dysregulation of coagulation in DIC may allow the description of different pathological pathways associated with the

disease.

https://encyclopedia.pub/entry/41522 3/15



The Intricate Role of Non-Coding RNAs in DIC | Encyclopedia.pub

The role of IncRNA cancer susceptibility candidate 2 (IncCASC2) has been studied in sepsis by Wang et al. 28, |ts
expression was found to be inversely linked to sepsis severity and mortality, proving its use as a potential
biomarker [28. Interestingly, InNcCASC2 was also negatively correlated with inflammatory cytokines. As such, its
impact on the coagulation pathway, and specifically on endothelial damage, may be worth exploring. LhcCASC2
has also been related to inflammation, sponging the inflamma-miR miR-155 28, Additionally, the overexpression of
IncCASC2 inhibited the NF-kB activation pathway 28, It is noteworthy that the TF promoter contains binding sites
for NF-kB, which entails that the procoagulant activity of TF endothelial cells and subsequent thrombin generation
directly depends on the NF-kB [27],

Similarly, IncRNA growth-arrest-specific transcript 5 (IncGAS5) was also associated with the diagnosis and
mortality of sepsis 28], Interestingly, INcGAS5 has also been linked to the NF-kB pathway in sepsis [22. Moreover,
INcGASS5 was also found to impact the PI3K/AKT pathway by targeting miR-223 and miR-21 B9,

These studies show the potential role of INcCASC2 and IncGAS5 in indicating the state of the NF-kB pathway and,
in turn, endothelial damage. Thus, these IncRNAs should be studied further in the context of DIC to establish their

potential as regulatory elements in those pathways regulating coagulation.

LncH19 was one of the first INcRNA described and as such is one of the most extensively studied IncRNAs.
Although most research published on this IncCRNA is related to cancer due to its oncogenic primary description, a
recent study has established IncH19 as a potential prognosis biomarker in sepsis B, Additionally, IncH19 showed

a mild correlation with cytokines IL-6 and TNF-a, as well as coagulation dysfunction.

Recently, miR-125a was found to be part of a regulatory axis with INcCRNA Metastasis Associated Lung
Adenocarcinoma Transcript 1 (INcMALAT1) B2, |n this study, Liu et al. demonstrated the utility of both IncMALAT1
and miR-125a to diagnose sepsis and predict organ injury, inflammation severity, and mortality. In another study,
INCMALAT1 was found to promote the progression of acute lung injury related to sepsis, by sponging other
inflamma-miRs such as miR-146 and thus indirectly promoting the NF-kB pathway 22 which downstream may
affect the PISK/AKT axis. Furthermore, INcCRNA nuclear paraspeckle assembly transcript 1 (IncNEAT1) was also
associated with miR-125a [34]. The overexpression of INcNEAT1 was correlated with a greater severity and a higher
probability of mortality [B4135],

LncRNAs related to protease-activated receptor 1 (PAR-1) should also be studied due to their effects on the
coagulation cascade after secretion from the endothelial cell. One such IncRNA is a non-protein-coding RNA
upstream of F2R/PAR1 (ncRuPAR) that has been found to target PAR-1 and reduce indirectly the PISK/AKT
pathway [28. This INcRNA has also been associated with the expression of VEGF, inhibiting it B2,

Another interesting IncCRNA is potassium voltage-gated channel subfamily Q member 1 (KCNQ1) opposite
strand/antisense transcript 1 (INcKCNQ1OT1), which has been found to sponge miR-24-3p 8. This miRNA, as
discussed in the previous section, has been studied extensively in both sepsis and DIC. LncKCNQ10T1 was found

to be under-expressed in sepsis patients, while also having a negative correlation to clinical scores related to
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coagulation [B8 Additionally, Luo et al. first determined through in silico analysis, and later proved using
experimental procedures, the relationship between INcKCNQ10T1, miR-24, and vVWF (39 Such an axis should be

studied further in the context of DIC since VWF is also a key contributor to the coagulation pathway.

Lastly, some IncRNAs have specifically been associated with factors in the coagulation cascade. Coagulation
factor XI antisense RNA 1 (F11-AS1) targets miR-3146 and promotes the expression of phosphatase and tensin
homolog (PTEN) 2 which participates in the PISK/AKT pathway.

| 3. The Role of Circular RNAs in DIC

One of the most important characteristics of circRNAs is that these circular nucleic acids are present in most
mammalian tissues and are highly expressed in specific tissues, being also present in plasma 4142 Moreover,
circRNAs have shown differential expression levels at distinct development stages 431441, Due to their potential role
in regulating transcriptional programs, circRNAs have been proposed as potential biomarkers for several diseases
43 including sepsis, as recently reviewed 48l Interestingly, several circRNAs have been described to function as
miRNA “sponges”, reducing the availability of such miRNAs. This in turn causes modulation of gene expression,
transcription, and protein translation 44, so circRNAs are feasible key modulatory factors and mediators

participating in mechanisms underlying pathological processes such as DIC.

Despite the advances in this field, it is noteworthy that further biological contextualization of these circRNAs by
exploring gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways may contribute
to demonstrating that these circRNAs are key mediators in inflammatory response (e.g., cytosine receptor
interaction, TNF-a signaling pathway, NF-kB signaling pathway, and chemokine signaling pathway), leukocyte
rolling and adhesion on endothelial cells, platelet function (activation, aggregation, and adhesion), and DIC.
Moreover, even though the potential of circRNA biomarkers has been established 48, they are mainly studied and
evaluated in the context of cancer, with little research focusing on the role of circRNA in sepsis and DIC. Though
the researchers will focus on established relationships directly with sepsis, some connections provided by cancer
studies may be useful to find relations between described circRNAs and their potential regulation of miRNAs and

molecular pathways related to sepsis and DIC.

In sepsis, some circRNAs have been postulated as promising biomarkers. This is the case of circRNA guanine
nucleotide exchange factor for Ras-like small GTPases (RasGEF) domain family member 1B (circRasGEF1B), an
LPS-inducible circRNA in animal models of sepsis, which modulates the stability of ICAM-1 mRNA 22 |t was
observed by Nie et al. that LPS stimulation leads to the activation of endothelial cells, promoting the release of
inflammatory mediators (e.g., IL-1B3, IL-18, TNF-a, chemokines, monocyte chemoattractant protein-1 (MCP-1),
etc.), which further promote vascular endothelial damage B%. The study of Nie et al. proposes that during sepsis,
circRNAs can modulate vascular function by influencing the increment of nitric oxide levels and by down-regulating
the antioxidant defense system Y. Besides the role of circRasGEF1B in regulating ICAM-1 levels, both
circ_0007456 and circRasGEF1B have been directly linked to the expression of ICAM-1 4351 Closely related to
the expression of ICAM-1 is the VCAM-1, both being downstream proteins of the PI3K/AKT pathway. Several
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studies have indicated that circRNA nephrocystin 4 (circNPHP4) expression has a significant impact on the
expression of both molecules, specifically by sponging miR-1231 32!, |n addition, VCAM-1 also interacts with E-

selectin and Lai et al. have found a relation between the expression of circ_0079662, miR-324, and HOXA9 (3],

CircRNA fatty acid desaturase 2 (circFADSZ2) is an important circRNA that has been found in low levels in septic
patients B4, CircFADS2 counteracts the function of miR-133a and miR-122a. Surprisingly, although circFADS2
blocks the function of miR-133a, this miRNA is usually increased in severe septic patients with unfavorable
prognoses B2l Furthermore, circFADS2 can suppress cell apoptosis by down-regulating miR-122a through the
interaction with the miR-498/mammalian target of rapamycin (mTOR) axis to protect chondrocytes from apoptosis
induced by LPS and inflammation B2l This is quite exciting because it was described how mTOR is required for

Bcl-3 activation, which in turn participates in the condensation of fibrin by activated platelets (81,

The role of AKT/mTOR axis in platelet activity and thrombosis is being uncovered B4, Particularly, abnormal
autophagic death of endothelial cells has been shown to affect plaque and promote thrombosis, which is related to

this axis; thus it is feasible that circ_0030042 could play an essential role in vascular function [B8l.

Also related to the AKT/mTOR axis, Zeng et al. demonstrated that the overexpression of circRNA angiomotin like 1
(circAmotll) protects against cardiomyopathy by binding to 3-phosphoinositide-dependent kinase 1 (PDK1) and
AKT1 in vivo B9,

The AKT/mTOR axis is also directly involved in controlling the expression of TF to initiate thrombosis 69,
Interestingly, as described above, miR-19a-3p targets TF so it has been directly related to DIC. Thus, elucidating
the possible circRNAs that may regulate this miRNA can be useful in the design of therapeutic approaches.
CircRNA hippocampus abundant transcript 1 (circHIAT1) or circ_0000096 has been proven to modulate the
expression of miR-19a-3p in cervical cancer 81, The decrease in circHIAT1 increases miR-19a-3p expression
which in turn produces the increase in AKT and mTOR. Therefore, the ability of circHIAT1 to sponge miR-19a-3p
may directly affect the pathway. Another study carried out by Lu et al. related, in type 2 diabetes, the increase in
miR-19a-3p to a decrease in circ_0063425 and the PI3K/AKT pathway 62,

These studies show that circ_0000096 and circ_0063425 regulate the expression of miR-19a-3p resulting in a
modulation of the PI3K/AKT/mTOR pathway. These signaling molecules have been shown to regulate the
expression of TF [83 Thus, the aforementioned circRNAs should be studied further in the context of the
coagulation cascade to determine their possible involvement in DIC-related dysfunction. This idea of the important
role of circRNAs in DIC acquires relevance because there is evidence of the important role of the PI3K/AKT
pathway in the suppression of LPS-induced inflammation and coagulation in the endotoxemic mice model 18],
Downstream to the PI3K/AKT/mTOR pathway, AKT targets Forkhead box O (FOXO) transcription factors 4], In
this pathway, Yuan et al. predicted through in silico analysis that hsa_circ_0039466 sponges miR-96 in
hepatocellular carcinoma which impacts FOXO1 expression [2: thus hsa_circ_0039466 may also indirectly

regulate TF, as the researchers have previously described for hsa_circ_0000096 and hsa_circ_0063425.
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Additionally, circRNA PTEN (circPTEN) or circ_0094342 modulates the inflamma-miR miR-155 and miR-330,
regulating the expression of PTEN/PI3K/AKT (8],

As described above, miR-122-5p has been related to coagulation malfunctioning in sepsis, and altered levels of
this miRNA have been found in patients with altered coagulation parameters (i.e., aPTT, fibrinogen, and

antithrombin) 8. Therefore, it is necessary to explore the possible expression dysfunction of the circRNA sponges.

Hsa_circ_0005963 or ciRS-122 sponges miR-122, decreasing its expression and increasing expression of PKM2
(671 like hsa_circ_000826 which sponges miR-330 8. CircPTN has also been found to sponge miR-122 and, in
turn, modulate the expression of SOX6 69,

Notably, some studies have focused on the relation between miR-122 and the cytoplasmic polyadenylation
element-binding protein 1 (CPEB1)/PTEN/AMPK/MTOR axis, which the researchers have shown is a relevant
metabolic axis related to coagulation. Specifically, circRNA_002581 has been found to directly influence the
expression of CPEB1 971l which, besides controlling this axis, has been found to regulate the pathological
expression of VEGF 2. Another relevant circRNA related to VEGF is circRNA fibronectin type Ill domain
containing 3B (circFndc3b) 3. CircFndc3b has been found in cardiac endothelial cells to be contributing to the
overexpression of VEGF which in turn increases its angiogenic activity in endothelial cells 3. As is widely known,
VEGF is involved in the hemostasis of endothelial cells by participating in several processes such as vascular
permeability, VEGF stimulates endothelial cell proliferation, migration, and tube formation /4. Recent studies
suggest that VEGF is involved in the thrombotic process by stimulating the expression of TF in vascular endothelial
cells [, |nterestingly, TF can also stimulate the transcription of the gene encoding VEGF through a positive
feedback process 8. Importantly, VEGF, via the formation of the TF—factor Vlla complex, can trigger the extrinsic
coagulation cascade ZAUIZ8IA | addition, VEGF can also increase the expression of thrombomodulin (TM) in
endothelial cells. When complexed with thrombin in the membrane of endothelial cells this increases levels of APC,
which is an inhibitor of the coagulation cascade, through the neutralization of activated factor V and activated factor
VIII. Moreover, VEGF also increases the activation of thrombin-activatable fibrinolysis inhibitor (TAFI) by >1000-

fold, which is involved in the inhibition of clot lysis B9,

Therefore, the increase in knowledge of the control of VEGF by circFndc3b may result in further interest in the

comprehension of the epigenetic regulation of the coagulation process, mainly in those syndromes such as DIC.

Lastly, several circRNA have been linked to VWF, such as hsa_circ_0025119 [ hsa circ_0000698,
hsa_circ_0002775, hsa_circ_0005585, and hsa_circ_0043837 182, These last circRNAs have also been found to

sponge miR-16, which directly impacts vVWF expression.

After reviewing the recent advances, the researchers can identify common pathways that are likely altered and
regulated by specific ncRNAs. Most notably, the PI3K/AKT pathway and associated proteins and pathways are
altered after NF-kB activation and by the effect of TF. Several circRNAs have been associated with the

dysregulation of these pathways, such as circHIAT1, circFADS2, circ_0000096, and circ_0063425. Moreover, the
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expression of VEGF is altered and is likely modulated by diverse circRNAs including circ_002581 and circFndc3b
(Figure 1).
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Figure 1. Scheme of the circRNA/IncRNA/miRNA involved in the regulation of NF-kB, the PI3BK/AKT/mTOR
pathway, and the endothelial adhesion factors VCAM and ICAM.
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