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microRNA associated 
with hepatocyte injury 
and systemic inflammation 
may predict adverse outcomes 
in cirrhotic patients
Oliver D. Tavabie 1,2,4, Vishal C. Patel 1,2,3,4, Siamak Salehi 1,4, Marilena Stamouli 3, 
Francesca M. Trovato 1,2, Maria‑Emanuela Maxan 1,3, Dhaarica Jeyanesan 1, Savannah Rivera 3, 
Salma Mujib 2, Ane Zamalloa 1, Eleanor Corcoran 1, Krishna Menon 1, Andreas Prachalias 1, 
Michael A. Heneghan 1,2, Kosh Agarwal 1, Mark J. W. McPhail 1,2 & Varuna R. Aluvihare 1*

As the global prevalence of chronic liver disease continues to rise, the need to determine which 
patients will develop end-stage liver disease and require liver transplantation is increasingly 
important. However, current prognostic models perform sub-optimally. We aim to determine 
microRNA profiles associated with clinical decompensation and mortality/transplantation within 
1 year. We examined microRNA expression profiles in plasma samples from patients across the 
spectrum of cirrhosis (n = 154), acute liver failure (ALF) (n = 22), sepsis (n = 20) and healthy controls (HC) 
(n = 20). We demonstrated that a microRNA-based model (miR-24 and -27a) associated with systemic 
inflammation differentiated decompensated cirrhosis states from compensated cirrhosis and HC 
(AUC 0.77 (95% CI 0.69–0.85)). 6 patients within the compensated cirrhosis group decompensated 
the subsequent year and their exclusion improved model performance (AUC 0.81 (95% CI 0.71–0.89)). 
miR-191 (associated with liver injury) predicted risk of mortality across the cohort when acutely 
decompensated and acute-on-chronic-liver failure patients were included. When they were excluded 
miR-24 (associated with systemic inflammation) predicted risk of mortality. Our findings demonstrate 
that microRNA associated with systemic inflammation and liver injury predict adverse outcomes in 
cirrhosis. miR-24 and -191 require further investigation as prognostic biomarkers and therapeutic 
targets for patients with liver disease.

Morbidity and mortality from chronic liver disease (CLD) has become an international health crisis. CLD sig-
nificantly impacts people of working age with alcohol-related liver disease (ARLD) the predominant etiology 
of patients who develop decompensated cirrhosis within Europe1,2. The transition through the development of 
cirrhosis to clinically significant portal hypertension and subsequent decompensation is associated with increased 
morbidity and mortality3. The PREDICT study demonstrated that following acute decompensation (AD), patients 
followed three distinct clinical pathways, including the development of acute-on-chronic liver failure (ACLF), 
with each pathway having a significantly different risk of mortality4. Whilst there are effective treatments for 
specific etiologies of liver disease, the only effective treatment for end-stage cirrhosis remains liver transplantation 
(LT). Accurate prediction of progression through this pathway to poor prognostic outcomes remains elusive.

There has been extensive work undertaken to determine novel biomarkers which predict which patients with 
cirrhosis are at risk of clinical decompensation. However, to this point, none have outperformed well-established 
models which include standard clinical and laboratory data and perform most optimally over longer-term follow-
up5,6. Following decompensation, conventional prognostic models focus on clinical and biochemical markers 
of liver failure to predict mortality7–9. With the development of classifications for ACLF and AD, novel models 
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which integrate conventional markers of liver and non-liver organ failure, inflammation and patient age have 
been established which improve prognostication within these specific subgroups of cirrhosis10,11. However, these 
prognostic models again perform optimally later in the patient’s clinical course, limiting their clinical value. There 
is a need for novel biomarkers that predict decompensation and mortality in patients with cirrhosis earlier in 
their clinical course.

MicroRNA (miRNA) have long been heralded as potential biomarkers across a range of clinical condi-
tions including CLD12–16. However, there has been limited translation into routine clinical practice. This likely 
reflects a lack of standardized methodology in quantifying miRNA expression as well as the complex pathways 
that govern miRNA expression. We have previously demonstrated that miRNA expression is time dependent 
in acute liver failure (ALF)17. A previous study exploring miRNA expression in patients with cirrhosis follow-
ing an acute decompensation event showed that grouping patients with similar characteristics likely improves 
miRNA performance as prognostic biomarkers12. A standardized methodological approach examining miRNA 
expression in carefully defined cohorts at set time points may potentially improve the performance of miRNA 
as clinically tractable biomarkers.

We have previously described a distinct hepatic miRNA signature associated with successful native liver 
regeneration following auxiliary LT (ALT)18. This miRNA signature is present in the circulation of patients 
who recover from ALF and cirrhotic patients who clinically recompensate following direct-acting antiviral 
therapy (DAA) for hepatitis C (HCV)19. We have integrated this regeneration-linked miRNA signature within a 
prognostic model for ALF which outperformed conventional models as opposed to microRNA associated with 
cell-death and response to cellular injury which did not17. We hypothesized that circulating miRNA may have 
utility in predicting clinical decompensation and prognosis in patients with cirrhosis. We investigated whether 
miRNA-based models can identify decompensated cirrhosis states and those at risk of clinical decompensation. 
In addition, we investigated whether these miRNA have the potential to be developed as biomarkers to predict 
1 year risk of mortality/transplantation for patients with cirrhosis.

Results
Plasma miRNA expression across the spectrum of cirrhosis, ALF, sepsis and HC
Minimal hemolysis was observed across samples (8/216) and there was a stable expression of quality control 
markers for RNA isolation, RT and PCR efficiency (Supplementary Figs. 1, 2). No samples were excluded from 
further analysis. All samples expressed the normalizing miRNA (miR-23a, -26a and -103) therefore all samples 
were included in the study.

Across clinical groups, 18 miRNA were expressed in greater than a third of samples and these were used to 
perform two-way unsupervised hierarchical clustering (Fig. 1). Whilst the ALF and sepsis clinical cohorts clus-
tered based on miRNA expression, the cirrhosis groups (ACLF/AD/cCLD/dCLD) and HCs did not.

miRNA expression profiles of patients with acute presentations of liver disease and sepsis
Clinical, demographic and laboratory data from patients within ACLF, AD, ALF and sepsis cohorts are shown in 
Supplementary Table 3. There were several differences between groups; namely patient age (ALF patients young-
est and sepsis patients oldest), laboratory biomarkers of infection and antibiotic use (highest in sepsis group 
although notably 19/20 of the ACLF cohort (11.76% positive bacterial cultures within 72 h) and 15/20 of the 
AD cohort (5.56% positive bacterial cultures within 72 h) were being treated for infection), biomarkers of liver 
injury/failure and MELD score (highest in the ALF group) and need for organ support (lowest in the AD group).

There was significant variation in the expression of the following miRNA; miR-122, -150, -16-2, -191, -24, 
-25, -26a, -30a and -451a (Supplementary Table 4A). Following conversion of less prevalently expressed miRNA 
into categorical variables, miR-503 expression was demonstrated to vary significantly across clinical groups 
(Supplementary Table 4B).

Principle component analysis was utilized to identify clustering of prevalently expressed miRNA to under-
stand expression profiles in AD and ACLF states compared with ALF and sepsis states (Fig. 2). Patients with 
ALF and sepsis had distinct, divergent expression profiles. Patients with ACLF associated more with the sepsis 
cohort rather than ALF based on miRNA expression.

miRNA expression profiles of patients across the cirrhosis spectrum
Comparisons of clinical, demographic and laboratory data from patients with ACLF, AD, cCLD, dCLD and HC 
are shown in Supplementary Table 5. HC individuals were younger than patients within the cirrhosis groups. 
Active alcohol consumption was highest amongst patients with acute presentations of cirrhosis (ACLF/AD). 
Markers of systemic inflammation and infection (white cell counts (WCC) and CRP), hepatic synthetic failure 
(bilirubin, INR, ascites and ammonia), hepatic inflammation (aspartate aminotransferase (AST)) and renal 
impairment (creatinine) were highest in the ACLF cohort.

Significant variations in expression across patient groups were demonstrated across a number of miRNA. 
Notably, acute presentations of cirrhosis had opposing expression profiles to the HC and cCLD cohorts, with the 
most significant being for miR-122, -24 and -30a (Supplementary Table 6A and Supplementary Fig. 3). However, 
there were opposing expression profiles of certain miRNA across the decompensated CLD groups including; 
miR-223 (dCLD and ACLF), -23a (dCLD and ACLF/AD), -26a (ACLF and AD) and -103a (AD and ACLF/dCLD) 
(Supplementary Table 6A and Supplementary Fig. 3). There was significant variation in the detection of miR-503 
across the cohorts with the lowest rate of detection in the AD cohort (Supplementary Table 6B).
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Fig. 1.   Heatmap and 2-way hierarchical clustering of miRNA expression across all patient groups. Clustering 
was performed on all samples including all miRNA expressed in more than a third of samples.

Fig. 2.   Principle component analysis of prevalently expressed miRNA in patients with ACLF, AD, ALF and 
sepsis. Presented with loadings.
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Determining miRNA associated with decompensated CLD states
Decompensated CLD states (ACLF/AD/dCLD) were grouped together and miRNA expression profiles were 
compared to cCLD/HC cohort (Table 1A + B). Significant differences in miRNA expression between groups 
were observed for miR-122, -223, -24, -27a, -29b, -30a, -330 and -663. The best performing prevalently expressed 
miRNA at discriminating patients with decompensated CLD states from those without was miR-27a (AUC 0.67 
(95% CI 0.58–0.76)). Conversion of miRNA into categorical variables did not identify further miRNA which 
discriminated between patient with decompensated states and those without.

MetaCore™ pathway analysis was utilized to identify biological pathways regulated by the miRNA which 
discriminated patients with decompensated CLD states from those without (miR-122, -223, -24, -27a, -29b and 
-30a). This demonstrated that these miRNA regulate the response to endogenous stimuli, nucleic acid tran-
scription, RNA and macromolecule biosynthesis (Fig. 3), which are key processes in the response to systemic 
inflammation. Within the network were genes implicated with progression of liver fibrosis/cirrhosis (MMP-2, 
GATA​ family, COL120–22). NANOG, a gene with key roles in promoting stem cell pluripotency and suppressing 
apoptosis23–25, was central to the network and upregulated.

A Spearman’s correlation matrix was utilized to further understand relationships between miRNA and clini-
cal, laboratory and prognostic model data across the cirrhosis cohorts (Fig. 4) with the aim to investigate the 

Table 1.   miRNA expression in decompensated cirrhosis states and HC/cCLD. (A) Results of t tests between 
patients with decompensated CLD states and HC/cCLD. Results given as mean (SD). If p < 0.05, AUC was 
calculated. (B) For miRNA detected in < 85% of samples, reanalysis was performed after converting results 
to either detected (1) or undetected (0) using Fisher’s exact test. Results given as number (%). (C) miRNA 
model utilized to distinguish decompensated CLD (n = 174, AUC 0.77 (95% CI 0.69-0.85, p < 0.0001*); pseudo 
r2 = 0.1849, HL stat 8.95 (p = 0.35). Statistical significance set after correction for false discovery with the 
Benjamini-Hochberg procedure (p < 0.0344) and designated by *.

miRNA N Decompensated (n = 134) N cCLD/HC (n = 40) p value AUC​

(A)

 miR-103a 134 298.72 (2.36) 40 298.39 (2.07) 0.43

 miR-122 134 278.29 (12.02) 40 272.35 (15.73) 0.01* 0.62 (0.51–0.73)

 miR-150 134 280.95 (7.97) 40 280.56 (9.15) 0.79

 miR-16-2 134 269.62 (9.15) 39 269.15 (9.51) 0.78

 miR-17 113 243.87 (11.45) 36 246.23 (13.34) 0.30

 miR-191 131 295.54 (1.10) 39 295.37 (1.14) 0.40

 miR-200b 19 236.38 (23.35) 5 224.04 (25.23) 0.31

 miR-20a 101 247.91 (6.86) 35 249.25 (4.83) 0.29

 miR-223 134 310.35 (1.78) 40 311.09 (1.58) 0.02* 0.63 (0.53–0.73)

 miR-23a 134 302.94 (1.55) 40 302.90 (1.86) 0.90

 miR-24 134 302.60 (1.80) 40 301.89 (1.90) 0.03* 0.62 (0.52–0.73)

 miR-25 134 299.73 (6.30) 40 297.51 (6.85) 0.06

 miR-26a 134 296.91 (1.68) 40 297.28 (1.76) 0.22

 miR-27a 134 294.65 (2.08) 40 295.69 (1.81) 0.005* 0.67 (0.58–0.76)

 miR-29b 134 261.77 (8.68) 40 266.01 (6.86) 0.005* 0.65 (0.56–0.74)

 miR-30a 134 272.43 (8.27) 40 268.23 (11.14) 0.01* 0.63 (0.52–0.74)

 miR-330 45 226.72 (12.69) 19 216.51 (14.51) 0.006* 0.72 (0.58–0.87)

 miR-451a 134 321.18 (6.02) 40 321.16 (6.02) 0.99

 miR-503 102 251.84 (7.58) 35 249.04 (7.09) 0.06

 miR-663 9 231.85 (19.60) 3 192.46 (35.28) 0.03* 0.85 (0.62–1.00)

miRNA Decompensated (n = 134) Compensated (n = 40) p value

(B)

 miR-149 2 (1.49%) 0 (0.00%)  > 0.9999

 miR-17 113 (84.33%) 36 (90%) 0.45

 miR-200b 19 (14.18%) 5 (12.50%)  > 0.9999

 miR-20a 101 (75.4%) 35 (87.50%) 0.13

 miR-330 45 (33.58%) 19 (47.5%) 0.14

 miR-503 102 (76.12%) 35 (87.50%) 0.19

 miR-663 9 (6.72%) 3 (7.50%)  > 0.9999

miRNA β value OR p value

(C)

 miR-24 0.6491 1.91 (1.45–2.62)  < 0.0001*

 miR-27a − 0.6201 0.54 (0.41–0.69)  < 0.0001*
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Fig. 3.   MetaCore™ pathway analysis of prevalently expressed miRNA differentiating decompensated cirrhosis 
states from cCLD and HC. (A) Network of gene and miRNA expression from MetaCore™ pathway analysis 
of miRNA which discriminated between compensated and decompensated states. Thick cyan lines indicate 
fragments of canonical pathways. Up-regulated genes are marked with red circles. Down-regulated genes are 
marked with blue circles. ‘Checkerboard’ color indicates mixed expression for the gene between files or between 
multiple tags of the same gene. (B) Processes associated with miRNA from this signature.
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relationship between these miRNA and systemic inflammation. Significant correlations with CP and MELD 
scores were seen with miR-23a (rs = 0.21 (95% CI 0.05–0.36), p = 0.01*), -24 (rs = 0.25 (95% CI 0.09–0.40), 
p = 0.002*) and -26a (rs = − 0.19 (95% CI − 0.34 to − 0.02), p = 0.02*). miR-24 was also demonstrated to signifi-
cantly correlate with markers of inflammation (CRP, rs = 0.18 (95% CI 0.01–0.33), p = 0.03*), portal hypertension 
(ascites grade, rs = 0.23 (95% CI 0.07–0.38), p = 0.004*) and liver failure (bilirubin (rs = 0.19 (95% CI 0.03–0.35), 
p = 0.02*), INR (rs = 0.20 (95% CI 0.04–0.35), p = 0.01*), albumin (rs = − 0.19 (95% CI − 0.34 to − 0.03), p = 0.02*) 
and lactate (rs = 0.23 (95% CI 0.05–0.39), p = 0.008*)). miR-26a demonstrated significant correlations with mark-
ers of portal hypertension (platelet count (rs = 0.27 (95% CI 0.11–0.41), p = 0.001*) and HE (rs = − 0.23 (95% CI 
− 0.38 to − 0.07), p = 0.004*) and inflammation (lymphocyte count (rs = 0.19 (95% CI 0.03–0.34), p = 0.02*)). 
miR-23a demonstrated significant correlation with CRP (rs = 0.20 (95% CI 0.04–0.36), p = 0.01*). miR-30a dem-
onstrated significant correlations with CP score (rs = 0.17 (95% CI 0.01–0.33), p = 0.04*), inflammation (lym-
phocyte count (rs =  − 0.21 (95% CI − 0.36 to − 0.05), p = 0.009*)) and markers of portal hypertension (platelet 
count (rs =  − 0.40 (95% CI − 0.53 to − 0.26), p < 0.0001*) and ammonia (rs = 0.20 (95% CI 0.02–0.37), p = 0.02*). 
miR-191 demonstrated significant correlation with markers of inflammation (CRP (rs = 0.23 (95% CI 0.07–0.38), 
p = 0.005*, lymphocyte (rs =  − 0.22 (95% CI − 0.37 to − 0.05), p = 0.008*) and liver failure (lactate (rs = 0.22 (95% 

Fig. 4.   Spearman’s rank correlation matrix of miRNA expression with clinical and laboratory variables. 
Statistical significance set after correction for false discovery with the Benjamini–Hochberg procedure 
(p < 0.0344) and designated by *.
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CI 0.04–0.38), p = 0.01*, ammonia (rs =  − 0.21 (95% CI − 0.37 to − 0.03), p = 0.02*, and ascites grade (rs = 0.19 
(95% 0.01–0.33 CI), p = 0.03*).

Multiple logistic regression was utilized to generate a microRNA-based model to discriminate patients with 
decompensated cirrhosis states from those without (Table 1C, Fig. 5A). This included miR-24 and -27a and gener-
ated an AUC of 0.77 (95%CI 0.69–0.85, p < 0.0001*). Given the heterogeneity of the cohorts, sensitivity analyses 
were performed to ensure that performance was maintained across patient groups. Excluding acute (ACLF/
AD; AUC 0.78 (95% CI 0.69–0.86)) and chronic (dCLD; AUC 0.76 (95% CI 0.65–0.86) decompensation patient 
groups did not impact on model performance (Fig. 5B + C). However, excluding the HC cohort did reduce the 
model performance (AUC 0.69 (95% CI 0.56–0.81) (Fig. 5D). Further interrogation of the cCLD cohort led to 
the discovery that 6 patients decompensated within the subsequent year (3 patients with new HE and 3 patients 
with new ascites) (Table 2). Exclusion of these patients with HC individuals improved sensitivity analysis (AUC 
0.74 (95% CI 0.60–0.88)) (Fig. 5E). Excluding these patients from the entire cohort improved overall model 
performance (AUC 0.81 (95% CI 0.73–0.89)) (Fig. 5F).

Evaluating performance of miRNA in predicting 1 year risk of mortality and/or transplantation 
in patients with cirrhosis
Across the entire cirrhotic cohort (ACLF/AD/cCLD/dCLD), 46 patients underwent LT (ACLF = 1/20, AD = 1/20. 
cCLD = 2/20, dCLD = 42/94) and 28 patients died (ACLF = 10/20, AD = 4/20, cCLD = 0/20. dCLD = 14/94) within 
1 year of sampling. When mortality and LT were used as a composite end-point, only miR-330 discriminated 
clinical outcomes and did not remain significant when adjusted for both MELD and CP scores (Table 3A + B). 
Competing risk analysis was then performed to look for associations of microRNA expression with LT. No 
microRNA was able to discriminate outcome in this cohort (Table 3C). Performance of MELD and CP scores to 
discriminate patients who underwent LT was also poor (Supplementary Table 7).

Competing risk analysis was then used to look for associations of microRNA expression and patient mor-
tality (Table 4). On univariable analyses, miR-150 (SHR 1.04 (95% CI 1.00–1.08)) miR-191 (SHR 1.52 (95% 
CI 1.12–2.05), miR-24 (SHR 1.20 (95% CI 1.08–1.35)) and miR 26a (SHR 0.79 (95% CI 0.63–0.99)) predicted 
1 year risk of mortality (Table 4A). On multivariable analyses, only miR-191 remained significant when adjusted 
for MELD (aSHR 1.85 (95% CI 1.32–2.60)) and CP scores (SHR 1.63 (95% CI 1.19–2.24)) (Table 4B + C). The 
analysis was then repeated in patients with a diagnosis of ARLD, patients with ascites and the dCLD cohort alone. 
miR-191 was the only microRNA to predict 1 year mortality which remained significant when adjusted for both 
MELD and CP scores in the ARLD and ascites cohort (Table 4D + E). However, in the dCLD cohort, miR-191 
did not predict risk of mortality at 1 year on univariable analyses. miR-24 did predict risk of mortality at 1 year 
for patients with dCLD and remained significant when adjusted for MELD (aSHR 1.40 (95% CI 1.04–1.90) and 
CP scores (aSHR 1.36 (95% CI 1.01–1.82)) (Table 4D + E).

Discussion
To our knowledge, this is the largest study of miRNA expression across the full clinical spectrum of liver failure 
syndromes. We have demonstrated that miRNA associated with systemic inflammation are more prevalently 
expressed in patients with decompensated cirrhosis states compared to compensated cirrhosis and HC individu-
als. These microRNA may be present in patients with compensated cirrhosis prior to clinical decompensation 
and may predict risk of mortality in dCLD patients. We also demonstrate that miR-191 expression predicts risk 
of mortality within 1 year across the spectrum of cirrhosis when patients with ACLF and AD are included but 
does not when they are removed.

We have previously demonstrated the prognostic utility of miR-191 in ALF17. Whilst we generated a regener-
ation-linked microRNA model at the early time point and a cell-death related microRNA model at the late time 
point, it was notable that both miR-191 and -149 were included in both models. We previously have performed 
MetaCore™ pathway analysis to understand the processes that miR-191 and -149 were implicated in. This dem-
onstrated that they were associated with responses to cellular injury. In this study we demonstrate that miR-191 
correlates with markers of inflammation and liver failure. The association it has with inflammation has been 
demonstrated in other settings such as ulcerative colitis26. However, the ability of miR-191 to identify patients 
with liver disease was demonstrated in patients with alcohol use disorders where elevated levels differentiated 
patients with cirrhosis from those without27). It was notable that within our analysis that miR-191 did not differ-
entiate between decompensated states and compensated/HC and that it was not able to predict risk of mortality 
at 1 year in the dCLD cohort on its own. We would hypothesize that miR-191 represents an acute marker of 
hepatocyte injury which is implicated in risk of mortality in acute presentations of liver disease (ACLF, AD and 
ALF). Further exploration is required to validate these findings and explore the role of it as a therapeutic target 
in these clinical scenarios.

Systemic inflammation is believed to be the major driver of progression from compensated to decompensated 
cirrhosis28,29. Here we show that there is a common, shared miRNA signature that defines decompensated cir-
rhosis states which is associated with critical epigenetic responses to systemic inflammation. Furthermore, we 
demonstrate that these miRNA correlate with conventional clinical and laboratory surrogate markers of systemic 
inflammation, portal hypertension and hepatic synthetic failure. A model containing miR-24 and -27a from this 
system inflammation signature discriminated between decompensated and compensated states. Both of these 
miRNAs have been demonstrated to have key roles in the regulation of macrophage and monocyte activation 
which supports this model being associated with systemic inflammation30–32. Sensitivity analyses of the miRNA 
model discriminating between decompensated and compensated states demonstrated minimal change in model 
performance when excluding patients dCLD patients or ACLF/AD patients, indicating that the miRNA within 
this model may reflect systemic inflammation related to underlying liver disease. This is supported by our 
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Fig. 5.   Model discriminating patients with decompensated cirrhosis from those without. (A) Original model 
(n = 174,AUC 0.77 (95% CI 0.69–0.85, p < 0.0001*). (B) Excluding patients with dCLD (n = 80, AUC 0.76 (95% 
CI 0.65–0.86, p < 0.0001*). (C) Excluding patients with ACLF and AD (n = 134, AUC 0.78 (95% CI 0.69–0.86, 
p < 0.0001*). (D) Excluding healthy controls (n = 154, AUC 0.69 (95% CI 0.56–0.81, p = 0.008*). (E) Excluding 
HC and the 6 cCLD patients who decompensated the year after sampling (n = 148, AUC 0.74 (95% CI 0.60–0.88, 
p < 0.0001*). (F) Excluding the 6 cCLD patients who decompensated the year after sampling (n = 168, AUC 
0.81 (95% CI 0.73–0.89, p < 0.0001*). Statistical significance set after correction for false discovery with the 
Benjamini–Hochberg procedure (p < 0.0344) and designated by *.
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systemic inflammation network including genes (MMP-2, GATA​ family, COL1) implicated in the progression of 
liver fibrosis/cirrhosis. However, excluding patients with cCLD who subsequently decompensate improves overall 
model performance. Furthermore, a subgroup analysis including only patients from the dCLD cohort demon-
strated that miR-24 predicted 1 year risk of mortality and remained significant when adjusted for both MELD 
and CP score. These results would support the hypothesis that the onset of systemic inflammation may predate 
clinical decompensation and worsening systemic inflammation is associated with increased risk of adverse clini-
cal outcomes in chronically decompensated patients. There are evolving data which suggest that carvedilol and 
rifaximin may have protective roles in the prevention of decompensation and mortality in cirrhosis33–36. There 
has also recently been characterization of ‘non-acute’ decompensation which is a progressive disorder without 
acute events associated with significant mortality37. These data combined with our findings may suggest that there 
is a therapeutic window to prevent the progression of cirrhosis through a compensated state to decompensation 
and mortality. These miRNA therefore may not only represent potential novel prognostic biomarkers, but also 
potential therapeutic targets for patients with cirrhosis. Subject to validation, they may be useful tools in the 
preventing decompensation and mortality, which remain a significant area of unmet clinical need.

We have demonstrated that miRNA expression in ACLF shares more similarity to sepsis than ALF. The impor-
tance of bacterial infection has been well described in ACLF and 95% of the ACLF cohort were being treated for 
infection (although only 11.76% of patients had positive cultures for bacterial infection)38. We have previously 
demonstrated the importance of regeneration-linked miRNA in determining outcome in ALF17–19. The differ-
ence in miRNA expression profile demonstrated in this study between patients with ACLF and patients with 
ALF implies reduced prognostic utility of regeneration-linked miRNA in cirrhosis compared to ALF. However, 
reversal of the underlying disease process that led to decompensation is likely to be relevant prior to recovery of 
underlying liver function and clinical recompensation. We have previously demonstrated that following DAA 
therapy for HCV, clinical recompensation is predicted by regeneration-linked miRNA19. Interleukin-22Fc therapy 
has also been demonstrated to ameliorate bacterial infection and subsequently upregulate regenerative pathways 
in an ACLF animal model39. Here, we have demonstrated that the detection of miR-150, which was previously 
utilized within our regeneration-linked ALF prognostic model17, is associated with 1 year risk of mortality but 
does not remain significant when adjusted for MELD or CP score. We also demonstrate that NANOG, a gene 
with a key role in processes which govern successful regeneration23–25, is upregulated and central within our 
systemic inflammation network. It remains unclear whether liver regeneration plays a significant role in deter-
mining clinical outcomes in all cirrhosis patients following control of the underlying cause of decompensation.

It is notable that the inclusion of patients undergoing LT within 1 year significantly impacted the analysis of 
the results with 1 year mortality/LT as a composite endpoint. LT in the UK is offered to patients with cirrhosis 
with a greater than 10% risk of liver related mortality at 1 year which is assessed by the United Kingdom model 
for End-stage Liver Disease (UKELD score)40. As such, whilst patients listed for LT have a higher risk of mortality, 
this does not mean there is an absolute correlation with the patient cohort that dies within 1 year. This is likely 
reflected by the suboptimal performance of MELD and CP scores in predicting LT within 1 year in our cohort. 
As such, competing risk analysis is required to evaluate the impact of this if used as a composite endpoint.

The limitations of this study include the retrospective design. However, samples and data were collected 
prospectively and investigators were blinded to outcome data when performing miRNA analysis. This study 
was performed in a single high-volume LT center in a large city in the United Kingdom and outcome, disease 

Table 2.   Clinical characteristics of the 6 cCLD patients who decompensated the year after sampling.

Variable Number (%) or median (IQR)

Age 54 (43–64)

Sex (male) 4 (66.67%)

ARLD 3 (50%)

Active alcohol consumption 1 (16.67%)

WCC (× 109/l) 3.68 (1.95–5.32)

Hb (g/dl) 111.50 (107.75–148.25)

Platelets (× 109/l) 71.00 (49.00–181.75)

INR 1.23 (1.10–1.36)

CRP (mg/L) 3.25 (1.75–11.38)

Bilirubin (mg/dl) 1.29 (0.85–1.46)

AST (U/L) 43.50 (29.00–71.00)

Albumin (g/L) 37.50 (30.75–43.25)

Na (mmol/L) 140 (136.250142)

Creatinine (mg/dl) 0.70 (0.61–0.95)

Ammonia (µmol/L) 77.50 (31.25–125.50)

Any ascites 0 (0%)

Any HE 1 (16.67%)

MELD score 10.00 (8.00–11.25)

Child Pugh score 5.50 (5.00–6.00)
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Table 3.   One year risk of mortality/LT and competing risk analysis for 1 year risk of LT. (A) One year risk of 
mortality/LT and association with microRNA expression. For microRNA with significant HR, C-statistic is calculated. 
(B) D/ND miR-330 adjusted for MELD (MELD score performance n = 151, C-statistic = 0.69 (95% CI 0.63-0.75)) and 
CP (CP score performance n = 151, C-statistic = 0.69 (95% CI 0.63-0.75)). (C) Competing risk analysis for 1 year risk 
of LT. D/ND = microRNA converted into categorical variable and marked as detected = 1 or not detected = 0.

microRNA N HR (95% CI) C-statistic (95% CI)

(A)

 miR-103a 154 1.03 (0.94–1.15)

 miR-122 154 0.99 (0.98–1.01)

 D/ND miR-149 154 1.02 (0.06–4.61)

 miR-150 154 1.00 (0.98–1.03)

 miR-16-2 153 1.02 (0.996–1.05)

 miR-17 129 1.01 (0.99–1.03)

 D/ND miR-17 154 0.63 (0.37–1.14)

 miR-191 151 1.21 (0.99–1.47)

 D/ND miR-200b 154 1.68 (0.87–3.03)

 miR-20a 116 0.81 (0.50–1.37)

 D/ND miR-20a 154 1.24 (0.73–2.02)

 miR-223 154 1.05 (0.93–1.19)

 miR-23a 154 1.04 (0.91–1.17)

 miR-24 154 1.08 (0.97–1.20)

 miR-25 154 1.03 (0.999–1.07)

 miR-26a 154 0.90 (0.79–1.03)

 miR-27a 154 0.98 (0.88–1.09)

 miR-29b 154 0.99 (0.97–1.02)

 miR-30a 154 1.01 (0.99–1.04)

 miR-330 54 1.05 (1.01–1.09) 0.67 (0.54–0.80)

 D/ND miR-330 154 0.59 (0.34–0.96) 0.56 (0.51–0.61)

 miR-451 154 1.03 (0.99–1.07)

 miR-503 117 1.01 (0.97–1.05)

 D/ND miR-503 154 0.84 (0.51–1.43)

 D/ND miR-663 154 0.81 (0.25–1.97)

microRNA aHR (95% CI)

(B)

 D/ND miR-330 with MELD 0.66 (0.38–1.09)

 D/ND miR-330 with CP 0.71 (0.41–1.17)

microRNA N SHR (95% CI)

(C)

 miR-103a 154 1.03 (0.93–1.15)

 miR-122 154 0.99 (0.97–1.01)

 D/ND miR-149 154 1.94 (0.29–12.99)

 miR-150 154 0.98 (0.95–1.01)

 miR-16-2 153 1.02 (0.99–1.05)

 miR-17 129 1.01 (0.98–1.04)

 D/ND miR-17 154 0.77 (0.38–1.58)

 miR-191 151 1.00 (0.79–1.28)

 D/ND miR-200b 154 1.59 (0.73–3.47)

 miR-20a 116 0.97 (0.93–1.02)

 D/ND miR-20a 154 0.57 (0.31–1.03)

 miR-223 154 0.94 (0.81–1.09)

 miR-23a 154 0.92 (0.79–1.07)

 miR-24 154 0.98 (0.85–1.13)

 miR-25 154 1.02 (0.98–1.07)

 miR-26a 154 1.03 (0.88–1.20)

 miR-27a 154 0.93 (0.83–1.05)

 miR-29b 154 0.98 (0.94–1.01)

 miR-30a 154 1.00 (0.97–1.03)

 miR-330 54 1.02 (0.98–1.06)

 D/ND miR-330 154 0.75 (0.41–1.39)

 miR-451 154 1.02 (0.97–1.07)

 miR-503 117 1.02 (0.97–1.08)

 D/ND miR-503 154 0.75 (0.40–1.43)

 D/ND miR-663 154 1.02 (0.31–3.32)
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etiology and severity data likely reflects this. Future multicentered prospective work should be conducted at 
specialist and non-specialist hepatology centers across a broad geographical area. Formal mechanistic work is 
required to investigate the role of these miRNA in; the development of liver cirrhosis and portal hypertension, 
response to pharmacotherapy in cirrhosis, and to understand if modulation of miRNA expression can impact on 
patient clinical trajectory through different cirrhosis states. This may allow for the development of miRNA-based 
therapeutics to manage cirrhosis. Finally, the findings described in this study require validation in an external 
cohort. An adequately powered prospective study, with sufficient longitudinal follow up to allow for detailed time-
to-event analyses as well as multiple sampling time points, is also required to evaluate the performance of these 
miRNA in predicting clinical decompensation amongst patients with cCLD. Understanding the relationship these 
microRNA have with the development of infection is essential and conventional tests may not adequately detect 
infection in cirrhotic patients. The field of molecular diagnostics for infection is rapidly evolving and these novel 
technologies could be utilized to better understand this association41 However, this remains a large-scale trans-
lational study which included patients from across the spectrum of cirrhosis as well as a septic non-CLD, ALF 
and HC cohorts. The miRNA panel utilized was based on our previous study in dCLD19 and we ensured quality 
control for each step of miRNA analysis. Therefore, our findings are robust and warrant further investigation.

In conclusion, we identify a common miRNA signature associated with systemic inflammation which dis-
criminates patients with decompensated cirrhosis from those without. This signature may have utility in iden-
tifying patients with compensated cirrhosis at the highest risk of clinical decompensation as well as predicting 
mortality in patients with non-acute decompensation. We demonstrated that miR-191 predicts mortality across 
the cirrhotic cohort when patients with AD and ACLF are included but not when they are excluded. miR-191 was 
previously included in both our cell-death and regeneration linked prognostic models in ALF and is associated 
with hepatocyte injury. This may suggest that miR-191 represents a prognostic biomarker associated with poor 
clinical outcomes across acute presentations of liver disease. Biomarkers associated with systemic inflammation 
and hepatocyte injury may improve prognostication of patients with cirrhosis.

Materials and methods
Study design
This study was designed as a cohort study of prospectively collected data and biological samples from patients 
enrolled in the ‘Gut-liver axis in liver disease and liver transplantation’ (GLA) and ‘Immunometabolism in sepsis, 
systemic inflammation and liver failure syndromes’ (IMET) studies based at King’s College Hospital (United 
Kingdom) between 2014 and 2021. Patients were categorized into the following clinical groups; ACLF, AD, 
decompensated cirrhosis (dCLD), compensated cirrhosis (cCLD), HC, ALF and sepsis (definitions/inclusion 
criteria in supplementary Table 1). Patients were excluded if; they were younger than 18 years old, if they had an 
underlying diagnosis of malignancy (liver or non-liver in origin), if they had previously undergone any organ 
transplantation, if they had an active viraemia secondary to hepatitis B or C, if they were taking immunosup-
pression or if they had been previously sampled. Patients with acute presentations (ACLF, AD, ALF and sepsis) 
were all sampled within 72 h of admission. Non-acute presentations (cCLD, dCLD and HC) were sampled in 
outpatient or in elective clinical settings prior to any elective clinical intervention.

Consecutively enrolled patients fulfilling inclusion and exclusion criteria from the GLA study were included 
as follows; 19 ACLF, 20 AD, 94 dCLD, 20 cCLD, 20 HC, 14 ALF and 20 sepsis patients. Patients from the IMET 
study were randomly selected to ensure that each clinical group had a minimum of 20 patients and included 1 
ACLF and 8 ALF patients. Total patient number was 216 which included; 20 ACLF, 20 AD, 94 dCLD, 20 cCLD, 
20 HC, 22 ALF and 20 sepsis patients. Patients were further grouped by; decompensated states (ACLF, AD and 
dCLD, n = 134) and compensated/healthy states (cCLD and HC, n = 40). One year mortality/LT was used as a 
composite endpoint for patients with cirrhosis (ACLF, AD, cCLD and dCLD) with competing risk analysis sub-
sequently performed to understand associations with LT and death separately. Sensitivity analysis was performed 
for patients with cirrhosis 1 year risk of mortality for; patients with dCLD, patients with alcohol related liver 
disease (ARLD) and patients with ascites.

This study was approved by the London East Ethics Committee ethics committee (12/LO/1417 and 19/
NW/0750) and the King’s College Hospital Research and Innovation Committee, and has been conducted accord-
ing to the principles expressed in the 1975 Declaration of Helsinki. Patients provided written informed consent; 
if patients were unable to provide informed consent due to incapacity, written informed assent was provided by 
the patients next of kin. Reporting of the analysis of this study complies to the STROBE Guidelines for reporting 
of cohort studies42. All authors had access to the study data and reviewed and approved the final manuscript.

Clinical data
Demographic, clinical and laboratory data were recorded prospectively simultaneous to blood sampling as part of 
enrolment to GLA and IMET studies. Data assessed in this study include; laboratory (full blood count, c-reactive 
protein (CRP), electrolytes, creatinine, liver function tests, albumin, INR, ammonia, lactate and arterial pH), 
ascites grade (as per Child–Pugh (CP) score7,8), hepatic encephalopathy (HE) grade (as per West Haven criteria43) 
and requirement for organ support (mechanical ventilation, vasopressors and renal replacement therapy). Infec-
tion was characterized by treatment with antibiotics and a positive culture within 72 h of sampling. Prognostic 
scores including CP score7,8 and MELD score9 were calculated from these data.

miRNA analysis
RNA extraction
Plasma samples were thawed on ice and centrifuged at 3000 × g for 5 min in a 4 °C microcentrifuge. An ali-
quot of 200µL per sample was transferred to a FluidX tube and 60µL of lysis solution biofluids containing 1µg 
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Table 4.   Evaluation of microRNA performance in predicting 1 year risk of mortality. (A) Competing 
risk analysis for 1 year risk of mortality. (B) MELD adjustment of prevalently expressed microRNA which 
discriminated 1 year risk of mortality. Performance of MELD adjusted miR-191; n = 148, Wald Chi2 = 26.31, 
p < 0.001*. (C) CP adjustment of prevalently expressed microRNA which discriminated 1 year risk of 
mortality. Performance of CP adjusted miR-191; n = 148, Wald Chi2 = 53.69, p < 0.001*. (D) microRNA which 
discriminated outcome on sensitivity analyses and remained significant following adjustment for MELD. 
(E) microRNA which discriminated outcome on sensitivity analyses and remained significant following 
adjustment for CP. D/ND = microRNA converted into categorical variable and marked as detected = 1 or not 
detected = 0. See Supplementary Tables 8–10 for model performance.

microRNA N SHR (95% CI)

(A)

 miR-103a 154 1.00 (0.82–1.21)

 miR-122 154 1.01 (0.98–1.03)

 miR-150 154 1.04 (1.00–1.08)

 miR-16-2 153 1.02 (0.98–1.07)

 miR-17 129 1.01 (0.97–1.05)

 D/ND miR-17 154 0.56 (0.24–1.30)

 miR-191 151 1.52 (1.12–2.05)

 D/ND miR-200b 154 1.21 (0.40–3.64)

 miR-20a 116 1.03 (0.95–1.12)

 D/ND miR-20a 154 1.58 (0.61–4.13)

 miR-223 154 1.24 (0.999–1.54)

 miR-23a 154 1.20 (1.04–1.40)

 miR-24 154 1.20 (1.08–1.35)

 miR-25 154 1.04 (0.99–1.10)

 miR-26a 154 0.79 (0.63–0.99)

 miR-27a 154 1.08 (0.88–1.33)

 miR-29b 154 1.03 (0.98–1.08)

 miR-30a 154 1.02 (0.99–1.06)

 miR-330 54 1.08 (0.995–1.17)

 D/ND miR-330 154 0.48 (0.19–1.19)

 miR-451 154 1.04 (0.98–1.11)

 miR-503 117 0.99 (0.94–1.04)

 D/ND miR-503 154 0.99 (0.43–2.27)

 D/ND miR-663 154 0.53 (0.06–4.10)

microRNA MELD aSHR (95% CI)

(B)

 miR-150 1.03 (0.98–1.08)

 miR-191 1.85 (1.32–2.60)

 miR-23a 1.08 (0.87–1.33)

 miR-24 1.10 (0.93–1.30)

 miR-26a 0.84 (0.66–1.07)

microRNA CP aHR (95% CI)

(C)

 miR-150 1.02 (0.98–1.07)

 miR-191 1.63 (1.19–2.24)

 miR-23a 1.08 (0.92–1.28)

 miR-24 1.06 (0.92–1.21)

 miR-26a 0.83 (0.66–1.05)

microRNA MELD aSHR (95% CI)

(D)

 miR-191 (ARLD) 1.88 (1.30–2.72)

 miR-191 (Ascites) 1.91 (1.37–2.65)

 miR-16-2 (dCLD) 1.08 (1.01–1.15)

 miR-24 (dCLD) 1.40 (1.04–1.90)

microRNA CP aSHR (95% CI)

(E)

 miR-191 (ARLD) 1.66 (1.13–2.43)

 miR-191 (Ascites) 1.59 (1.16–2.19)

 miR-24 (dCLD) 1.36 (1.01–1.82)
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carrier-RNA and RNA spike-in temperature mixture were added. Each sample was then mixed for 1 min and 
incubated for 7 min at room temperature. Following this, 20µL of protein precipitation solution biofluids were 
added to each sample. Total RNA was extracted from plasma using the miRCURY™ RNA isolation kit—biofluids 
(QIAGEN, Hilden, Germany) using according to the manufacturer’s protocol (high-throughput bead based 
protocol v.1) into an automated 96 well format44. The purified total RNA was eluted to a final volume of 50µL.

miRNA real‑time quantitative PCR
20µL of RNA was reverse transcribed using the miRCURY™ LNA RT kit (QIAGEN, Hilden Germany). Com-
plementary DNA (cDNA) was diluted 50 × and assayed in 10µL polymerase-chain reactions (PCR) according to 
the manufacturer’s protocol44. 21 miRNAs were selected for analysis based on our previous study findings17–19, 
review of the literature for miRNA associated with outcome in CLD12,16 and to allow for normalization (see sup-
plementary Table 2). Also included within this panel were; an RNA spike in (UniSp4) to ensure RNA isolation 
efficiency, a cDNA control marker (UniSp6) to assess reverse transcription (RT) and a DNA spike-in (UniSp3) to 
assess PCR efficiency. Each miRNA was assayed once by quantitative PCR (qPCR) on the miRNA Ready-to-Use 
PCR Custom Panel (Qiagen, Hilden Germany) using the miRCURY™ LNA SYBR Green master mix. Negative 
controls excluding the template from the RT reaction were performed and profiled in comparison to the samples. 
Amplification was performed in a LightCycler® 480 Real-Time PCR System (Roche, Basel, Switzerland) in 384 
well plates. Amplification curves were analyzed using the Roche LC software v 1.5 (www.​lifes​cience.​roche.​com/​
global/​en/​produ​cts/​produ​ct-​categ​ory/​light​cycler.​html, Roche, Basel, Switzerland), both for determination of 
quantification cycle (Cq) (by the second derivative method) and melting curve analysis.

Assessment of hemolysis
Two miRNAs were used to perform this: miRNA-451 which is expressed in red blood cells, and miRNA-23a 
which is relatively stable in serum and plasma but not affected by hemolysis45. The ratio between these two 
miRNAs correlates with the degree of hemolysis. In our experience, samples with ratios above seven will have an 
increased risk of being affected by hemolysis. Samples with lower ratios are generally not affected by hemolysis. 
These values refer to human samples and may vary with species and diseases studied.

miRNA data analysis
The amplification efficiency was calculated using algorithms similar to the LinReg software. All assays were 
inspected for distinct melting curves the Tm was checked to be within known specifications for the assay. To be 
deemed as detected, assays must be three Cq less than the negative control and have a Cq less than 37. Assays 
were deemed to be not detected within a sample if these criteria were not met.

Normalized Cq (dCq) values were generated subtracting the Cq of the assay of interest from the mean of 
the Cq of the normalizing miRNA developed from our previous work (miR-23a, -26a, -103)17. A positive dCq 
reflects a more abundantly expressed miRNA whereas a negative dCq reflects a less abundantly expressed miRNA. 
Samples where any of the normalizing miRNA (miR-23a, -26a and -103) were not detected were excluded from 
further analysis.

Statistical analysis
Comparisons were made between; acute presentation clinical groups (ACLF/AD/ALF/sepsis), decompensated 
(ACLF/AD/dCLD) and compensated/healthy clinical states, and between cirrhosis 1 year survivors and 1 year 
mortality/LT (ACLD/AD/cCLD/dCLD). Continuous demographic, clinical and laboratory variables were ana-
lyzed for normality using the D’Agostino and Pearson tests. Normally distributed data were analyzed with t tests 
(2 groups) or ANOVA (3 + groups) with results reported as mean (standard deviation (SD)). Non-normally 
distributed data were analyzed using Mann Whitney U tests (2 groups) or Kruskall-Wallis test (3 + groups) with 
results reported as median (interquartile range (IQR)). Categorical data were analyzed by Fisher’s exact tests (2 
groups) or Chi-square test (3 + groups) and results reported as number (%).

Individual dCq values for each miRNA in each sample were utilized to demonstrate miRNA expression. These 
underwent a natural logarithmic (ln) transformation in a formula developed for this analysis to transform to 
a normal distribution. Given that dCq values were negative (demonstrating less abundant expression within a 
sample), 20 was added to the dCq value prior to ln transformation. 20 was chosen to ensure that no dCq values 
remained negative and all were greater than one. As the majority of dCq values were closer to the mean of the 
controls than 20 prior to the ln transformation leading to small differences being potentially significance, this 
value was subsequently multiplied by 100 to increase the standard deviation. Therefore the formula for trans-
formation was 100 × ln(20 + dCq of miRNA of interest).

Two-way unsupervised hierarchical clustering of miRNA expression of samples from across the entire study 
was performed. miRNA were excluded from this analysis if not present in greater than a third of samples. Spear-
man’s rank correlation was used to correlate miRNA data with clinical/laboratory variables. When comparing 
miRNA data in decompensated to compensated/healthy clinical states, receiver-operating characteristic curve 
analysis was performed if a p value < 0.05 was achieved. This was reported as area under the curve (AUC) (95% 
confidence interval (CI)). When understanding the association of microRNA with 1 year risk of mortality/LT, 
univariable Cox regression was utilized with a C-Statistic (95% CI) generated if a significant result was achieved. 
To increase the utility of less prevalently expressed miRNA, those detected in less than 85% of samples were 
treated as categorical variables (detected (D) = 1, non-detected (ND) = 0) and analyzed as described above.

Prevalently expressed miRNA (expressed in > 85% of samples) data were scaled and principle component 
analysis was used to evaluate expression across acute presentations (ACLF/AD/ALF/sepsis). Scaling of prevalently 

http://www.lifescience.roche.com/global/en/products/product-category/lightcycler.html
http://www.lifescience.roche.com/global/en/products/product-category/lightcycler.html
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expressed miRNA data (> 85% of samples) was performed using the following equation prior to principle com-
ponent analysis;

Multiple logistic regression was used to develop miRNA-based models to predict decompensated cirrhosis 
clinical states. Multivariable Cox regression was utilized to understand the association of microRNA with 1 year 
mortality/LT following adjustment for liver disease severity as per CP and MELD score. Competing risk analysis 
was subsequently undertaken to specifically understand the risks of LT or death. miRNA were converted into 
categorical data if not present in more than 85% of samples. If a significant result was achieved with a microRNA 
expressed in less than 50% of samples, this was not included in multivariable analyses.

For the decompensated cirrhosis state model, variables with a p value of < 0.2 were included in each model 
at each time point and backwards elimination was performed. An r2 threshold with other variables within the 
model was set at < 0.50 to reduce co-linearity. Goodness of fit was assessed using Hosmer Lemeshow (HL) test 
and pseudo r2 values for multiple logistic regression analyses. Goodness of fit was assessed using log-likelihood 
ratios for multivariable Cox regression analyses. Results for multiple logistic regression analyses were recorded as 
adjusted odds ratios (aOR) with 95% CI and p value s. For Cox regression analyses, data were recorded as hazard 
ratio (HR) with 95% CI. Results from competing risk regression (based on Fine and Gray’s proportional subhaz-
ards model) were presented as subhazard ratio (SHR) with 95% CI with Walds Chi2 results. Sensitivity analyses 
were performed to assess performance of the decompensated cirrhosis model by simultaneously removing AD/
ACLF, dCLD and HC patients. Sensitivity analyses were also performed to assess performance of microRNA in 
discriminating 1 year outcome in patients with ARLD, ascites and dCLD only. Complete case analysis was used, 
excluding individuals with missing data.

MetaCore™ pathway analysis V6.29 (www.​portal.​genego.​com, GeneGo Inc, Michigan, USA) was used to 
identify biological processes associated with miRNA associated with decompensated cirrhosis states. The Analyze 
Networks algorithm was used to demonstrate biological processes associated with miRNA signatures developed. 
This uses a library of greater than 24,000 human genes in networks to predict pathways likely to be associated 
with inputted data46. The algorithm generates and ranks biological networks based on:- 1) the relative enrichment 
of the network with the uploaded data (miRNA) and 2) the relative saturation of these networks with canonical 
pathways. This generates a Z score based on the statistical likelihood that these processes are associated with 
the given data (the higher the Z score, the greater likelihood of relevance). Following this, results were excluded 
if they did not include all of the given miRNA of interest and the processes remaining with the highest Z score 
were reported.

Correction for multiple comparisons was performed using the Benjamini–Hochberg procedure with a false 
discovery rate (FDR) set at 0.1047. Competing risk analysis was performed using Stata V17.0 (www.​stata.​com, 
StataCorp LLC, Texas, USA). All other analyses were performed using Prism V10.2.3 (www.​graph​pad.​com/​featu​
res, GraphPad, San Diego, USA).

Data availability
Data available upon reasonable request by contacting the corresponding author.
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