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Abstract: MicroRNAs (miRNAs) are small, non-coding RNAs that post-transcriptionally regulate
gene expression by binding specific cell mRNA targets, preventing their translation. miRNAs are
implicated in the regulation of important physiological and pathological pathways. Liver disease, in-
cluding injury, fibrosis, metabolism dysregulation, and tumor development disrupts liver-associated
miRNAs. In addition to their effect in the originating tissue, miRNAs can also circulate in body fluids.
miRNA release is an important form of intercellular communication that plays a role in the physiolog-
ical and pathological processes underlying multiple diseases. Circulating plasma levels of miRNAs
have been identified as potential disease biomarkers. One of the main challenges clinics face is the
lack of available noninvasive biomarkers for diagnosing and predicting the different stages of liver
disease (e.g., nonalcoholic fatty liver disease and nonalcoholic steatohepatitis), particularly among
individuals infected with human immunodeficiency virus type 1 (HIV-1). Liver disease is a leading
cause of death unrelated to acquired immunodeficiency syndrome (AIDS) among people living with
HIV-1 (PLWH). Here, we review and discuss the utility of circulating miRNAs as biomarkers for
early diagnosis, prognosis, and assessment of liver disease in PLWH. Remarkably, the identification
of dysregulated miRNA expression may also identify targets for new therapeutics.
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1. Introduction

MicroRNAs (miRNAs) are single-stranded 19 to 22-nucleotide noncoding RNAs. In
animals, miRNAs act as post-transcriptional inhibitors of gene expression. In association
with proteins of the Argonaute family, miRNAs form an RNA-induced silencing complex
(RISC) that targets specific mRNA transcripts [1]. miRNAs specifically bind target mRNAs,
usually in the 3’ untranslated region (UTR), resulting in a reduction in mRNA translation
(Figure 1A). The net result is reduced protein production from the targeted mRNA. The
control of gene expression allows miRNAs to regulate an important number of cell processes
and all of an organism’s physiology and metabolism. Indeed, miRNAs are key regulators
of biological processes in animals.

Massive techniques for small RNA sequencing have allowed the identification and
annotation of nearly 2000 human miRNAs [2]. Because other small non-coding RNAs, such
as transfer RN As (tRNAs), small nuclear RNAs (snRNAs), small nucleolar RNAs (snoRNA),
small interfering RNAs (siRNAs), or Piwi-interacting RNAs (piRNAs), can be wrongly
annotated as miRNAs, the number of human miRNAs may have been overestimated [3].
Applying unique and mechanistically well understood features of the different miRNAs has
allowed the identification of 556 bona fide human miRNAs [3]. Based on their sequences,
these human miRNAs can be grouped into different miRNA families, some of which
are well conserved across the animal kingdom [4]. The conservation of miRNA through
evolution reveals the important biological functions of conserved mammalian miRNAs.
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Figure 1. Molecular mechanism of the repressor activity of microRNAs. (A) miRNAs bind target
mRNAs and repress their expression. (B) The stoichiometry of target mRNAs and miRNAs governs
mRNA expression. In the presence of a disease state, the expression of a miRNA may be upregulated
or downregulated and, consequently, the miRNA and target stoichiometry may change and the
corresponding mRNA expression be altered. Although not shown in this figure, the opposite
situation can also occur; disease may alter the expression of an mRNA and modify the amount of free
miRNA, which may have an effect elsewhere.

MicroRNAs are implicated in almost every cellular process and, consequently, are
critical for cell differentiation, homeostasis, and animal development [5]. Computational
analyses indicate that more than 50% of the human transcriptome may be regulated by
at least one miRNA [6]. Deletion of essential factors in miRNA biogenesis (e.g., Dicer) is
lethal for animal development [7]. Similarly, deregulation of miRNA activity is associated
with several animal and human diseases (Figure 1B). Mechanisms that govern miRNA
function include miRNA stability, sequence editing, transport from the cytoplasm, target
interactions, viral factors, and post-translational modifications of Argonaute proteins [5].
Since the discovery of miRNA in the early 1990s, the alteration in cellular miRNA levels
was observed to potentially be a sentinel marker of something going wrong in a particular
cell or tissue and opened up new avenues for diagnosis. Anomalous expression of miRNAs
has been found to be associated with multiple human diseases including cancers, viral
infections, liver injury, diabetes, cardiovascular and neurodegenerative diseases, as well
as other disorders. Similarly, it was evident that approaches to modulate cellular miRNA
levels offered new targets for therapeutic interventions [8].

Initially, miRNAs were suggested to regulate the expression of their target mRNAs
only in cells in which they were produced. Later, miRNAs were found to be secreted into
extracellular fluids and delivered to other cells in which they can also function [9]. As
miRNAs can be secreted into body fluids, and then be taken up by cells in other tissues, they
can be called RNA hormones. The role of miRNAs as signaling and coordination molecules
between cells and organs has positioned them as excellent disease biomarkers [10-13]. In
addition, miRNAs are easily accessible in body fluids, such as blood, urine, or saliva, using
noninvasive methods, and they are stable and readily measurable by several techniques.

Obesity is spreading worldwide, with an increasing prevalence of insulin resistance,
diabetes, and chronic liver disease, making it a major public health burden [14,15]. Liver
disease is most commonly caused by chronic hepatitis B and C, alcohol-associated liver
disease (ALD), and nonalcoholic fatty liver disease (NAFLD). Liver disease can further
progress to inflammation (nonalcoholic steatohepatitis (NASH)) and fibrosis, and finally
to cirrhosis and hepatocellular carcinoma (HCC) as end-stage diseases (Figure 2) [16].
Two million deaths worldwide are caused by cirrhosis, viral hepatitis, and HCC each
year [14,15]. Alterations in non-coding RNA-dependent regulation, particularly miRNAs,
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play an important role in hepatocyte function, liver injury, viral hepatitis, ALD, NAFLD,
liver fibrosis progression, and HCC [17,18]. Despite the complexity of miRNA biology
and liver metabolism, miRNAs are emerging as reliable circulating biomarkers for the
non-invasive diagnosis of different stages of liver disease [16,18].
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Figure 2. Most relevant mechanisms of liver injury in people living with HIV-1. Mechanisms

by which different disease entities may cause hepatic injury and fibrosis include oxidative stress,

mitochondprial injury, lipotoxicity, immune-mediated injury, cytotoxicity, toxic metabolite accumu-

lation, gut microbial translocation, systemic inflammation, senescence, and nodular regenerative

hyperplasia. HIV-1 may use any number of these mechanisms to exert an effect on the liver [19].

After the success of highly active antiretroviral therapy (ART), chronic, noninfectious
comorbidities are increasingly important in caring for the aging population of people living
with human immunodeficiency virus type 1 (PLWH). Liver disease is a leading cause
of death unrelated to acquired immunodeficiency syndrome (AIDS) among PLWH [20].
Human immunodeficiency virus type 1 (HIV-1) infections may cause liver disease through
several mechanisms. Liver stellate and Kupffer cells can be directly infected by HIV-1.
Moreover, HIV-1 can cause chronic inflammation, microbial product translocation, and
low-grade disseminated coagulopathy [21]. Thus, progression to liver fibrosis, cirrhosis,
and HCC are often complications in PLWH. Liver disease can be further exacerbated by
coinfection with chronic hepatitis C virus (HCV) and hepatitis B virus (HBV) and/or drug-
induced hepatotoxicity (Figure 2) [22,23]. Abnormal liver enzymes are common in HIV-1-
infected individuals, even in the absence of viral hepatitis or alcohol abuse [24]. Similarly,
there are an increasing number of reports on the development of NAFLD or NASH in
PLWH. Bacterial translocations [25] and heart failure [26] have also been associated with
HIV-1-associated liver disease progression. This scenario emphasizes the necessity of new
biomarkers of liver disease progression in PLWH.

There is a lack of noninvasive biomarkers to identify individuals that will progress to
liver fibrosis and decompensated cirrhosis and are more prone to developing complications.
In this review, we discuss the utility of circulating miRNAs to identify HIV-1-infected
individuals at risk of developing end-stage liver disease.

2. HIV-1 and Liver Disease

The introduction of ART in the mid-1990s drastically reduced the number of AIDS-
related and non-AIDS-related deaths among HIV-1-infected individuals [27]. Nevertheless,
liver disease remains one of the major non-AIDS-related causes of morbidity and mortality
amongst PLWH [19,20]. Compared to uninfected individuals, a higher frequency (range
11-40.9%) of liver fibrosis has been found in PLWH without coinfection with hepatitis
viruses or alcohol abuse [28,29]. This finding strongly suggests that HIV-1 infection itself
contributes to liver disease progression. A reduction in the number of plasma CD4+ T
cells correlates with rapid liver fibrosis progression in HIV-1-monoinfected individuals.
Gut CD4+ T-cell depletion increases gut permeability and microbial translocation, and the
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associated liver macrophage Kupffer cell response generates an environment that drives
liver inflammation and fibrosis [28] (Figure 2).

Another factor affecting liver disease progression in PLWH is ART hepatotoxicity [30],
which can be clinically relevant to long-term treatment. Although the association of
liver fibrosis and ART has been controversial over the years, first-generation nucleoside
reverse transcriptase inhibitors, particularly didanosine and zidovudine, appear to carry
the greatest risk for the progression of liver fibrosis (Figure 2). In contrast, integrase and
entry inhibitors seem to have the lowest risk. Remarkably, protease inhibitors, which have
been associated with insulin resistance and obesity [31], do not show a significant risk for
liver fibrosis [30].

Similar to an HIV-1-uninfected population, NAFLD, defined as hepatic steatosis
without significant alcohol consumption or coinfection with hepatic viruses, is a significant
cause of liver disease in PLWH [32]. NAFLD can further progress to NASH, fibrosis,
cirrhosis, and HCC [32-34]. NAFLD is also associated with cardiovascular disease, which
is currently one the main problems in the long-term management of PLWH [35]. Risk
factors for NAFLD in the general population are those associated with metabolic syndrome,
including obesity, type 2 diabetes mellitus and associated insulin resistance, dyslipidemia,
and hypertension [32,33]. Importantly, the risk of developing metabolic syndrome is double
in PLWH [32]. Although the idea that PLWH progress faster to NASH is controversial, the
prevalence of NASH and liver fibrosis in PLWH may be double that of HIV-1-negative
individuals [36,37]. Microbial translocation, direct impact of HIV-1 infection, or ART
exposure have been associated with the high prevalence of NAFLD and NASH observed
in PLWH [33]. Host genetic factors that increase the prevalence of NAFLD in the general
population, such as polymorphisms in the genes encoding patatin-like-phospholipase
domain-containing 3 (PNPLA3) and transmembrane 6 superfamily member 2 (TM6SF2),
may also impact liver disease in PLWH [38,39]. In addition to NAFLD, alcohol consumption
is also associated with faster liver fibrosis progression in PLWH patients who are not
coinfected with hepatitis viruses [40]. Non-invasive and early detection of NAFLD and
its progression to NASH to identify those at highest risk of advanced liver disease is still
challenging and greatly needed in the clinic.

HBV and HCV cause chronic hepatic infection and disease and constitute two of the
main sources of liver disease, cirrhosis, and HCC, infecting 300 million and 70 million peo-
ple worldwide, respectively [41,42]. HBV and HCV share transmission routes with HIV-1
and, thus, the prevalence of coinfection with the two viruses is high in PLWH. HBV and
HCV coinfection rates in PLWH are approximately 10% and 6%, respectively, depending of
the endemicity area [43,44]. HCV /HIV-coinfection accelerates liver disease progression to
liver cirrhosis and HCC, even in the presence of ART [45]. HIV-1 coinfection directly accel-
erates HCV-mediated liver fibrosis by increasing hepatocyte apoptosis, oxidative stress, and
fibrogenesis and increasing hepatic stellate and Kupffer cells inflammation, activation, and
fibrogenesis. Indirectly, HIV-1 also increases liver disease by increasing microbial translo-
cation, impairing HCV immune responses, and augmenting HCV replication [45]. HCV
may also impact the natural history of HIV-1 by impairing immune responses to HIV-1 and
accelerating the progression to AIDS [46]. Remarkably, HIV-1 infection increases metabolic
abnormalities, such as insulin resistance, that result in hepatic steatosis and triglyceride ac-
cumulation in hepatocytes, which contribute to accelerating HCV-associated end-stage liver
disease [47]. HCV /HIV-coinfected subjects have a higher mortality risk and more severe
HCC than HCV-monoinfected individuals, indicating the existence of pathways unique to
PLWH that contribute to accelerating liver disease. Similarly, HBV /HIV-1-coinfection alters
the natural history of HBV and accelerates the progression of chronic HBV to cirrhosis,
end-stage liver disease, or HCC compared to chronic HBV monoinfection [48]. HIV-1-
induced depletion of CD4+ T cells seems to enhance HBV replication and augment liver
injury. [49]. In addition, HBV /HIV-1 coinfection induces hepatocyte fibrogenesis, increases
hepatocyte apoptosis, and changes the hepatic cytokine environment (e.g., elevated C-X-C
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motif chemokine 10) [50]. As mentioned with HCV /HIV-1 coinfection, gut depletion of
CD4+ T cells may increase microbial translocation and concomitant liver inflammation.

Importantly, HCV and HBV infections have become clinically manageable diseases.
Thanks to highly effective treatments (i.e., direct-acting antivirals (DAAs)), HCV is now
a curable disease in nearly 95% of coinfected individuals. Thus, HCV eradication is an
attainable objective, at least in resource-rich settings. Similarly, chronic hepatitis B is now
controlled by long-term treatment with HBV polymerase inhibitors, such as tenofovir.
Therefore, obesity, metabolic syndrome, and the resulting NAFLD and NASH have gained
clinical importance in PLWH.

3. MicroRNAs and Liver Disease

Dysregulation of miRNA expression (Figure 1B) and activity is highly associated with
metabolic disorders that promote NAFLD and progression to liver disease [16]. Several
miRNAs are implicated in diverse aspects of liver lipid metabolism. In particular, miRNA-
122, miRNA-34a, miRNNA-33, miRNA-21, miRNA-375, miRNA-192, miRNA-100, miRNA-
155, miRNA29a, and miRNA-223 perform relevant regulatory functions in liver metabolism
(reviewed in [16,51]; Table 1). For example, a recent study found that circulating levels
of miRNA-34a, miRNA-122, and miRNA-192 are independently associated with hepatic
steatosis and fibrosis [52]. miRNA-122 represents 70% of all miRNA copies found in
the liver [53] and is a major regulator of hepatic lipid metabolism. miR-122 expression
is downregulated in the livers of individuals with hepatic steatosis. Reducing the liver
levels of miRNA-122 downregulates lipogenic enzymes, increases fatty acid 3-oxidation,
and decreases accumulation of intracellular triglycerides and cholesterol synthesis [54].
miR-122 has also been shown to be required for the replication of HCV [55]. miRNA-34a,
though weakly expressed in hepatocytes, is upregulated in individuals with NASH [56].
miRNA-34a restrains fatty acid catabolism, favors steatosis development, antagonizes
lipogenesis by targeting AMP-activated protein kinase « activity, and controls lipid storage
by specifically targeting hepatocyte nuclear factor 4 [57]. Circulating levels of miRNA-33
are also upregulated in individuals with NAFLD or NASH [58]. This miRNA is associated
with obesity and regulates both cholesterol and fatty acid metabolism by targeting sterol
regulatory element-binding proteins and ATP binding cassette subfamily A member 1 [59].
miRNA-21 is strongly upregulated in individuals with NASH [60]. miR-21 deletion in
mice limits steatosis development induced by an obesogenic diet through upregulation of
multiple miRNA-21 targets involved in lipid metabolism [61]. miRNA-375, which is also
elevated in livers with steatosis [62], is highly expressed in the 3 cells of the pancreatic islets
and is involved in insulin secretion and glucose homeostasis [63]. Deletion of miRNA-375
induces a marked decrease in 3 cell number, provoking a severe diabetic state. miRNA-
192 is deregulated in the livers of individuals with liver disease [62]. miRNA-192 is
related to lipid synthesis by targeting stearoyl-CoA desaturase 1 [64]. Intriguingly, it is
upregulated in the livers of individuals with NAFLD and downregulated in individuals
with NASH [16]. Elevated levels of mRNA-100 are also observed in individuals with
NAFLD [65]. mRNA-100 targets repressors of lipogenic transcription factors, such as the
nuclear receptor corepressor [66]. miRNA-155 is a multi-functional miRNA known to
regulate numerous biological processes, including cholesterol and fatty acid metabolism
pathways in the liver. miRNA-155 deregulation has been implicated in the pathogenesis
of fatty liver disease [67]. miRNA-155 controls functional networks in the liver related
to injury responses, steatosis, inflammation, fibrosis, and carcinogenesis [68]. miR-29
is directly involved in the regulation of lipid metabolism by downregulating hepatic
lipogenesis [69]. miR-29a serum levels are significantly down-regulated in individuals
with NAFLD [70]. Finally, miRNA-223 is a critical regulator of NASH progression by
targeting several inflammatory genes and oncogenes [71]. The highest levels of miRNA-
223 are expressed in neutrophils and it plays a critical role in attenuating neutrophil
maturation and activation [72]. miRNA-223 performs an important role in attenuating
ALD-induced liver injury by targeting interleukin-6 and inhibiting the nuclear factor kappa
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B kinase subunit alpha genes in neutrophils [71]. The miRNAs described here, as well as
many others, may also indirectly affect liver lipid metabolism by targeting carbohydrate
metabolism, stress-activated pathways, and tumor suppressors. The miRNAs described
here are not the sole miRNAs implicated in liver metabolism, but they have been described
as the most relevant therapeutic targets or biomarkers of human liver disease [16,51].

Table 1. Most relevant microRNAs implicated in liver metabolism and deregulated in liver disease.

. Liver Circulating Reference
MicroRNA Target Expression Level (PMID)
16459310
e  Glycogen 16258535
metabolism 28802563
. E.lycolysiS. 19030170
miRNA-122 : Egado f;gi;sic Downregulated Upregulated %%ggzgig
reticulum stress 27956809
° [3-oxidation 26565986
° Lipid uptake 29848284
30779441
28167956
° Endoplasmic 19030170
miRNA-34a N ngglgxrg (f rt tr €ss Upregulated Upregulated g%gégig
° B-oxidation 23727030
27956809
. Glucogenesis
miRNA-33 ¢ ucogene:
: Egiodgizgsol:t Upregulated Upregulated %%gg%gg
. -oxidation
21636785
° Lipogenesis 19030170
miRNA-21 e  B-oxidation Upregulated Upregulated 26338827
e  Lipid uptake 35157721
23727030
22504094
19030170
miRNA-375 e  Autophagy Downregulated Upregulated 30142428
26874844
24973316
24973316
28483554
miRNA-192 * Glycolysis Upregulated Upregulated ggé%g%g
° Lipogenesis 30779441
27956809
26565986
' 24244722
miRNA-100 : Ell gcc)gle};fé:i s Upregulated Upregulated %gg%gé{g
29807039
23991091
28942920
. ) Glycolysis 26948494
miRNA-155 ¢  Lipogenesis Upregulated Upregulated 26867493
35157721
33569439
28664184
. Glycolysis 19372595
miRNA-29 : Ligoge);lelsis Downregulated =~ Downregulated 35157721
29848284
30964207
miRNA-223 o Inflammation Upregulated Downregulated 19030170

32330203
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Unravelling the pathophysiological functions of miRNAs has promoted their use
as potential therapeutic targets [8]. Given the potential of miRNAs to simultaneously
repress multiple lipid or carbohydrate metabolism pathways or tumor or inflammation
processes, one potential therapeutic strategy is to introduce a miRNA mimic or inhibitor
to restore normal cell and organ functionality. A phase II clinical trial with miRNA-122
antisense oligonucleotide demonstrated that it is possible to reduce viral RNA loads in
individuals with HCV infection without inducing viral resistance [73]. An antisense
oligonucleotide that sequesters a mature miRNA in a highly stable heteroduplex is able
to strongly inhibit its function. In addition, administration of a mature miRNA, such
as miRNA-34a, results in antitumor activity in a subset of individuals with refractory
advanced solid tumors [74]. miRNA-34a is lost or expressed at reduced levels in association
with a loss of p53 function, and its de novo delivery reduces tumor cell growth. In cultured
hepatocytes, overexpression of miR-223 ameliorates NAFLD and HCC by targeting multiple
inflammatory and oncogenic genes [71]. Another example is miRNA-194; overexpression
of miRNA-194 in hepatoma cells increases their sensitivity to treatment for HCC, such
as sorafenib, by targeting Ras-related C3 botulinum toxin substrate 1 [75]. However, two
major issues are obstacles for miRNA-based treatments [16]: better vehicles for specific
miRNA delivery are needed, and undesired off-target effects. Inhibition of miRNA-21
may improve NAFLD/NASH progression [61], but may also induce a deficient immune
response [76].

In addition to the possible use of miRNAs, or antisense inhibitors, in treatment, their
main therapeutic application has been as disease biomarkers. miRNAs have been shown
to have potential in detecting a wide variety of human pathologies. miRNAs are easily
accessible in biofluids, such as blood, urine, breast milk, and saliva, through noninvasive
means. Furthermore, they exhibit high stability and can be readily assessed by various
methods (e.g., next generation sequencing, quantitative PCR) with high specificity. Circu-
lating serum or plasma miRNA signatures have been widely studied for their biomarker
potential. In particular, circulating miRNAs have been extensively searched as biomarkers
of cancer diagnosis and prediagnosis [77]. Circulating miRNAs have been investigated to
augment low-dose computed tomography for the diagnosis of lung cancer [78]. miRNAs
have been suggested to be found in both serum and plasma as cell-free circulating RNAs,
which may originate from dying cells or be actively secreted by cells under specific physio-
logical circumstances. miRNAs can also be selectively secreted by exosomes [5]. Because
exosomes contain selective miRINAs that differ from the cell or tissue of origin, secreted
vesicles play an important role in normal physiological processes. Therefore, circulating
miRNA signatures may signal physiological abnormalities. The relevance of miRNAs in the
physiology and metabolism of the liver makes them ideal clinical markers for monitoring
liver injury and associated metabolic disorders, such as NAFLD, as well as for predicting
and diagnosing progression to NASH, cirrhosis, and HCC [79].

4. MicroRNAs as Biomarkers of Liver Disease Progression in HIV-1-Infected Patients

HIV-1 infection modifies the miRNA profile in plasma [65,80], peripheral blood
mononuclear cells [81], and gastrointestinal mucosa [82]. These altered miRNA profiles
can potentially serve as efficient biomarkers for HIV-1 diagnosis and disease progres-
sion [83]. The plasma miRNA signature can also predict the immune response after ART in
PLWH [84]. Conversely, HIV-1 replication may be restricted by certain host cellular miR-
NAs, suggesting that miRNAs play a role in host defense and in maintaining latency within
resting CD4+ T cells [85]. Interestingly, the differential expression of important protective
histocompatibility locus antigen (HLA) alleles in HIV-1 infection has been shown to be
regulated by miRNAs [86]. Overall, studies have emphasized the interplay of miRNAs in
the biological cycle of HIV-1.

As suggested in previous sections, HIV-1 monoinfection-induced inflammation and /or
long-term ART toxicity may contribute to the evolution of liver disease. Serum levels of
miRNA-200a have been correlated with transaminase levels and the presence of liver steato-
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sis in PLWH, suggesting that miRNA-200a may be a predictor of steatosis progression
and probably liver cell injury [87]. However, this study only measured the levels of this
miRNA. Recently, small RNA sequence analysis of plasma circulating miRNA in HIV-1
monoinfections and HCV monoinfections identified deregulated miRNAs previously as-
sociated with liver injury [65]. In this study, 14 miRNAs that were highly upregulated in
individuals with HCV monoinfection were also upregulated in individuals with HIV-1
monoinfection that exhibited elevated transaminase levels or focal nodular hyperplasia.
Specifically, circulating levels of miR-193b-5p, miR-125b-1-3p, miR-100-5p, miR-192-5p,
miR-99a-5p, and miR-122-3p were highly correlated with transaminase levels and liver
fibrosis stage in individuals monoinfected with HIV-1 [65] (Table 2, and Figure 3). Remark-
ably, miRNA-122-3p and miRNA-193b-5p were highly upregulated in HIV-1-monoinfected
individuals with elevated transaminase levels or focal nodular hyperplasia, but not in
HIV-1 individuals with normal levels of transaminases. These results indicate that HIV-1
infection impacts liver-related miRNA levels in the absence of an HCV coinfection, and
show the potential of miRNAs as biomarkers for the progression of liver disease in PLWH.

Table 2. Most relevant deregulated circulating microRNAs associated with liver injury in people
living with HIV-1.

MicroRNA Reference (PMID)
miRNA-99a-5p, miRNA-100-5p,
HIV-1 monoinfection miRNA-122-3p, miR-125b-1-3p, 29807039, 29404431,
miRNA-192-5p, miRNA-193b-5p, 28883647
miRNA-200a

miRNA-22, miRNA-34a, miRNA-99a-5p,
miRNA-100-5p, miRNA-122-5p,
HIV-1/HCV coinfection miRNA-122, miRNA-125b-2-3p, 25125218, 33813557
miRNA-192-5p, miRNA-194-5p,
miRNA-1246

HCV

HIV-1-HCV-HIV-1HCV (15) HCV-HIV-1HCV (9)
mR-1250-1-3p miR-483-5p
miR-574-5p
miR-125b-5p
miR-1295b-Sp
miR-99a-3p
mR-122-3p
miR-122-5p
miR-27b-5p
miR-150-3p

HIV-HCV (18)
mR-370-3p

HIV-1 (4) HCV-HIV-1 (4)
mR-3130-Sp mR-362-3p
miR-24-3p mR-375
miR-3173-Sp mR-629-5p
miR-18b-Sp miR-2080-3p

98-Sp
miR-548c-3p
miR-355b-3p

HIV-1-HIV-IHCV (2)
mR-4429
miR-96-Sp

mR-4532

HIV-1/HCV

Figure 3. Signatures of deregulated circulating microRNAs in different infected populations.
Venn diagram showing circulating plasma miRNAs with significant (fold change > 2 and adjusted
p < 0.05) differences between healthy samples (1 = 21) and different infected populations: HIV-1-
monoinfected (n = 53), HCV-monoinfected (n = 17), and HIV-1/HCV-coinfected (n = 50). Data were
obtained from two studies [65,88]. miRNA profile data were generated by small RNA sequencing of
individual plasma samples. Downregulated circulating miRNAs are shown in red and upregulated
circulating miRNAs in black.
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Serum levels of miRNA-193, miRNA-125b, miRNA-100, miRNA-192, miRNA-99a,
and miRNA-122 have been found to be deregulated in patients with HBV-associated
HCC [89-93], confirming the implication of these miRNAs in liver metabolism. Depending
on the method used to quantify the levels of circulating miRNAs, these miRNAs and
others (e.g., miR-let-7b, miRNA-155, and miR-15b) have been found to be deregulated in
individuals monoinfected with HCV or HBV [65,93-96]. HCV coinfection has been the
leading cause of liver disease in PLWH. Currently, at least in developed countries, the
introduction of HCV DA As has almost eradicated HCV coinfections in PLWH. Nevertheless,
HIV-1/HCV coinfections have provided a useful model for learning about liver disease in
both HIV-1-monoinfected individuals and the general population.

A seminal study performed on 335 PLWH showed that circulating levels of miRINA-
122, miRNA-22, and miRNA-34a were highly upregulated in HIV-1/HCV-coinfected in-
dividuals [97]. These miRNAs correlated with liver function tests and were independent
predictors of liver injury. Importantly, miRNA-122 and miRNA-34a levels were signifi-
cantly upregulated in HIV-1/HCV-coinfected individuals, miRNA-22 levels were highest
in HIV-1/HBV-coinfections, and circulating levels of miRNA-34a correlated positively with
illicit drug use and ethanol consumption. Intriguingly, liver biopsy analysis of HIV-1/HCV
coinfection samples showed a significant downregulation of miRNA-122 and miRNA-
192 [98]. Circulating levels of miRNAs have been suggested to not always reflect their
tissue expression and/or activity [16]. More recently, large-scale deep sequencing analy-
sis of the expression of small RNAs in plasma samples from 46 HIV-1/HCV-coinfected
individuals that did not exhibit liver fibrosis at the time of sampling identified seven
miRNAs (miRNA-100-5p, miRNA-192-5p, miRNA-99a-5p, miRNA-122-5p, miRNA-125b-
2-3p, miRNA-1246, and miRNA-194-5p) that highly correlated with progression to liver
fibrosis [88] (Table 2 and Figure 3). Two miRNAs, miRNA-100-5p and miRNA-192-5p,
yielded a sensitivity of 88% and specificity of 85% for detecting liver fibrosis progression.
These findings demonstrate that circulating miRNA levels have potential in predicting liver
fibrosis progression before the clinical detection of liver fibrosis or significant clinical signs.

New DAA therapy efficiently eradicates HCV [99]. Elimination of HCV does not
always result in the curing of liver disease, especially in patients with advanced fibrosis
or cirrhosis, and particularly in PLWH coinfected with HCV. Fibrogenic signals persist in
DAA-treated individuals after achieving HCV eradication [100], suggesting that individu-
als with HCV infection who eradicate the virus on DAA therapy still need to be monitored
for signs of liver disease. In this scenario, quantification of the circulating levels of miR-
NAs may emerge as a noninvasive prognostic tool to assess long-term post-DAA clinical
outcomes. Certainly, levels of circulating miRNA-122 in serum are significantly reduced in
HCV-monoinfected individuals who eradicated the virus after treatment with DAAs [101].
In contrast, in individuals who do not eradicate the virus, miR-122 levels begin to return to
baseline levels after the second week of treatment. Similarly, in contrast to non-responders,
individuals who respond to antiviral treatment do not show augmented miR-155 in pe-
ripheral monocytes [94]. A study that analyzed the evolution of the miRNA signature in
circulating peripheral blood mononuclear cells from HIV-1/HCV-coinfected patients before
and after HCV eradication with DA As also found that the miRNA profiles were normalized
in females after achieving virus eradication, but not completely in males [102]. This study
speculated on the possibility that the lack of normalization in males is related to a high
risk of developing liver-related complications. We recently determined the levels of three
plasma-circulating microRNAs, miRNA-100-5p, miRNA-122-5p, and miRNA-192-5p, in 81
HIV-1/HCV-coinfected individuals on HCV DAA therapy. These three miRNAs were pre-
viously shown to highly correlate with the progression of liver fibrosis in PLWH coinfected
with HCV [88]. We aimed to explore whether circulating levels of miRNAs could be linked
to liver disease progression in HIV-1/HCV-coinfected individuals who eradicate HCV. As
expected, HCV eradication was significantly associated with a reduction of the number of
circulating miRNA-100-5p, miRNA-122-5p, and miRNA-192-5p in the overall cohort and in
individuals with advanced liver fibrosis (unpublished results). Remarkably, no significant
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reduction in miRNA levels was observed in individuals who did not eradicate HCV. These
results indicate that the DAA treatment is linked to a significant reduction in circulating
levels of liver disease-associated miRNAs towards the levels seen in healthy donors, and
emphasize the utility of circulating miRNAs as biomarkers of liver injury progression.

5. Conclusions

New knowledge regarding the role of circulating miRNAs in viral infection and
disease is creating opportunities to diagnosis difficult and multifactorial diseases, such as
liver disease in PLWH. Although the standardization and validation of circulating miRNA
signatures as biomarkers for noninvasive diagnosis of liver injury in PLWH requires further
exploration, miRNAs could undoubtedly help provide an improved strategy to identify
individuals that may potentially develop harmful liver complications. The circulating
miRNA signatures should help in the development of patient risk profiles in a cost-effective
and noninvasive manner. miRNAs may increase therapeutic effectiveness and the quality
of life of PLWH patients.

Author Contributions: M.A.M., C.T. and S.F. conceived and wrote this review. All authors have read
and agreed to the published version of the manuscript.

Funding: Instituto de Salud Carlos III (P118/00157) and the Spanish Ministry of Science and Innova-
tion (PID2019-103955RB-100).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: All data will available after request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Carthew, R.W.,; Sontheimer, E.]J. Origins and Mechanisms of miRNAs and siRNAs. Cell 2009, 136, 642—-655. [CrossRef] [PubMed]

2. Kozomara, A.; Birgaoanu, M.; Griffiths-Jones, S. miRBase: From microRNA sequences to function. Nucleic Acids Res. 2019, 47,
D155-D162. [CrossRef] [PubMed]

3. Fromm, B.; Domanska, D.; Hoye, E.; Ovchinnikov, V.; Kang, W.; Aparicio-Puerta, E.; Johansen, M.; Flatmark, K.; Mathelier, A.;
Hovig, E.; et al. MirGeneDB 2.0: The metazoan microRNA complement. Nucleic Acids Res. 2020, 48, D132-D141. [CrossRef]
[PubMed]

4.  Bartel, D.P. Metazoan MicroRNAs. Cell 2018, 173, 20-51. [CrossRef] [PubMed]

5. Gebert, LER.; MacRae, L.]. Regulation of microRNA function in animals. Nat. Rev. Mol. Cell Biol. 2019, 20, 21-37. [CrossRef]

6. Friedman, R.C.; Farh, K.K.H.; Burge, C.B.; Bartel, D.P. Most mammalian mRNAs are conserved targets of microRNAs. Genome
Res. 2009, 19, 92-105. [CrossRef] [PubMed]

7. Bernstein, E.; Kim, S.Y.; Carmell, M.A.; Murchison, E.P.; Alcorn, H.; Li, M.Z.; Mills, A.A.; Elledge, S.J.; Anderson, K.V.; Hannon,
G.]. Dicer is essential for mouse development. Nat. Genet. 2003, 35, 215-217. [CrossRef]

8.  Diener, C.; Keller, A.; Meese, E. Emerging concepts of miRNA therapeutics: From cells to clinic. Trends Genet. 2022, 38, 613-626.
[CrossRef]

9. Valadi, H.; Ekstrom, K.; Bossios, A.; Sjostrand, M.; Lee, ].].; Létvall, J.O. Exosome-mediated transfer of mRNAs and microRNAs is
a novel mechanism of genetic exchange between cells. Nat. Cell Biol. 2007, 9, 654—659. [CrossRef]

10. Capobianco, V.; Nardelli, C.; Ferrigno, M.; laffaldano, L.; Pilone, V.; Forestieri, P.; Zambrano, N.; Sacchetti, L. MiRNA and protein
expression profiles of visceral adipose tissue reveal miR-141/YWHAG and miR-520e/RAB11A as two potential miRNA /protein
target pairs associated with severe obesity. J. Proteome Res. 2012, 11, 3358-3369. [CrossRef]

11.  Guay, C.; Roggli, E.; Nesca, V.; Jacovetti, C.; Regazzi, R. Diabetes mellitus, a microRNA-related disease? Transl. Res. 2011, 157,
253-264. [CrossRef] [PubMed]

12.  Caroli, A.; Cardillo, M.T.; Galea, R.; Biasucci, L.M. Potential therapeutic role of microRNAs in ischemic heart disease. J. Cardiol.
2013, 61, 315-320. [CrossRef] [PubMed]

13.  Mitchell, P.S; Parkin, R.K,; Kroh, E.M.; Fritz, B.R.; Wyman, S.K.; Pogosova-Agadjanyan, E.L.; Peterson, A.; Noteboom, J.; O'Briant,
K.C,; Allen, A;; et al. Circulating microRNAs as stable blood-based markers for cancer detection. Proc. Natl. Acad. Sci. USA 2008,
105, 10513-10518. [CrossRef] [PubMed]

14. Asrani, SK.; Devarbhavi, H.; Eaton, J.; Kamath, P.S. Burden of liver diseases in the world. J. Hepatol. 2019, 70, 151-171. [CrossRef]

[PubMed]


http://doi.org/10.1016/j.cell.2009.01.035
http://www.ncbi.nlm.nih.gov/pubmed/19239886
http://doi.org/10.1093/nar/gky1141
http://www.ncbi.nlm.nih.gov/pubmed/30423142
http://doi.org/10.1093/nar/gkz885
http://www.ncbi.nlm.nih.gov/pubmed/31598695
http://doi.org/10.1016/j.cell.2018.03.006
http://www.ncbi.nlm.nih.gov/pubmed/29570994
http://doi.org/10.1038/s41580-018-0045-7
http://doi.org/10.1101/gr.082701.108
http://www.ncbi.nlm.nih.gov/pubmed/18955434
http://doi.org/10.1038/ng1253
http://doi.org/10.1016/j.tig.2022.02.006
http://doi.org/10.1038/ncb1596
http://doi.org/10.1021/pr300152z
http://doi.org/10.1016/j.trsl.2011.01.009
http://www.ncbi.nlm.nih.gov/pubmed/21420036
http://doi.org/10.1016/j.jjcc.2013.01.012
http://www.ncbi.nlm.nih.gov/pubmed/23490563
http://doi.org/10.1073/pnas.0804549105
http://www.ncbi.nlm.nih.gov/pubmed/18663219
http://doi.org/10.1016/j.jhep.2018.09.014
http://www.ncbi.nlm.nih.gov/pubmed/30266282

Viruses 2022, 14,1118 11 of 14

15.

16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Sepanlou, S.G.; Safiri, S.; Bisignano, C.; Ikuta, K.S.; Merat, S.; Saberifiroozi, M.; Poustchi, H.; Tsoi, D.; Colombara, D.V.; Abdoli, A;
et al. The global, regional, and national burden of cirrhosis by cause in 195 countries and territories, 1990-2017: A systematic
analysis for the Global Burden of Disease Study 2017. Lancet Gastroenterol. Hepatol. 2020, 5, 245-266. [CrossRef]

Gjorgjieva, M.; Sobolewski, C.; Dolicka, D.; Correia De Sousa, M.; Foti, M. MiRNAs and NAFLD: From pathophysiology to
therapy. Gut 2019, 68, 2065-2079. [CrossRef]

Sobolewski, C.; Calo, N.; Portius, D.; Foti, M. MicroRNAs in fatty liver disease. Semin. Liver Dis. 2015, 35, 12-25. [CrossRef]
Szabo, G.; Bala, S. MicroRNAs in liver disease. Nat. Rev. Gastroenterol. Hepatol. 2013, 10, 542-552. [CrossRef]

Kaspar, M.B.; Sterling, R.K. Mechanisms of liver disease in patients infected with HIV. BM] Open Gastroenterol. 2017, 4, e000166.
[CrossRef]

Verna, E.C. Non-alcoholic fatty liver disease and non-alcoholic steatohepatitis in patients with HIV. Lancet Gastroenterol. Hepatol.
2017, 2, 211-223. [CrossRef]

Deeks, S.G.; Tracy, R.; Douek, D.C. Systemic effects of inflammation on health during chronic HIV infection. Immunity 2013, 39,
633-645. [CrossRef] [PubMed]

Martinez, M.A. Diversity and Evolution of HIV and HCV. Viruses 2021, 13, 642. [CrossRef] [PubMed]

Martinez, M.A; Franco, S. Therapy Implications of Hepatitis C Virus Genetic Diversity. Viruses 2020, 13, 41. [CrossRef] [PubMed]
Rockstroh, ].K. Non-Alcoholic Fatty Liver Disease (NAFLD) and Non-Alcoholic Steatohepatitis (NASH) in HIV. Curr. HIV AIDS
Rep. 2017, 14, 47-53. [CrossRef]

Wiest, R.; Garcia-Tsao, G. Bacterial translocation (BT) in cirrhosis. Hepatology 2005, 41, 422—433. [CrossRef]

So-Armah, K.A; Lim, ] K;; Lo Re, V,; Tate, ].P.; Chang, C.C.H.; Butt, A.A.; Gibert, C.L.; Rimland, D.; Marconi, V.C.; Goetz, M.B,;
et al. FIB-4 stage of liver fibrosis predicts incident heart failure among HIV-infected and uninfected patients. Hepatology 2017, 66,
1286-1295. [CrossRef]

Smith, C.J.; Ryom, L.; Weber, R.; Morlat, P; Pradier, C.; Reiss, P.; Kowalska, ].D.; De Wit, S.; Law, M.; Sadr, W.; et al. Trends in
underlying causes of death in people with HIV from 1999 to 2011 (D:A:D): A multicohort collaboration. Lancet 2014, 384, 241-248.
[CrossRef]

Zhang, L.; Bansal, M.B. Role of Kupffer Cells in Driving Hepatic Inflammation and Fibrosis in HIV Infection. Front. Immunol.
2020, 11, 1086. [CrossRef]

Rockstroh, J.K.; Mohr, R.; Behrens, G.; Spengler, U. Liver fibrosis in HIV: Which role does HIV itself, long-term drug toxicities and
metabolic changes play? Curr. Opin. HIV AIDS 2014, 9, 365-370. [CrossRef]

Bakasis, A.D.; Androutsakos, T. Liver Fibrosis during Antiretroviral Treatment in HIV-Infected Individuals. Truth or Tale? Cells
2021, 10, 1212. [CrossRef]

Carr, A.; Samaras, K.; Chisholm, D.J.; Cooper, D.A. Pathogenesis of HIV-1-protease inhibitor-associated peripheral lipodystrophy,
hyperlipidaemia, and insulin resistance. Lancet 1998, 351, 1881-1883. [CrossRef]

Kapoor, N.; Audsley, J.; Rupali, P.; Sasadeusz, |.; Paul, T.V,; Thomas, N.; Lewin, S.R. A gathering storm: HIV infection and
nonalcoholic fatty liver disease in low and middle-income countries. AIDS 2019, 33, 1105-1115. [CrossRef] [PubMed]

Squillace, N.; Soria, A.; Bozzi, G.; Gori, A.; Bandera, A. Nonalcoholic fatty liver disease and steatohepatitis in people living with
HIV. Expert Rev. Gastroenterol. Hepatol. 2019, 13, 643-650. [CrossRef] [PubMed]

Cervo, A.; Shengir, M,; Patel, K.; Sebastiani, G. NASH in HIV. Curr. HIV AIDS Rep. 2020, 17, 601-614. [CrossRef] [PubMed]
Hsue, PY. Mechanisms of Cardiovascular Disease in the Setting of HIV Infection. Can. J. Cardiol. 2019, 35, 238-248. [CrossRef]
Vodkin, I.; Valasek, M.A_; Bettencourt, R.; Cachay, E.; Loomba, R. Clinical, biochemical and histological differences between
HIV-associated NAFLD and primary NAFLD: A case-control study. Aliment. Pharmacol. Ther. 2015, 41, 368-378. [CrossRef]
Joshi, D.; O’Grady, J.; Dieterich, D.; Gazzard, B.; Agarwal, K. Increasing burden of liver disease in patients with HIV infection.
Lancet 2011, 377, 1198-1209. [CrossRef]

Franco, S.; Horneros, J.; Soldevila, L.; Ouchi, D.; Galvan-Femenia, I.; de Cid, R.; Tenesa, M.; Bechini, J.; Perez, R.; Llibre, ].M.;
et al. Single nucleotide polymorphisms in PNPLA3, ADAR-1 and IFIH1 are associated with advanced liver fibrosis in patients
co-infected with HIV-1/ /hepatitis C virus. AIDS 2021, 35, 2497-2502. [CrossRef]

Diehl, A.M.; Day, C. Cause, Pathogenesis, and Treatment of Nonalcoholic Steatohepatitis. N. Engl. ]. Med. 2017, 377, 2063-2072.
[CrossRef]

Chaudhry, A.A.; Sulkowski, M.S.; Chander, G.; Moore, R.D. Hazardous drinking is associated with an elevated aspartate
aminotransferase to platelet ratio index in an urban HIV-infected clinical cohort. HIV Med. 2009, 10, 133-142. [CrossRef]

Tong, S.; Revill, P. Overview of hepatitis B viral replication and genetic variability. J. Hepatol. 2016, 64, S4-S16. [CrossRef]
[PubMed]

Global World Health Organization. Global Hepatitis Report. 2017. Available online: http://apps.who.int/iris/bitstream /10665/
255016/1/9789241565455-eng.pdf?ua=1 (accessed on 2 February 2022).

Thio, C.L. Hepatitis B and human immunodeficiency virus coinfection. Hepatology 2009, 49, S138-5145. [CrossRef] [PubMed]
Platt, L.; Easterbrook, P.; Gower, E.; McDonald, B.; Sabin, K.; McGowan, C.; Yanny, I.; Razavi, H.; Vickerman, P. Prevalence and
burden of HCV co-infection in people living with HIV: A global systematic review and meta-analysis. Lancet. Infect. Dis. 2016, 16,
797-808. [CrossRef]

Gobran, S.T.; Ancuta, P.; Shoukry, N.H. A Tale of Two Viruses: Immunological Insights into HCV/HIV Coinfection. Front.
Immunol. 2021, 12, 3192. [CrossRef]


http://doi.org/10.1016/S2468-1253(19)30349-8
http://doi.org/10.1136/gutjnl-2018-318146
http://doi.org/10.1055/s-0034-1397345
http://doi.org/10.1038/nrgastro.2013.87
http://doi.org/10.1136/bmjgast-2017-000166
http://doi.org/10.1016/S2468-1253(16)30120-0
http://doi.org/10.1016/j.immuni.2013.10.001
http://www.ncbi.nlm.nih.gov/pubmed/24138880
http://doi.org/10.3390/v13040642
http://www.ncbi.nlm.nih.gov/pubmed/33918548
http://doi.org/10.3390/v13010041
http://www.ncbi.nlm.nih.gov/pubmed/33383891
http://doi.org/10.1007/s11904-017-0351-2
http://doi.org/10.1002/hep.20632
http://doi.org/10.1002/hep.29285
http://doi.org/10.1016/S0140-6736(14)60604-8
http://doi.org/10.3389/fimmu.2020.01086
http://doi.org/10.1097/COH.0000000000000064
http://doi.org/10.3390/cells10051212
http://doi.org/10.1016/S0140-6736(98)03391-1
http://doi.org/10.1097/QAD.0000000000002161
http://www.ncbi.nlm.nih.gov/pubmed/31045941
http://doi.org/10.1080/17474124.2019.1614913
http://www.ncbi.nlm.nih.gov/pubmed/31081390
http://doi.org/10.1007/s11904-020-00531-0
http://www.ncbi.nlm.nih.gov/pubmed/32984925
http://doi.org/10.1016/j.cjca.2018.12.024
http://doi.org/10.1111/apt.13052
http://doi.org/10.1016/S0140-6736(10)62001-6
http://doi.org/10.1097/QAD.0000000000003066
http://doi.org/10.1056/NEJMra1503519
http://doi.org/10.1111/j.1468-1293.2008.00662.x
http://doi.org/10.1016/j.jhep.2016.01.027
http://www.ncbi.nlm.nih.gov/pubmed/27084035
http://apps.who.int/iris/bitstream/10665/255016/1/9789241565455-eng.pdf?ua=1
http://apps.who.int/iris/bitstream/10665/255016/1/9789241565455-eng.pdf?ua=1
http://doi.org/10.1002/hep.22883
http://www.ncbi.nlm.nih.gov/pubmed/19399813
http://doi.org/10.1016/S1473-3099(15)00485-5
http://doi.org/10.3389/fimmu.2021.726419

Viruses 2022, 14,1118 12 of 14

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Boulougoura, A.; Sereti, I. HIV infection and immune activation: The role of coinfections. Curr. Opin. HIV AIDS 2016, 11, 191-200.
[CrossRef]

Jeyarajan, A.].; Chung, R.T. Insights into the Pathophysiology of Liver Disease in HCV /HIV: Does it End With HCV Cure? J.
Infect. Dis. 2020, 222, S802-S813. [CrossRef]

Cheng, Z.; Lin, P; Cheng, N. HBV /HIV Coinfection: Impact on the Development and Clinical Treatment of Liver Diseases. Front.
Med. 2021, 8, 1600. [CrossRef]

Colin, J.E; Cazals-Hatem, D.; Loriot, M.A.; Martinot-Peignoux, M.; Pham, B.N.; Auperin, A.; Degott, C.; Benhamou, ].P; Erlinger,
S.; Valla, D.; et al. Influence of human immunodeficiency virus infection on chronic hepatitis B in homosexual men. Hepatology
1999, 29, 1306-1310. [CrossRef]

Singh, K.P.; Zerbato, ].M.; Zhao, W.; Braat, S.; Deleage, C.; Surekha Tennakoon, G.; Mason, H.; Dantanarayana, A.; Rhodes, A.;
Rhodes, ].W.; et al. Intrahepatic CXCL10 is strongly associated with liver fibrosis in HIV-Hepatitis B co-infection. PLoS Pathog.
2020, 16, €1008744. [CrossRef]

Lopez-Pastor, A.R.; Infante-Menéndez, J.; Escribano, O.; Gémez-Hernandez, A. miRNA Dysregulation in the Development of
Non-Alcoholic Fatty Liver Disease and the Related Disorders Type 2 Diabetes Mellitus and Cardiovascular Disease. Front. Med.
2020, 7, 574. [CrossRef]

Ezaz, G.; Trivedi, H.D.; Connelly, M. A ; Filozof, C.; Howard, K.L.; Parrish, M.; Kim, M.; Herman, M.A.; Nasser, I.; Afdhal, N.H.;
et al. Differential Associations of Circulating MicroRNAs with Pathogenic Factors in NAFLD. Hepatol. Commun. 2020, 4, 670-680.
[CrossRef] [PubMed]

Chang, J.; Guo, ].-T.; Jiang, D.; Guo, H.; Taylor, ].M.; Block, T.M. Liver-specific microRINA miR-122 enhances the replication of
hepatitis C virus in nonhepatic cells. J. Virol. 2008, 82, 8215-8223. [CrossRef] [PubMed]

Esau, C.; Davis, S.; Murray, S.E; Yu, X.X.; Pandey, S.K.; Pear, M.; Watts, L.; Booten, S.L.; Graham, M.; McKay, R.; et al. miR-122
regulation of lipid metabolism revealed by in vivo antisense targeting. Cell Metab. 2006, 3, 87-98. [CrossRef] [PubMed]

Jopling, C.L.; Yi, M.K,; Lancaster, A.M.; Lemon, S.M.; Sarnow, P. Modulation of hepatitis C virus RNA abundance by a liver-specific
MicroRNA. Science 2005, 309, 1577-1581. [CrossRef]

Liu, C.H.; Ampuero, J.; Gil-Gémez, A.; Montero-Vallejo, R.; Rojas, A.; Mufioz-Hernandez, R.; Gallego-Duran, R.; Romero-Gémez,
M. miRNAs in patients with non-alcoholic fatty liver disease: A systematic review and meta-analysis. ]. Hepatol. 2018, 69,
1335-1348. [CrossRef]

Ding, J.; Li, M.; Wan, X,; Jin, X.; Chen, S.; Yu, C.; Li, Y. Effect of miR-34a in regulating steatosis by targeting PPARo expression in
nonalcoholic fatty liver disease. Sci. Rep. 2015, 5, 13729. [CrossRef]

Auguet, T.; Aragones, G.; Berlanga, A.; Guiu-Jurado, E.; Marti, A.; Martinez, S.; Sabench, F.; Hernandez, M.; Aguilar, C.; Sirvent,
J.J.; et al. miR33a/miR33b* and miR122 as Possible Contributors to Hepatic Lipid Metabolism in Obese Women with Nonalcoholic
Fatty Liver Disease. Int. ]. Mol. Sci. 2016, 17, 1620. [CrossRef]

Rayner, K.J.; Suarez, Y.; Dévalos, A.; Parathath, S.; Fitzgerald, M.L.; Tamehiro, N.; Fisher, E.A.; Moore, K.J.; Fernandez-Hernando,
C. MiR-33 contributes to the regulation of cholesterol homeostasis. Science 2010, 328, 1570-1573. [CrossRef]

Cheung, O.; Puri, P; Eicken, C.; Contos, M.].; Mirshahi, E; Maher, ] W.; Kellum, ].M.; Min, H.; Luketic, V.A.; Sanyal, A.J.
Nonalcoholic steatohepatitis is associated with altered hepatic MicroRNA expression. Hepatology 2008, 48, 1810-1820. [CrossRef]
Calo, N.; Ramadori, P.; Sobolewski, C.; Romero, Y.; Maeder, C.; Fournier, M.; Rantakari, P.; Zhang, EP,; Poutanen, M.; Dufour, J.E;
et al. Stress-activated miR-21/miR-21* in hepatocytes promotes lipid and glucose metabolic disorders associated with high-fat
diet consumption. Gut 2016, 65, 1871-1881. [CrossRef]

Pirola, C.J.; Gianotti, T.E.; Castafio, G.O.; Mallardi, P.; Martino, J.S.; Ledesma, M.M.G.L.; Flichman, D.; Mirshahi, F; Sanyal, A.J.;
Sookoian, S. Circulating microRNA signature in non-alcoholic fatty liver disease: From serum non-coding RNAs to liver histology
and disease pathogenesis. Gut 2015, 64, 800-812. [CrossRef] [PubMed]

Lahmy, R.; Soleimani, M.; Sanati, M.H.; Behmanesh, M.; Kouhkan, F.; Mobarra, N. MiRNA-375 promotes beta pancreatic
differentiation in human induced pluripotent stem (hiPS) cells. Mol. Biol. Rep. 2014, 41, 2055-2066. [CrossRef] [PubMed]

Liu, X.L.; Cao, H.X.; Wang, B.C,; Xin, FZ.; Zhang, R.N.; Zhou, D.; Yang, R.X.; Zhao, Z.H.; Pan, Q.; Fan, ].G. miR-192-5p regulates
lipid synthesis in non-alcoholic fatty liver disease through SCD-1. World ]. Gastroenterol. 2017, 23, 8140-8151. [CrossRef]
Franco, S.; Buccione, D.; Pluvinet, R.; Mothe, B.; Ruiz, L.; Nevot, M.; Jordan-Paiz, A.; Ramos, L.; Aussé, S.; Morillas, RM.;
et al. Large-scale screening of circulating microRNAs in individuals with HIV-1 mono-infections reveals specific liver damage
signatures. Antivir. Res. 2018, 155, 106-114. [CrossRef] [PubMed]

Alrfaei, B.M.; Vemuganti, R.; Kuo, J.S. microRNA-100 targets SMRT/NCOR?2, reduces proliferation, and improves survival in
glioblastoma animal models. PLoS ONE 2013, 8, e80865. [CrossRef]

Miller, A.M.; Gilchrist, D.S.; Nijjar, J.; Araldi, E.; Ramirez, C.M.; Lavery, C.A.; Fernandez-Hernando, C.; McInnes, I.B.; Kurowska-
Stolarska, M. MiR-155 Has a Protective Role in the Development of Non-Alcoholic Hepatosteatosis in Mice. PLoS ONE 2013, §,
72324. [CrossRef]

Hartmann, P; Tacke, F. Tiny RNA with great effects: miR-155 in alcoholic liver disease. ]. Hepatol. 2016, 64, 1214-1216. [CrossRef]
Ru, P; Guo, D. microRNA-29 mediates a novel negative feedback loop to regulate SCAP/SREBP-1 and lipid metabolism. RNA
Dis. 2017, 4, e1525. [CrossRef]

Jampoka, K.; Muangpaisarn, P.; Khongnomnan, K.; Treeprasertsuk, S.; Tangkijvanich, P.; Payungporn, S. Serum miR-29a and
miR-122 as Potential Biomarkers for Non-Alcoholic Fatty Liver Disease (NAFLD). MicroRNA 2018, 7, 215-222. [CrossRef]


http://doi.org/10.1097/COH.0000000000000241
http://doi.org/10.1093/infdis/jiaa279
http://doi.org/10.3389/fmed.2021.713981
http://doi.org/10.1002/hep.510290447
http://doi.org/10.1371/journal.ppat.1008744
http://doi.org/10.3389/fmed.2020.527059
http://doi.org/10.1002/hep4.1501
http://www.ncbi.nlm.nih.gov/pubmed/32363318
http://doi.org/10.1128/JVI.02575-07
http://www.ncbi.nlm.nih.gov/pubmed/18550664
http://doi.org/10.1016/j.cmet.2006.01.005
http://www.ncbi.nlm.nih.gov/pubmed/16459310
http://doi.org/10.1126/science.1113329
http://doi.org/10.1016/j.jhep.2018.08.008
http://doi.org/10.1038/srep13729
http://doi.org/10.3390/ijms17101620
http://doi.org/10.1126/science.1189862
http://doi.org/10.1002/hep.22569
http://doi.org/10.1136/gutjnl-2015-310822
http://doi.org/10.1136/gutjnl-2014-306996
http://www.ncbi.nlm.nih.gov/pubmed/24973316
http://doi.org/10.1007/s11033-014-3054-4
http://www.ncbi.nlm.nih.gov/pubmed/24469711
http://doi.org/10.3748/wjg.v23.i46.8140
http://doi.org/10.1016/j.antiviral.2018.05.008
http://www.ncbi.nlm.nih.gov/pubmed/29807039
http://doi.org/10.1371/JOURNAL.PONE.0080865
http://doi.org/10.1371/journal.pone.0072324
http://doi.org/10.1016/j.jhep.2016.02.039
http://doi.org/10.14800/RD.1525
http://doi.org/10.2174/2211536607666180531093302

Viruses 2022, 14,1118 13 of 14

71.

72.

73.

74.

75.

76.

77.
78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

He, Y,; Hwang, S.; Cai, Y.; Kim, S.J.; Xu, M.; Yang, D.; Guillot, A.; Feng, D.; Seo, W.; Hou, X,; et al. MicroRNA-223 Ameliorates
Nonalcoholic Steatohepatitis and Cancer by Targeting Multiple Inflammatory and Oncogenic Genes in Hepatocytes. Hepatology
2019, 70, 1150-1167. [CrossRef]

Johnnidis, J.B.; Harris, M.H.; Wheeler, R.T.; Stehling-Sun, S.; Lam, M.H.; Kirak, O.; Brummelkamp, T.R.; Fleming, M.D.; Camargo,
F.D. Regulation of progenitor cell proliferation and granulocyte function by microRNA-223. Nature 2008, 451, 1125-1129.
[CrossRef] [PubMed]

Janssen, H.L.A.; Reesink, HW.; Lawitz, E.].; Zeuzem, S.; Rodriguez-Torres, M.; Patel, K.; van der Meer, A.J.; Patick, A.K.; Chen, A.;
Zhou, Y,; et al. Treatment of HCV infection by targeting microRNA. N. Engl. ]. Med. 2013, 368, 1685-1694. [CrossRef] [PubMed]
Beg, M.S.; Brenner, A.].; Sachdev, J.; Borad, M.; Kang, YK.; Stoudemire, J.; Smith, S.; Bader, A.G.; Kim, S.; Hong, D.S. Phase I study
of MRX34, a liposomal miR-34a mimic, administered twice weekly in patients with advanced solid tumors. Invest. New Drugs
2017, 35, 180-188. [CrossRef] [PubMed]

Ran, R.Z.; Chen, J.; Cui, LJ.; Lin, X.L.; Fan, M.M.; Cong, Z.Z.; Zhang, H.; Tan, W.F,; Zhang, G.Q.; Zhang, Y.J. miR-194 inhibits liver
cancer stem cell expansion by regulating RAC1 pathway. Exp. Cell Res. 2019, 378, 66-75. [CrossRef] [PubMed]

He, W.; Wang, C.; Mu, R.; Liang, P.; Huang, Z.; Zhang, J.; Dong, L. MiR-21 is required for anti-tumor immune response in mice:
An implication for its bi-directional roles. Oncogene 2017, 36, 4212—4223. [CrossRef]

Slack, EJ.; Chinnaiyan, A.M. The Role of Non-coding RNAs in Oncology. Cell 2019, 179, 1033-1055. [CrossRef]

Kan, C.FK,; Unis, G.D; Li, L.Z.; Gunn, S.; Li, L.; Soyer, H.P,; Stark, M.S. Circulating Biomarkers for Early Stage Non-Small Cell
Lung Carcinoma Detection: Supplementation to Low-Dose Computed Tomography. Front. Oncol. 2021, 11. [CrossRef]
Starlinger, P.; Hackl, H.; Pereyra, D.; Skalicky, S.; Geiger, E.; Finsterbusch, M.; Tamandl, D.; Brostjan, C.; Griinberger, T.; Hackl, M.;
et al. Predicting Postoperative Liver Dysfunction Based on Blood-Derived MicroRNA Signatures. Hepatology 2019, 69, 2636-2651.
[CrossRef]

Yahyaei, S.; Biasin, M.; Saulle, I.; Gnudi, F.; De Luca, M.; Tasca, K.I.; Trabattoni, D.; Lo Caputo, S.; Mazzotta, E.; Clerici, M.
Identification of a Specific miRNA Profile in HIV-Exposed Seronegative Individuals. J. Acquir. Immune Defic. Syndr. 2016, 73,
11-19. [CrossRef]

Egana-Gorrono, L.; Escriba, T.; Boulanger, N.; Guardo, A.C.; Ledn, A.; Bargall6, M.E.; Garcia, E; Gatell, ].M.; Plana, M.; Arnedo,
M. Differential microRNA expression profile between stimulated PBMCs from HIV-1 infected elite controllers and viremic
progressors. PLoS ONE 2014, 9, e106360. [CrossRef]

Fulcher, ].A.; Koukos, G.; Koutsioumpa, M.; Elliott, J.; Drakaki, A.; Iliopoulos, D.; Anton, P.A. Unique microRNA expression in
the colonic mucosa during chronic HIV-1 infection. AIDS 2017, 31, 1925-1934. [CrossRef] [PubMed]

Su, B.; Fu, Y;; Liu, Y,; Wu, H.; Ma, P; Zeng, W.; Zhang, T.; Lian, S.; Wu, H. Potential Application of MicroRNA Profiling to the
Diagnosis and Prognosis of HIV-1 Infection. Front. Microbiol. 2018, 9, 3185. [CrossRef] [PubMed]

Lv,J.N,; Li, J.Q.; Cui, Y.B; Ren, Y.Y,; Fu, YJ.; Jiang, Y.J.; Shang, H.; Zhang, Z.N. Plasma MicroRNA Signature Panel Predicts the
Immune Response After Antiretroviral Therapy in HIV-Infected Patients. Front. Immunol. 2021, 12, 4899. [CrossRef]
Swaminathan, S.; Murray, D.D.; Kelleher, A.D. The role of microRNAs in HIV-1 pathogenesis and therapy. AIDS 2012, 26,
1325-1334. [CrossRef] [PubMed]

Kulkarni, S.; Savan, R.; Qi, Y.; Gao, X.; Yuki, Y.; Bass, S.E.; Martin, M.P.; Hunt, P; Deeks, S.G.; Telenti, A.; et al. Differential
microRNA regulation of HLA-C expression and its association with HIV control. Nature 2011, 472, 495-498. [CrossRef] [PubMed]
Austermann, C.; Schierwagen, R.; Mohr, R.; Anadol, E.; Klein, S.; Pohlmann, A.; Jansen, C.; Strassburg, C.P.; Schwarze-Zander,
C.; Boesecke, C.; et al. microRNA-200a: A stage-dependent biomarker and predictor of steatosis and liver cell injury in human
immunodeficiency virus patients. Hepatol. Commun. 2017, 1, 36—45. [CrossRef] [PubMed]

Franco, S.; Buccione, D.; Tural, C.; Martinez, M. A. Circulating microRNA signatures that predict liver fibrosis progression in
patients with HIV-1/hepatitis C virus coinfections. AIDS 2021, 35, 1355-1363. [CrossRef]

Li, C.; Gao, Y.; Zhang, K.; Chen, ].; Han, S.; Feng, B.; Wang, R.; Chen, L. Multiple Roles of MicroRNA-100 in Human Cancer and
its Therapeutic Potential. Cell. Physiol. Biochem. 2015, 37, 2143-2159. [CrossRef]

Liang, L.; Wong, C.M.; Ying, Q.; Fan, D.N.Y,; Huang, S.; Ding, J.; Yao, J.; Yan, M.; Li, ].; Yao, M.; et al. MicroRNA-125b suppressesed
human liver cancer cell proliferation and metastasis by directly targeting oncogene LIN28B2. Hepatology 2010, 52, 1731-1740.
[CrossRef]

Wang, Y.; Gao, Y.; Shi, W.; Zhai, D.; Rao, Q.; Jia, X;; Liu, J.; Jiao, X.; Du, Z. Profiles of differential expression of circulating
microRNAs in hepatitis B virus-positive small hepatocellular carcinoma. Cancer Biomark. 2015, 15, 177-186. [CrossRef]

Zhou, J.; Yu, L.; Gao, X;; Hu, J.; Wang, ]J.; Dai, Z.; Wang, ].E; Zhang, Z.; Lu, S.; Huang, X,; et al. Plasma microRNA panel to
diagnose hepatitis B virus-related hepatocellular carcinoma. J. Clin. Oncol. 2011, 29, 4781-4788. [CrossRef] [PubMed]

Hung, C.H.; Hu, TH,; Ly, S.N.; Kuo, EY.; Chen, C.H.; Wang, ].H.; Huang, C.M.; Lee, C.M,; Lin, C.Y,; Yen, Y.H.; et al. Circulating
microRNAs as biomarkers for diagnosis of early hepatocellular carcinoma associated with hepatitis B virus. Int. J. Cancer 2016,
138, 714-720. [CrossRef] [PubMed]

Bala, S.; Tilahun, Y.; Taha, O.; Alao, H.; Kodys, K.; Catalano, D.; Szabo, G. Increased microRNA-155 expression in the serum and
peripheral monocytes in chronic HCV infection. J. Transl. Med. 2012, 10, 151. [CrossRef] [PubMed]

Trebicka, J.; Anadol, E.; Elfimova, N.; Strack, I.; Roggendorf, M.; Viazov, S.; Wedemeyer, I; Drebber, U.; Rockstroh, J.; Sauerbruch,
T.; et al. Hepatic and serum levels of miR-122 after chronic HCV-induced fibrosis. J. Hepatol. 2013, 58, 234-239. [CrossRef]


http://doi.org/10.1002/hep.30645
http://doi.org/10.1038/nature06607
http://www.ncbi.nlm.nih.gov/pubmed/18278031
http://doi.org/10.1056/NEJMoa1209026
http://www.ncbi.nlm.nih.gov/pubmed/23534542
http://doi.org/10.1007/s10637-016-0407-y
http://www.ncbi.nlm.nih.gov/pubmed/27917453
http://doi.org/10.1016/j.yexcr.2019.03.007
http://www.ncbi.nlm.nih.gov/pubmed/30844391
http://doi.org/10.1038/onc.2017.62
http://doi.org/10.1016/j.cell.2019.10.017
http://doi.org/10.3389/fonc.2021.555331
http://doi.org/10.1002/hep.30572
http://doi.org/10.1097/QAI.0000000000001070
http://doi.org/10.1371/journal.pone.0106360
http://doi.org/10.1097/QAD.0000000000001582
http://www.ncbi.nlm.nih.gov/pubmed/28692540
http://doi.org/10.3389/fmicb.2018.03185
http://www.ncbi.nlm.nih.gov/pubmed/30619232
http://doi.org/10.3389/fimmu.2021.753044
http://doi.org/10.1097/QAD.0b013e328352adca
http://www.ncbi.nlm.nih.gov/pubmed/22382145
http://doi.org/10.1038/nature09914
http://www.ncbi.nlm.nih.gov/pubmed/21499264
http://doi.org/10.1002/hep4.1017
http://www.ncbi.nlm.nih.gov/pubmed/29404431
http://doi.org/10.1097/QAD.0000000000002895
http://doi.org/10.1159/000438572
http://doi.org/10.1002/hep.23904
http://doi.org/10.3233/CBM-140451
http://doi.org/10.1200/JCO.2011.38.2697
http://www.ncbi.nlm.nih.gov/pubmed/22105822
http://doi.org/10.1002/ijc.29802
http://www.ncbi.nlm.nih.gov/pubmed/26264553
http://doi.org/10.1186/1479-5876-10-151
http://www.ncbi.nlm.nih.gov/pubmed/22846613
http://doi.org/10.1016/j.jhep.2012.10.015

Viruses 2022, 14,1118 14 of 14

96.

97.

98.

99.

100.

101.

102.

Bihrer, V.; Friedrich-Rust, M.; Kronenberger, B.; Forestier, N.; Haupenthal, J.; Shi, Y.; Peveling-Oberhag, J.; Radeke, H.H.; Sarrazin,
C.; Herrmann, E.; et al. Serum miR-122 as a biomarker of necroinflammation in patients with chronic hepatitis C virus infection.
Am. ]. Gastroenterol. 2011, 106, 1663-1669. [CrossRef]

Anadol, E.; Schierwagen, R.; Elfimova, N.; Tack, K.; Schwarze-Zander, C.; Eischeid, H.; Noetel, A.; Boesecke, C.; Jansen, C.; Dold,
L.; et al. Circulating microRNAs as a marker for liver injury in human immunodeficiency virus patients. Hepatology 2015, 61,
46-55. [CrossRef]

Bulfoni, M.; Pravisani, R.; Dalla, E.; Cesselli, D.; Hidaka, M.; Di Loreto, C.; Eguchi, S.; Baccarani, U. miRNA expression profiles in
liver grafts of HCV and HIV /HCV-infected recipients, 6 months after liver transplantation. J. Med. Virol. 2021, 93, 4992-5000.
[CrossRef]

Park, H.; Wang, W.; Henry, L.; Nelson, D.R. Impact of All-Oral Direct-Acting Antivirals on Clinical and Economic Outcomes in
Patients with Chronic Hepatitis C in the United States. Hepatology 2019, 69, 1032-1045. [CrossRef]

Montaldo, C.; Terri, M.; Riccioni, V.; Battistelli, C.; Bordoni, V.; D’Offizi, G.; Prado, M.G.; Trionfetti, F.; Vescovo, T.; Tartaglia, E.;
et al. Fibrogenic signals persist in DAA-treated HCV patients after sustained virological response. J. Hepatol. 2021, 75, 1301-1311.
[CrossRef]

Waring, J.F.; Dumas, E.O.; Abel, S.; Coakley, E.; Cohen, D.E.; Davis, ].W.; Podsadecki, T.; Dutta, S. Serum miR-122 may serve
as a biomarker for response to direct acting antivirals: Effect of paritaprevir/R with dasabuvir or ombitasvir on miR-122 in
HCV-infected subjects. J. Viral Hepat. 2016, 23, 96-104. [CrossRef]

Valle-Millares, D.; Brochado-Kith, O.; Gémez-Sanz, A.; Martin-Carbonero, L.; Ryan, P,; De los Santos, I.; Castro, ].M.; Troya, J.;
Mayoral-Mufioz, M.; Cuevas, G.; et al. HCV eradication with DAAs differently affects HIV males and females: A whole miRNA
sequencing characterization. Biomed. Pharmacother. 2022, 145, 112405. [CrossRef] [PubMed]


http://doi.org/10.1038/ajg.2011.161
http://doi.org/10.1002/hep.27369
http://doi.org/10.1002/jmv.26999
http://doi.org/10.1002/hep.30303
http://doi.org/10.1016/j.jhep.2021.07.003
http://doi.org/10.1111/jvh.12470
http://doi.org/10.1016/j.biopha.2021.112405
http://www.ncbi.nlm.nih.gov/pubmed/34781145

	Introduction 
	HIV-1 and Liver Disease 
	MicroRNAs and Liver Disease 
	MicroRNAs as Biomarkers of Liver Disease Progression in HIV-1-Infected Patients 
	Conclusions 
	References

