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Abstract
[bookmark: OLE_LINK6715][bookmark: OLE_LINK6716][bookmark: OLE_LINK6782][bookmark: OLE_LINK6722][bookmark: OLE_LINK6726]Hepatocellular carcinoma (HCC) is a malignancy with a high incidence and fatality rate worldwide. Hepatitis B virus (HBV) infection is one of the most important risk factors for its occurrence and development. Early detection of HBV-associated HCC (HBV-HCC) can improve clinical decision-making and patient outcomes. Biomarkers are extremely helpful, not only for early diagnosis, but also for the development of therapeutics. MicroRNAs (miRNAs), a subset of non-coding RNAs approximately 22 nucleotides in length, have increasingly attracted scientists’ attention due to their potential utility as biomarkers for cancer detection and therapy. HBV profoundly impacts the expression of miRNAs potentially involved in the development of hepatocarcinogenesis. In this review, we summarize the current progress on the role of miRNAs in the diagnosis and treatment of HBV-HCC. From a molecular standpoint, we discuss the mechanism by which HBV regulates miRNAs and investigate the exact effect of miRNAs on the promotion of HCC. In the near future, miRNA-based diagnostic, prognostic, and therapeutic applications will make their way into the clinical routine. 
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[bookmark: OLE_LINK1241][bookmark: OLE_LINK6725]Core Tip: Hepatocellular carcinoma (HCC) is one of the most common malignancies worldwide. Hepatitis B virus (HBV) infection is one of the predominant risk factors for developing HCC. Early diagnosis and prognosis prediction are pivotal for patients with HBV-associated HCC (HBV-HCC) in their clinical management. MicroRNAs (miRNAs), a subset of non-coding RNAs, play an essential role in human diseases including HBV-HCC. Here, we summarize the role of miRNAs in the diagnosis and prognosis prediction of patients with HBV-HCC. Furthermore, we discuss the underlying mechanism by which HBV dysregulates miRNAs, and the potential role of dysregulated miRNAs in promoting hepatocarcinogenesis, laying the foundation for applying potential therapeutic targets. 


INTRODUCTION
[bookmark: OLE_LINK6729][bookmark: OLE_LINK6733]According to World Health Organization (WHO) reports, in 2020, primary liver cancer is the sixth most frequently occurring cancer worldwide, with mortality ranking third among all cancers. Hepatocellular carcinoma (HCC) accounted for about 75%-85% of cases. Chronic hepatitis B virus (HBV) infection is one of the major known risk factors[1]. Although the HBV-vaccination program has greatly reduced the incidence of HBV infection, it is estimated that nearly 292 million people are living with chronic hepatitis B (CHB) globally, and approximately 900000 people die annually because of HBV-induced liver cirrhosis and HCC, according to WHO estimates[2]. Liver surgery, including liver resection and liver transplantation, has become an established therapy for HCC and cirrhosis. Early diagnosis is a key factor for liver resection. Biomarkers are widely used for the early diagnosis of several cancers. But HCC biomarkers cannot be clinically useful for early HCC diagnosis due to their low sensitivity[3]. Similarly essential is the construction of prognosis of HBV-associated HCC (HBV-HCC), which can help make treatment decisions[3]. At present, circulating nucleic acid biomarkers, including microRNAs (miRNA), are identified as possible biomarkers for the diagnosis, prognosis, and therapeutics of liver diseases, especially HBV-HCC[4].
[bookmark: OLE_LINK6941]miRNA, a subset of non-coding RNAs, possess 19-25 nucleotides in length and play crucial biological roles in the process of gene silencing. Given that up to 60% of human protein-coding genes have conserved miRNA target sites, it is not surprising that dysregulated miRNAs can disrupt homeostasis and cause diseases including cancer[5]. miRNAs play a vital role in different stages of the HBV-HCC continuum, including early HBV infection, chronic inflammation, fibrosis/cirrhosis, and the emergence of HCC[6].
[bookmark: OLE_LINK6937]Although most miRNAs are located within cells, circulating miRNAs are present in body fluids and may reflect the pathophysiology of tissues. Several desirable characteristics of circulating miRNAs, such as their high stability in biological samples, non-invasive methods for sampling, and high sensitivity and accuracy, make them suitable as biomarker candidates for cancer diagnosis, prognosis, and therapeutic response prediction[7]. In this review, we summarize the application of miRNAs as diagnostic, prognostic, and therapeutic markers in HBV-HCC. We further discuss the mechanism by which HBV affects miRNA transcription and stability. We also try to understand the mechanisms by which miRNAs participate in the development of HCC. This will provide an in-depth understanding to identify promising biomarkers in HBV-HCC diagnosis, prognosis, and treatment.

DYSREGULATED MIRNAS IN THE DIAGNOSIS OF HBV-HCC
miRNAs are expressed with high tissue and cell selectivity. For example, some miRNAs, such as miR-122-5p, are particularly abundant in the liver, suggesting that certain miRNAs participate in HCC carcinogenesis and progression[8]. After tumor resection in HCC patients, some serum circulating miRNAs exhibit significant changes[9-13], indicating that circulating miRNAs may be specific non-invasive and diagnostic markers for HBV-HCC.
[bookmark: OLE_LINK6731][bookmark: OLE_LINK6938]In clinical diagnostic tests, area under the receiver operating characteristic curve (AUC) is widely used to judge the diagnostic accuracy. Generally, an AUC between 0.7 and 0.8 is considered clinically useful, between 0.8 and 0.9 is deemed excellent, and greater than 0.9 is considered outstanding discrimination[14]. Numerous individual miRNAs have shown good diagnostic efficacy, with miR-93-5p[15], miR-122[16], miR-125b[17], miR-150[13], miR-487b[18,19], miR-768-3p[20], and miR-5193[21] achieving AUC > 0.9 in discriminating HBV-HCC patients from healthy controls (HC) (Table 1), miR-122[22], miR-125b[23], and miR-192[22] in differentiating HBV-HCC from CHB patients (Table 2), and miR-101[24] and miR-125b[17,23] in discriminating HBV-HCC from HBV related liver cirrhosis (HBV-LC) patients (Table 2). Additionally, some HBV dysregulated miRNAs show different expression profiles in the serum or plasma of HBV-HCC patients compared to control populations[25-29], suggesting a potential value of these miRNAs in diagnosing HBV-HCC. In addition, one study reveals that urine miR-93-5p demonstrates diagnostic performance comparable to plasma miR-93-5p for diagnosing early HBV-HCC. Urine sample is non-invasive and simple to perform on humans. Therefore, urine miRNAs may have more clinical application potential than plasma miRNAs[15]. However, individual miRNAs may have limitations in sensitivity and specificity due to HBV-associated chronic liver disease. In addition, despite the fact that numerous miRNAs were highly effective at distinguishing HBV-HCC patients from healthy populations or all control populations, the efficacy used to differentiate HBV-HCC from CHB or HBV-LC is nonspecific. Hence, new methods are required to improve the diagnostic efficacy of miRNAs in diagnosing HBV-HCC patients, particularly in distinguishing them from CHB and LC populations.
[bookmark: OLE_LINK6734]Individual miRNAs are altered in different infectious diseases, nonspecific inflammation, and acute lesions in addition to cancer, revealing their lack of specificity. Forming a miRNA panel may help serve as diagnostic biomarkers for HBV-HCC (Table 3). Several miRNA panels, such as miR-21 + miR-122 + miR-192[22], miR-125b + miR-223 + miR-27a + miR-26a[30], and miR-23b + miR-423 + miR-375 + miR-23a + miR-342-3p[31] reach a high value in differentiating HBV-HCC from HC, CHB and HBV-LC patients. However, the good diagnostic efficiency of miRNA profiles does not necessitate the combination of as many miRNAs as feasible to improve diagnostic accuracy, due to the complexity of the method necessary to detect miRNAs and the lengthy timeframes involved. In some cases, the combination of multiple biomarkers showed no additive effect on HBV-HCC diagnosis[32]. Several studies demonstrate that panels with only two miRNAs can also reach a high AUC as panels with more miRNAs, such as miR-10a + miR-125b[31] and miR-15b + miR-130b[9]. Consequently, additional research is required to determine the optimal combination of the fewest possible number of miRNAs and to reduce the cost of diagnosis as much as possible, all while attaining a good diagnostic capacity.
It will be better to combine miRNAs with other biomarkers in HBV-HCC diagnosis (Table 4). The most prevalent combination biomarker is alpha fetoprotein (AFP), a traditional biomarker in HCC. Obviously, the combination of most miRNAs with AFP demonstrates a high AUC and diagnostic accuracy for discriminating HBV-HCC from HC or patients with CHB, HBV-CLD, and HBV-LC, such as miR-24-3p[33], miR-96[34], miR-101[24], miR-122[35], miR-126[32], miR-142-3p[32], miR-205[36] and miR-224[11]. Another study combines miR-122 with AFP and TERT gene promoter mutations in cfDNA. The results show that it reaches a 0.98 and 0.88 AUC in discriminating HBV-HCC patients from CHB and HBV-LC patients, respectively, demonstrating a high diagnostic value in HBV-HCC[35]. Similarly, the combination of miR-122 with AFP and prothrombin induced by vitamin K deficiency or antagonist- II (PIVKA-II) reaches a 0.918 AUC in separating HBV-HCC from HBV-LC patients[37]. Consequently, the combination of single miRNA with other biomarkers may improve the diagnostic accuracy for HBV-HCC from other HBV-related diseases. Moreover, some miRNAs panels show a better diagnostic value than AFP[38], and combination of these miRNA panels with AFP further increased the efficacy[22,30,32]. Therefore, the use of miRNA profiles paired with AFP may be the optimum modality for the diagnosis of HBV-HCC. 
In addition, miRNAs may be of particular value in the diagnosis of HBV-HCC with low AFP levels. Despite the fact that AFP is the most often utilized biomarker for HCC worldwide, serum AFP levels stay normal in 15%-30% of advanced HCC. Meanwhile, approximately 30% of early-stage HCC cannot be diagnosed via AFP measurement, which delays therapy. Therefore, it is crucial to establish biomarkers capable of identifying HCC patients with negative AFP levels[39]. Different miRNAs and miRNA panels have shown good capacity for separating HBV-HCC patients with negative AFP expression from HC and CHB patients (Table 5), such as miR-125b[23], miR-15b + miR-130b[9] miR-21 + miR-122 + miR-192[22], and miR-125b + miR-223 + miR-27a + miR-26a[30]. A meta-analysis suggests that circulating miRNAs have a relatively high diagnostic accuracy in distinguishing HBV-HCC patients with low AFP levels from non-HCC controls[40]. Therefore, circulating miRNAs may be an ideal potential diagnostic biomarker for HBV-HCC patients with low AFP levels. Notably, these miRNAs or miRNAs panels only show ordinary effects when differentiating HBV-HCC with HBV-LC, and thus, more research is needed to improve the value of miRNA in differentiating HBV-LC and HBV-HCC patients with negative AFP expression.
Overall, miRNAs have great potential for use in the diagnosis of HBV-HCC. Two meta-analyses also show that miRNAs attain a level between moderate and high in terms of diagnostic evaluation criteria, and also demonstrate superior diagnostic performance than AFP[41,42]. According to both studies, miR-125b demonstrates a stronger diagnostic value for HBV-related HCC than other single miRNAs[41,42]. The subgroup analysis further concludes that downregulated miRNAs, miRNA panels, and serum-type miRNAs provide the most accurate diagnostic function for HBV-HCC[42]. Notably, the majority of patients with HCC are frequently diagnosed at an advanced stage, with a 1-year survival rate of less than 50% and a 5-year survival rate of only 10%[43]. This is due to the lack of accurate early diagnostic biomarkers. Several other studies also evaluate the ability of miRNAs to discriminate between early-stage HBV-HCC and controls. In one study, the combination of AFP and miR-125b, miR-223, miR-27a, and miR-26a has the highest diagnostic accuracy for early-stage HBV-HCC[30]. Another study finds that one miRNA panel consisting of seven miRNAs shows significant diagnostic accuracy for HBV-HCC, particularly in patients with early Barcelona Clinic Liver Cancer (BCLC) stages (0/A)[44]. Consequently, these miRNA profiles may serve as possible early diagnostic markers for HBV-HCC.
Notably, in addition to circulating miRNAs, exosome miRNAs may also have diagnostic and prognostic value in HBV-HCC. Exosome miRNAs are miRNAs contained within exosomes and released by various cells. Exosome miRNAs are frequently more stable in bodily fluids than other circulating miRNAs because the exosome membrane protects them from degradation, indicating a higher value as cancer biomarkers[45]. As HBV can impact the production of exosomes and their cargos to promote HBV replication and diseases progression[46], exosomes derived from HBV-infected cells may be useful biomarkers for HBV-related diseases[47,48]. Several studies have validated and reviewed exosome-encapsulated miRNAs as circulating diagnostic markers for HCC[49,50], which may be beneficial for monitoring CHB progression and for detecting HBV-HCC at an early stage[51,52].

DYSREGULATED MIRNAS IN THE PROGNOSIS OF HBV-HCC
[bookmark: OLE_LINK6942][bookmark: OLE_LINK6943]miRNAs, whose expression level is correlated with disease severity and survival rate in HCC patients, have shown good prognostic value for HCC[53]. For HBV-HCC patients, several miRNAs from HCC tissues or blood are found to be significantly correlated with overall survival, diseases-free survival (DFS) and progression-free survival (Table 6). For tissue miRNAs, higher expression of miR-122[54,55], miR-143[55], miR-145[56], miR-193b[57], miR-203a[58], miR-216b[59], miR-375[55,60], and miR-384[61] is associated with a better prognosis, and higher expression of miR-9-3[62], miR-10b[62], miR-21[56], miR-29a-5p[63], miR-31[62], miR-106b[64], miR-224[55], miR-371a-5p[27], miR-519c[62], miR-522[62,65], miR-523[65], miR-3188[28], miR-3682-3p[66], miR-3660[62], miR-4784[62], miR-5188[67], and miR-6883[62] is associated with a significantly poorer long-term prognosis. For circulating miRNAs, higher expression of miR-150[13], miR-223-3p[68], and miR-768-3p[20] is associated with a better prognosis, higher expression of miR-24-3p[33], miR-29a-3p[69], miR-96[34], miR-155[70], miR-192-5p[69], and miR-487b[18,19] is associated with a significantly poorer long-term prognosis. Therefore, tissues or circulating miRNAs can be a promising tool in predicting the prognosis of HBV-HCC patients. Specifically, due to the fact that miRNAs are abundant in serum exosomes, serum exosomal miRNAs can be used to predict the outcome of HCC patients. In addition, tissue miR-21[56], miR-203a[58], miR-375[60], and miR-5188[67], and serum miR-26a[30], miR-27a[30], miR-29a-3p[69], miR-125b[30], miR-150[13], miR-192-5p[69], miR-223[30,68], miR-487b[18,19], and miR-768-3p[20] are independent prognostic factors of HBV-HCC patients.
Researchers also develop different models to predict HBV-HCC survival. One study constructs a multivariate risk model that incorporates BCLC stage, miR-192-5p, and miR-29-3p. This risk model is significantly correlated with patient survival and has a good prognostic value. Consequently, the serum miRNA signature can offer predictive value for the BCLC stage classification. In addition, one random forests model made with miRNAs can predict HBV-HCC survival well[62].
It is worthy of note that miRNAs are also correlated with the probability of HBV-HCC recurrence. Several miRNAs may serve as a potential predictor for early tumor recurrence after HCC resection. For instance, the amount of miR-29a-5p in HCC tissues is strongly linked with early HCC recurrence following surgery, including in early-stage HCCs. Stages 0 and A of BCLC are regarded as the early stages, it implies that these HCC patients may have a better prognosis. However, in clinical practice, some patients still have a bad prognosis. Predicting the prognosis of these individuals is a huge challenge for clinicians. As miR-29a-5p sensitivity and specificity may reach approximately 70% for HCC patients with BCLC 0/A stage, their miR-29a-5p expression level may provide a visual aid to distinguish them from other early-stage patients[63]. In addition, it has been discovered that the recurrence of HBV-HCC is closely associated with dysregulation of miR-21 and miR-145[56]. 
In addition, one study reveals that miRNAs are related with the development risk of HCC in CHB. In CHB patients who do not develop HCC, nucleos(t)ide analogue (NA) treatment restores expression of these miRNAs to near-normal levels, whereas the expression profile is not fully restored in individuals who ultimately develop HCC. Therefore, in CHB patients treated with NA, the changes in miRNAs expression may help identify HCC development risks[71].

MECHANISMS OF HBV-INDUCED DYSREGULATION OF MIRNA
In HCC, HBV and its proteins [HBV surface antigen (HBs), HBV core antigen (HBc), HBV envelope antigen (HBe), HBV x protein (HBx), and HBV polymerase protein (HBp)] dysregulate miRNAs to promote hepatocarcinogenesis. In this part, we summarize the available studies deciphering the way in which HBV regulates the expression profiles of miRNAs through modulating miRNA processing genes and proteins and influencing transcriptional, posttranscriptional, and epigenetic mechanisms, as well as the factors affecting the regulation process, which may help to identify the novel therapeutic pathways (Figure 1).

HBV modulates miRNA processing proteins to affect the biogenesis of miRNAs
It takes a complex process to form mature miRNAs. Firstly, miRNA genes, encoded by introns of noncoding or coding regions, are transcribed to pri-miRNAs by RNA polymerase II (Pol II) in the nucleus. Then, pri-miRNAs are spliced to pre-miRNAs by the Microprocessor complex (composed by the nuclear RNase III Drosha and DGCR8). Depending on the protein exportin 5 (EXP5), pre-miRNAs are exported to the cytosol, and are cleaved to a small RNA duplex by Dicer. The duplex is subsequently sorted and loaded onto Ago proteins, of which the guide strand is selected and preserved to form the RNA-induced silencing complex and silence gene expression[72].
There is evidence that HBV contributes to pre-miRNA production. Rather than pri-miR-18a levels, pre-miR-18a levels are associated with miR-18a elevation in HBV-HCC cases, indicating increased processing of pri- to pre-miR-18a[73]. Another study demonstrates that ectopic expression of HBx stimulates the transcription of pri-miR-1269b and hence induces the expression of pre-miR-1269b in HCC cell lines[74]. Therefore, HBV may affect miRNA expression through modulating its synthesis process.
Studies have verified a strong correlation between HBV and miRNA processing proteins. CHB patients with high HBV loads have lower mRNA and protein levels of Drosha, Dicer and Ago2 compared with patients with low viral loads[75]. In HBV-positive HCC patients, Drosha, DGCR8, Ago1, and Ago2 are significantly overexpressed[76], whereas Dicer and Ago3 are significantly downregulated in HCC tissues than that in adjacent nontumor tissues[76,77].
For Drosha protein, researchers find that HBV inhibits Drosha promoter activity to downregulate its expression. HBx are inferred to interact with SP1 and AP-2a to downregulate Drosha expression[78]. HBV can downregulate DGCR8 expression via suppressing its promoter activity through upregulating transcription factor YY-1, in which HBs and HBx may play a role[79]. No study has provided direct evidence that the EXP5 protein is controlled by HBV. PIN1 decreases mature miRNA expression by catalyzing EXP5's conformational change and reducing its ability to export pre-miRNAs from the nucleus to the cytoplasm[80]. It is reported that PIN1 can bind specifically to the HBx to synergistically increase cell proliferation[81], indicating that HBx interacts with PIN1 and may affect pre-miRNAs export. Upon export to the cytoplasm, pre-miRNA is cleaved by Dicer in Drosophila. MiRNAs and siRNAs share a similar step in splicing and partitioning[82]. Considering that HBx can inhibit the Dicer-mediated processing of dsRNAs into siRNAs[75], HBV may also modulate miRNA through inhibiting Dicer and Dicer-mediated splicing of pre-miRNAs. Researchers discover that Ago2 mRNA is repressed by miR-99a in Huh7 and Hep3B cells[83], whereas miR-99a is found to be up-regulated in serum of HBV patients[84], indicating that there may be an HBV/miR-99a/Ago2 regulatory axis. 
Overall, there is still no evidence directly indicating that HBV affects miRNA expression by altering miRNA processing proteins. But due to the crucial role of these proteins in miRNA biogenesis, it is reasonable to infer that this is possible. It’s worth noting that in a study with non-viral-associated HCC samples, DGCR8, Dicer, Ago3 and Ago4 are also significantly downregulated, in which epigenetic regulation may be implicated[77]. Therefore, the regulatory role and mechanisms of HBV on miRNA machinery components still need further investigation (Figure 2).

HBV alters signaling pathways to modulate miRNAs
[bookmark: OLE_LINK6735]Although miRNAs share a common synthesis machinery, specific miRNA is regulated by different transcriptional and posttranscriptional mechanisms. HBV generally leads to a range of aberration of signaling pathways, Sartorius et al[6] summarize the miRNAs that are dysregulated by HBV and are involved in regulating these signaling pathways. However, miRNAs are also regulated by these signaling pathways induced by HBV infection (Table 7).
MAPK pathway plays a crucial role during the innate immune response. HBeAg is able to activate ERK, one of the MAP kinases, to induce the expression of phosphorylated CREB, which is able to bind to the promoter of miR-212-3p and subsequently enhance miR-212-3p expression[85]. In addition, several AP-1 components including Fra-1, c-Jun, and JunB are found to be recruited on a miR-21 50-flanking region, thus promoting miR-21 transcription. HBx has been previously shown to activate Ap-1, which is activated predominately by MAPK signaling cascade[86]. Therefore, there is a potential HBx/MAPK/Ap1/miR-21 regulatory pathway[87,88]. Meanwhile, HBV also induces YY1 expression through MAPK signaling, and negatively regulates the expression of miR-335, miR-129-2, and miR-203[89].
STAT3 is crucial for transducing signals and regulating the expression of a wide range of genes to promote tumor progression. Studies have found that HBV, HBc and HBx but not HBs and HBp increase STAT3 phosphorylation[90], suggesting that HBV and its viral proteins underline a role in STAT3 activation. STAT3 has been proved to directly bind to several miRNAs’ promotors, increase the promotors activity, and subsequently activate miRNAs transcription. STAT3 mediates upregulation of miR-21[91], miR-328-3p[90] and miR-539[92], which are dysregulated by HBV infection. However, Huang et al[93] found that STAT3 mediates HBV-induced miR-204 suppression. HBV also activates STAT3 to induce SALL4 expression, while SALL4 suppresses miR-200c expression through directly binding to miR-200c promoter[94]. In addition, STAT3 may mediate the suppression of miR-34a caused by HBx[95].
NF-κB is a transcription factor with broad roles in gene induction in a variety of cellular responses, particularly throughout the immune system. HBV and its proteins have been shown to increase NF-κB content and facilitate its translocation from the cytoplasm to the nucleus[74,96]. Researches show that multiple miRNAs are dysregulated by HBV through modulating NF-κB signaling. For example, HBx and HBc upregulate miR-146a-5p through activating NF-κB signaling[97]. HBx upregulates miR-143[98,99], miR-146a[100] and miR-1269b[74] by activating NF-κB binding to the miRNAs promotor. Meanwhile, inhibitors of NF-κB and PI3K decrease miR-155 in HBeAg-stimulated macrophages, suggesting NF-κB and PI3K mediate HBeAg-induced miR-155 upregulation in macrophages[101]. In addition, NF-κB subunit p50 but not p65 mediates upregulation of miR-942 by LPS through binding to miR-942 promotor, and miR-942 expression is increased with progression of HBV-mediated liver fibrosis, implying a putative regulation of HBV on miR-942[102]. As a consensus p65-binding sequence (AGGGATTTCC) is located in the miR-23a promoter region, p65 dominantly represses miR-23a promoter activity, and suppresses miR-23a transcription[103]. Therefore, HBV has the potential to upregulate miR-23a by suppressing p65 expression. In addition, nuclear IKKα coordinates the transcriptional activity of NF-κB to mediate the expression of miR-7, miR-21, miR-103, and miR-107 caused by HBx[104]. Intriguingly, HBV induced PPARγ to negatively control NF-κB/p65 protein via ubiquitination and degradation. Repressed NF-κB/p65 then reduces the endogenous miR-130a expression[105]. The discrepancy in the NF-κB results may be due to the different HBV viral proteins.
[bookmark: OLE_LINK6736]Toll-like receptors (TLRs), the main cellular innate immune cell receptor, play crucial roles in immune responses against viral infections, including HBV. Sarkar et al[106] find that TLR7 expression is reduced by HBV infection, while TLR7 is able to induce miR-155 through the NF-κB pathway. Considering that HBV suppresses TLR7 and its subsequent signaling pathway including MAPK/Ap-1, NF-κB, IRF3 and IRF7[107], HBV may impact miRNAs expression through regulating TLR proteins and their signaling pathways. In addition, one study finds that HBV upregulates LEF-1, a key component of the Wnt signaling pathway, to induce miR-371a-5p expression through binding with miR-371a-5p promoter[27]. 
Membrane-initiated estrogen receptor (ER) and androgen receptor (AR) signaling participate significantly in physiology and disease[108]. HBx enhances AR-responsive gene expression[109], and represses ERα responsive gene transcription[110]. Therefore, HBV has the potential to regulate the miRNAs that act as AR or ERα responsive elements. HBx amplified the transcription of pri-miR-216a which is activated as a result of ligand-stimulated AR binding to the ARE site at the 5′ promoter region. However, when applied to AR-negative cells, HBx failed to stimulate an increase in pri-miR-216a[111].

HBV modulates transcription factors to regulate miRNAs
HBV protein and its RNA can modulate the expression of some transcription factors or other proteins, which in turn regulate miRNAs expression (Table 8).
HBV promotes the expression of oncogenic proteins to regulate miRNAs. c-Myc oncoprotein is a transcription factor that regulates numerous physiological processes. Chang et al[112] identify 13 miRNAs which are prominently repressed by c-Myc through binding to miRNA promotors. HBV can directly interact with c-Myc and stimulate its expression, thereby affecting the expression of miRNAs. For example, HBx induces c-Myc, and then c-Myc is recruited to a region of miR-192 promotor, which leads to  decreased promotor activity, and subsequently downregulates miR-192-3p expression[113]. Similarly, HBx also downregulates miR-15a/16 expression[114], and suppresses let-7 family through c-Myc[115]. In addition, Jung et al[116] find that c-Myc mediates HBV-induced miR-17-92 overexpression. c-Myc also binds to the miR-3682-3p promoter, thus HBx may also induce miR-3682-3p expression via c-Myc[66]. CREB is an essential subset of phosphorylation-dependent transcription factors. HBx promotes CREB-mediated activation of miR-3188[28]. Similarly, HBx promotes miR-520c transcription through CREB1[117]. Meanwhile, HBx, survivin and Sp1 form a complex in the promotor of miR-520b, and the interaction between HBx and survivin or Sp1 is indispensable for the regulation of miR-520b[118]. FOXO3 is a transcriptional factor that promotes oncogenesis, HBp can promote the expression of miR-30b-5p through its interaction with FOXO3[119]. Moreover, HBx and TGF-1 induce JNK-dependent activation of c-Jun, which is then recruited to the miR-199a-3p promoter to stimulate its transcription[120].
HBV inhibits the expression of tumor suppressor proteins to regulate miRNAs. Acting as an important tumor suppressor gene, TP53 is the most frequently mutated gene in HBV-related HCC[121]. HBx can decrease the recruitment of p53 to the miR-216b promoter, and then inhibit miR-216b transcription[59]. Another research indicates that HBx can also repress miR-148a via suppressing p53-mediated activation[122]. Hepatocyte nuclear factor 4α (Hnf4α), a liver-enriched transcription factor that activates miR-122 gene transcription by binding to its promotor, is found to be repressed by HBV infection in both mRNA and protein levels[123]. Similarly, Hnf4α mediates HBx induced downregulation of miR-548p, possibly through direct binding to the miR-548p promoter[124]. 
In addition to these transcription factors, HBV also regulates some other proteins to affect miRNAs expression. URG4/URGCP, up-regulated by HBx, can up-regulate 77 miRNAs and down-regulate 9 miRNAs in HepG2 cells[125]. Yuan et al[126] find that HBx-induced miR-148a is dependent on oncogenic URG11. HBx also downregulates DDX3, which upregulates miR-34 expression[127]. Meanwhile, one study also identifies 75 miRNAs by ChIP-Seq whose promotor regions are putatively targeted by HBx protein, some of which have been implicated in hepatocarcinogenesis[128].

HBV affects production of miRNAs from their host genes
As the majority of miRNA genes are encoded in the introns of either noncoding or coding regions, multiple studies have demonstrated that only one-third of intronic miRNAs are transcribed from their own promoters. The coregulation of intronic miRNAs with their host genes can be further illustrated by their tissue- or disease-specific co-expression patterns[129]. 
Some miRNAs are derived from lncRNA precursors, which have the potential to be affected by HBV. LncRNA H19 has been proved to harbor a miRNA containing hairpin in its exon 1, which serves as the precursor for miRNA-675[130]. HBx upregulates H19 expression, leading to a corresponding increase of miR-675[131,132]. Therefore, HBV may affect the LncRNA-derived miRNAs. However, HBx can positively regulate miR-545/374a cluster in the Ftx lncRNA, but fails to regulate miR-421/374b cluster which is also encoded in Ftx introns. Even though miR-374a and miR-545 are transcribed off the same promoter, their abundances are not always correlated[12]. 
In addition, intronic miRNAs may be coupled with their host genes. miR-26b gene resides in an intron of CTDSP1. They share the same transcription start sites (TSS). miR-26b is therefore transcribed as part of its host transcription unit[133,134]. HBV downregulates miR-26b expression, partly because of the suppression of CTDSP1 mRNA transcription. Notably, the extent of the decrease in miR-26b level was greater than that of CTDSP1 mRNA, implying the other putative regulatory pathway[135]. Similarly, HBx promotes miR-106b, miR-93, and miR-25 transcription in HCC cells, whose host gene MCM7 is also co-transcribed and upregulated, suggesting that MCM7 activation may be involved in the regulation of these miRNAs by HBV[64]. 
Notably, despite the fact that some miRNA genes share the promoter of their host gene, the vast majority of miRNA genes have multiple TSS, and the promoters of intronic miRNAs are sometimes distinct from the promoters of their host genes.

HBV participants in epigenetic regulation of miRNAs
Epigenetic mechanisms mainly include DNA methylation, posttranslational histone modifications, chromatin remodeling, ncRNA interactions and RNA modification. Despite the significant involvement of miRNAs in epigenetic regulation, miRNAs are also regulated by epigenetic modifications and involved in diverse human diseases[136]. HBV can regulate epigenetics of miRNAs, leading to the functional disruption of miRNAs and consequently promoting HCC.
HBx has been found to increase the DNA methyltransferase (DNMT) activities and promote regional hypermethylation of specific tumor suppressor genes (TSG)[137]. It has been elucidated that HBx induces DNA hypermethylation of CpG islands in miR-18b[138], miR-30e[139], miR-132[140], and miR-205 promoter[141] to affect their expression. Shang et al[89] identify that miR-335, miR-129-2, and miR-203 are repressed by HBV, but are significantly activated by 5-azacytidine, the DNMT inhibitor, indicating that HBV regulates these miRNAs through DNMT-mediated methylation. Meanwhile, Tsang et al[142] find that knockdown of HBV-upregulated YY1[89] significantly decreases DNA methylation levels in the miR-9 Loci, leading to an increased miR-9 in HCC cells. Thus, YY1 may mediate the suppression of miRNAs caused by HBV through inducing DNA methylation. Conversely, although HBx leads to overall hypomethylation, HBx highly interferes methylation levels of -550 CpG site in the miR-125a promoter, and therefore triggers miR-125 expression[143]. Further study is needed to elaborate this phenomenon. 
As for the histone modification, Guerrieri et al[128] verify that HBx decreases H4 acetylation level in the promoter regions of miR-138-2, miR-224, miR-302e, miR-576-3p and miR-596, which may explain their downregulation. Conversely, HBx increases H4 acetylation at the miR-26b promoter. These imply HBx ability to regulate miRNAs by modulating the histone modification of miRNAs promotors[128]. In addition, H3K27me3 is an epigenetic modification to the DNA packaging protein Histone H3[144]. The genomic regions enriched for H3K27me3 can function as silencers to repress gene expression via chromatin interactions[145]. Knockdown of HBV-upregulated YY1 reduced not only global H3K27me3 levels, but also EZH2 and H3K27me3 promoter occupancy, leading to the increased miR-9 in HCC cells. It is also found that HBV-upregulated YY1 Leads to EZH2 recruitment for H3K27me3-mediated silencing of tumor-suppressing miRNAs[142], supporting the idea that HBV may indirectly regulate miRNAs through impacting H3K27me3 Levels mediated by EZH2 and YY1.
PPARγ, a ligand-activated transcription factor, is able to form a heterodimer with RXRα. The complex binds to DR1 and DR2 motifs in the miR-122 gene promoter to enhance miR-122 gene transcription, which will be amplified by 5-Aza-CdR (DNA methylation inhibitor) and PBA (histone deacetylation inhibitor). However, this positive regulation is abrogated by HBx which suppresses PPARγ-mediated transactivation through binding to the PPARγ DNA binding domain[146], indicating HBx may affect miR-122 epigenetics through binding and inhibiting PPARγ. 
N6methyladenosine (m6A) modification is the most widespread post-transcriptional modification in mammalian mRNAs. MiRNAs can control the expression of m6A regulator, but they are also frequently modified with m6A[147]. HBV infection enhances the expression of METTL3, promotes miR-146a-5p maturation in an m6A-dependent manner[148]. In addition, Gld2 is a cytoplasmic non-canonical poly(A) RNA polymerase that adds successive AMP monomers to the 3'-end of specific RNAs. It can directly monoadenylate specific miRNAs, including miR-122, to stabilize and prolong the activity of miRNAs[149]. HBx also downregulates Gld2 expression, decreasing miR-122 3’ monoadenylation and ultimately suppressing mature miR-122 expression[150].
A variety of endogenous RNAs are able to bind to miRNAs to reduce the number of free miRNAs. These competitive endogenous RNAs (ceRNAs) mainly include lncRNAs and circRNAs, showing an increasing significance in multiple diseases[151]. HBV has been shown to regulate miRNAs through lncRNAs or circRNAs (Table 9). HBV-induced lncRNA-Unigene56159 directly targets miR-140-5p and suppresses its expression[152]. HBV infection also elevates lncRNA PCNAP1 to target miR-154[153]. HBV also enhances LncRNA n335586 to competitively bind with miR-924[154]. Meanwhile, HBx is found to stimulate lncRNA H19 to directly target to miR-138[131] and miR-22[155] through endogenous competition. HBx upregulates TRERNA1, which functions as a ceRNA sponge for miR-22-3p[156]. Additionally, HBx upregulates lncRNA MALAT1 and downregulates miR-124 expression. Further study indicates that MALAT1 directly binds to miR-124[157]. HBx also upregulates HMMR-AS1 and downregulates miR-627-3p expression. And HMMR-AS1 directly targets miR-627-3p[158]. Conversely, HBx inhibits LINC01352, which functions as a tumor suppressor by sponging miR-135b, through binding to the site where ERα binds[159]. HBx also downregulates lncRNA F11-AS1 expression and elevates expression of miR-211-5p, while lncRNA F11-AS1 is capable of binding to miR-211-5p[160]. In HBV-positive HCC cells, LncRNA XIST[161], LINC01232[162] are markedly increased and TFAP2A-AS1[163] are significantly decreased. Further studies show that XIST targets miR-192[161], LINC01232 targets miR-708-5p[162] and TFAP2A-AS1 targets miR-933[163] in HCC, suggesting HBV may dysregulate these miRNAs through lncRNAs. Similarly, HBV may downregulate LINC00924 expression, while LINC00924 interacts with miR-6755-5p, suggesting a potential HBV/ LINC00924/ miR-6755-5p regulatory axis[164]. HBx also promotes the progression of HCC through translocation and secretion of HMGB1, as a sponge to competitively bind the miR-200 family, via calcium dependent cascades[165,166]. Therefore, HBx may affect miR-200 expression through HMGB1.
HBV also regulates circRNAs to affect miRNAs (Table 9). HBx upregulates METTL3 expression to increase the m6A modification of circ-ARL3, and further favors circ-ARL3 reverse splicing and biogenesis. circ-ARL3 binds to miR-1305, antagonizing the inhibitory effects of miR-1305 on target oncogenes[167]. HBV also upregulated Circ-RNF13, as a sponge for miR-424-5p[168]. HBV upregulates Circ-BACH1, which sponges miR-200a-3p to reduce its expression[169]. Meanwhile, HBV upregulates Circ-ATP5H expression, while Circ-ATP5H directly targets miR-138-5p[170]. In HBV-positive HCC cells compared to HBV-negative HCC cells, circ_0027089 is markedly increased and specifically binds to miR-136-5p[171].

HBV sponges miRNAs to inhibits miRNAs’ function
In addition to the lncRNAs and circRNAs, ceRNAs also include viral RNAs and host mRNAs[151]. HBV RNA could function as sponges to directly bind with miRNAs. Studies have implicated that HBV RNA may dysregulate miRNAs by binding to the complementary binding sites of miRNAs and depletion of miRNAs (Table 9).
HBV mRNAs, including pre-C/C (pgRNA), pre-S, S 3’-UTR, and X mRNAs, act as sponges to bind and sequester miR-15a/16-1, subsequently resulting in a depletion of miR-15a/16-1[172,173]. Li et al[174] validate that HBV mRNAs (pre-C/C (or pgRNA), pre-S, S 3’-UTR, and X mRNAs) can sponge miR-122 to inhibit its expression and function. Deng et al[175] identify that there is a let-7a complementary region in the HBV genome in HBV pre-C/C, pre-S, and S mRNAs. Notably, HBV regulates downstream targets of let-7a in a sequence-dependent manner. In addition, HBV transcripts harboring the preS2 region, such as HBV large S mRNA, can almost entirely interact with let-7g and subsequently promote HCC[176]. Ochi et al[177] find that HBx mRNA has complementary sequences with the central region of miR-129-5p, HBx mRNA interacts with the responsive element in the 3’ UTR of miR-129-5p and sequesters it from forming a complex with Ago2. It is noted that the abundances of viral RNAs may affect their regulation on miRNAs. Although HCV 5’UTR may be able to bind miR-122, it fails to change miR-122 expression like HBV mRNAs do. This discrepancy may be due to the fact that HCV mRNAs copy numbers are much less than miR-122, while HBV mRNAs copy numbers are more than miR-122[174]. Besides, HBV RNA copies per cell are much higher than those of let-7a[175], which may be essential for HBV RNA sequestration. 
Of note, HBV genome gene is frequently inserted to host genes, which may lead to the transcription of the integrated virus-human chimeric fusion. It is exemplified by the discovery of a novel chimeric HBx-LINE1 RNA, which is generated from a normally silenced region of chromosome 8p11.21 after HBV integration[178]. Functioning as a long noncoding RNA (lncRNA)-like transcript, HBx-LINE1 sequesters cellular miR-122 by directly absorbing it, which ultimately leads to the depletion of miR-122[178,179].

HBV affects miRNAs through autophagy
Autophagy is the major intracellular degradation system and plays a pivotal role in multiple physiological processes[180], some of which have been delineated to function through modulating specific miRNAs. Majority of existing works have shown that HBV is able to induce autophagy. However, Lan et al[181] find that HBx transgenesis leads to a lower autophagic level, and miR-224 is preferentially recruited and degraded through autophagic progression. In addition, the selective autophagy receptor NDP52 targets Dicer and Ago2 proteins for the degradation. Autophagy is required for miRNA homeostasis and activity. Moreover, autophagy participates in the posttranscriptional regulation of Dicer mRNA, and chronic autophagy deficits impair miRNA stability after pre-miRNA processing[182]. Therefore, HBV has the potential to affect autophagy to disrupt the homeostasis of miRNAs biogenesis.

C-terminal truncated HBx and HBV integration may affect the ability of HBV in inducing dysregulation of miRNA
Carboxyl-terminal truncated HBx proteins (Ct-HBx, also called HBxΔC or trHBx) are variants transcribed from the mutant HBV X gene whose 3′-end are deleted during HBV genome integration into the host cells. Ct-HBx plays a pivotal role in hepatocarcinogenesis[183,184]. Ct-HBx regulates specific miRNAs more effectively than full-length HBx (HBx-FL). For instance, HBx-D35 enhances miR-21 promoter occupancy and upregulates miR-21 expression compared to HBx-FL[91]. HBxD127 also remarkably increases miR-215 expression relative to HBx[185]. A possible explanation is that C-terminal truncation may affect the binding of HBx to cellular proteins, resulting in altered miRNA gene expression patterns in cells[184]. Notably, Ct-HBx directly binds to some miRNAs promotors, such as miR-26a and miR-29c, resulting in direct transcriptional suppression which HBx-FL is unable to induce. The reason for this discrepancy may be that HBx-FL and Ct-HBx bind to different chromatin binding regions of miRNAs[186]. However, not all miRNAs are under this regulation. miR-23a and miR-27a are concordantly regulated by both HBx-FL and Ct-HBx, and their binding regions are similar[186]. For miR-146a, Ct-HBx does not lead to the same elevation as HBx-FL does[187].
HBV pre-S2 mutant protein may also play a role in the dysregulation of miRNA. HBV pre-S2 mutant induces endoplasmic reticulum stress and the mTOR signal cascade in transgenic livers and HCC tissues[188,189]. Meanwhile, Mdm2-dependent ubiquitinoylation of Drosha by mTOR activates miRNA synthesis and controls many cancer-related miRNAs[190]. Since PreS/S proteins initiate a cascade of events that lead to malignancy[189], it's worth to investigate whether PreS mutant dysregulates miRNAs.
Considering HBV integration severely disrupts host cellular gene expression, genomic loci containing miRNA sequences inserted by HBV may impact miRNA expression. It has been found that HBV DNA integration into fragile sites may alter the expression of a couple of miRNAs which are located in or near fragile sites, including miR-200a near FRA1A, miR-143, miR-145 and miR-224 near FRA5C, miRNA-17–92 cluster near FRA13D, miR-195 near FRA17A, miR-99b, miR-125a and let-7e near FRA19A, and miR-199a-1 near FRA19B[191-193]. These miRNAs have been documented in HCC[191], and there are still a great many miRNAs that are potentially dysregulated by HBV integration[192].
In addition, Yang et al[194] also find miR-602 is upregulated by HBV or HBx, and they speculate that the chromosome 9q34.3 containing miR-602 sequence is commonly integrated by HBV, which may lead to increased miR-602 expression. Similarly, Guo et al[195] speculate that HBV-induced chromosome instability caused by HBV integration may play a role in promoting the miRNAs-371-3 gene cluster expression. Further study is needed to support this hypothesis. Therefore, HBV DNA integration may alter miRNA expression, but the underlying mechanism requires additional study.

MECHANISMS OF HBV DYSREGULATED MIRNAS IN PROMOTING HCC
[bookmark: OLE_LINK6789]By dysregulating miRNAs, HBV exacerbates its function in the oncogenesis of HCC. Currently, multiple reviews have summarized the essential role of HBV-dysregulated miRNAs in affecting tumor cell cycle, cell proliferation, cell apoptosis, cell migration and invasion, and epithelial-mesenchymal transition (EMT)[6,196-199]. Therefore, we provided an updated supplementary list of miRNAs dysregulated by HBV and involved in these processes (Supplementary Tables 1 and 2), which will not be elaborated here. In this section, we discuss the role of HBV-dysregulated miRNAs in the tumor stemness, metabolic reprogramming, anti-tumor immunity, and tumor drug resistance of HCC, which may shed light on potential treatment approaches (Table 10 and Figure 3).

Dysregulated miRNAs promote tumor stemness 
Liver cancer stem cells (CSCs) are a distinct population of HCC cells with stem cell characteristics, defining a hierarchical structure and contributing to treatment resistance and tumor recurrence. HBV is one of the most prominent players in liver CSCs. miRNAs partially mediate the stemness progression[200] (Table 11). 
In HCC cells, the expression of CD44, CD133, and EpCAM is markedly reduced by miR-124, indicating the pivotal effects of miR-124 in suppressing CSCs differentiation. HBx downregulates miR-124, and may therefore interfere CSCs differentiation[157]. In one research, HBx supports the progression of HCC via translocation and secretion of HMGB1, which regulates RICTOR expression in HCC by competitively binding to the miR-200 family[166]. Both HMGB1 and RICTOR mRNAs can augment HCC stemness characteristics in HCC[165]. HBsAg inhibits the expression of miR-203a in HCC cells. miR-203a decreases the proportion of CD133-positive HCC cells but not CD90, and it also significantly lowers the average percentage of ALDH-positive malignant stem cells. Therefore, HBV infection may promote the stemness of HCC via regulating miR-203a[58]. HBV also inhibits miR-325-3p[201], which suppresses the expression of critical stemness markers, including SOX-2, Nestin, Notch-1, OCT4, and Nanog. miR-325-3p/DPAGT1 may presumably have a role in HBV-induced HCC stemness[202]. In addition, miR-3682-3p mediates the oncogenic consequences of HBx-induced PI3K/AKT/c-Myc signaling. HBx increases stemness by elevating miR-3682-3p expression[66]. Meanwhile, miR-5188 directly targets FOXO1, which inhibits the nuclear translocation of β-catenin and promotes Wnt signaling activation and downstream tumor stemness. HBx modulates the miR-5188/FOXO1/β-catenin/c-Jun feedback loop to drive Wnt/β-catenin activation, subsequently promoting HCC stemness[67].

Dysregulated miRNAs affect metabolic reprogramming
Metabolic reprogramming plays a crucial role in the initiation and progression of cancer. A few studies have revealed that HBV affects the process of HCC by regulating metabolism (Table 11). Aerobic glycolysis is a distinguishing feature of HCC and is responsible for regulating proliferation, immune evasion, invasion, metastasis, and drug resistance in HCC[203]. The miR-30b-5p/MINPP1 axis is capable of accelerating the conversion of glucose to lactate and 2,3-bisphosphoglycerate (2,3-BPG), as well as regulating the glycolytic bypass to generate more 2-PG for energy supplementation. HBV protein P (HBp) regulates the miR-30b-5p/MINPP1 axis, contributing to the development of HBV-positive HCC cells via glycolytic bypass[119]. RICTOR regulates glutamine metabolism via mTOR signaling[165]. HBx stimulates the translocation and secretion of HMGB1[166], which regulates RICTOR expression in HCC by binding competitively to the miR-200 family. Therefore, HBx may affect miR-200 to dysregulate glutamine metabolism. As for lipid metabolism, changes in fatty acid synthesis, β-oxidation, and cellular lipidic composition contribute to hepatocarcinogenesis[204]. HBx inhibits miR-384 and upregulates its target PTN expression, while PTN promotes hepatoma cell lipogenesis[61]. Knockdown of Rab18b decreases the lipogenesis. HBx activates Rab18 through downregulating miR-429. Therefore, HBx could enhance hepatocarcinogenesis by leading to the dysregulation of lipogenesis via the miR-429/Rab18 axis[205]. Meanwhile, HBx inhibits miR-205 expression[141], and miR-205 inhibits lipogenesis in hepatoma cells dependent on ACSL1, suggesting that HBx inhibits miR-205 to promote lipogenesis[206].

Dysregulated miRNAs affect anti-tumor immunity 
It is widely acknowledged that HBV causes chronic liver damage through aberrant immunological reactions. During chronic HBV infection in humans, adaptive immunity transitions may be immune pathogenic factors for the development of HCC[207]. A number of research have revealed the function of miRNAs in HBV-induced immunological dysregulation (Table 11). HBV infection increases the expression of miR-146a, which impairs the IFN-induced anti-HBV immune response. Additionally, inhibition of miR-146a improves IFN-α-mediated anti-HBV efficacy[187]. In HBV-HCC patients, miR-138 is significantly higher than in asymptomatic carriers. By targeting the 3'-UTR region of PD-1, miR-138 alters its expression directly. miR-138 exerts its regulatory effects on T-cell cytokine production by suppressing PD-1 expression[208]. 
HBV also represses some miRNAs to affect anti-tumor immunity. One study finds that HBV-elevated CCL22 induction is mediated by transcriptionally repressing miR-23a. It is hypothesized that the axis of p65/miR-23a/CCL22 is present in the HCC cells and may drive tumor progression by recruiting Tregs, particularly when HBV infection was involved[103]. In HBV-expressing HepG2.215 cells, miR-34a is downregulated, while suppressed miR-34a leads to enhanced production of chemokine CCL22, which recruits Tregs to facilitate immune escape[209]. In addition, HLA-G, which inhibits different kinds of immune cells directly, such as NK, is downregulated by miR-152 in hepatoma cells. HBV inhibits miR-152 and increases the expression of its target HLA-G, which may further suppress NK against cancer cells[210]. Additionally, mRNAs of HMGB1 regulated by HBV and RICTOR regulated by HMGB1 mediated by miR-200[166] inhibit the response to anti-PD-L1 immunotherapy in HCC by elevating PD-L1+ exosomes[165].

Dysregulated miRNAs promote tumor drug resistance
Chemoresistance, resulting in cancer relapse and spread, is frequently mentioned as the largest cause of cancer therapeutic failure. In HCC, HBV commonly drives chemoresistance[211]. Accumulating evidence implicates the role of miRNAs in HBV-driven chemoresistance of HCC (Table 11).
HBc upregulates miR-135a-5p to suppress VAMP2 expression, blocking doxorubicin hydrochloride-induced apoptosis in HCC[212]. Similarly, HBV-upregulated miR-5188 Leads to an increase in resistance to the chemotherapy drugs 5-FU, cisplatin, and pharmorubicin[67]. Meanwhile, it is inferred that HBx elevates miR-7, -103, -107, and -21 expression to downregulate their target mapsin. Silencing maspin boosts HCC resistance to doxorubicin and other chemotherapeutic drugs[213]. These miRNAs may contribute to HBV-induced resistance to chemotherapy. 
For some anti-tumor miRNAs, HBV suppresses their expression to promote HCC drug resistance. HBV mRNA can directly sponge miR-15a/16 and inhibit the subsequent cascade of etoposide-induced apoptosis in hepatoma cells[173]. miR-193b is downregulated in HBV-positive cells and tissues. Recent research shows that it increases the sensitivity of HCC cells to sorafenib by suppressing the expression of the anti-apoptotic protein Mcl-1[57]. miR-203a reduces HCC cell viability after 5-fluorouracil (5-FU) treatment and also increases the apoptosis rate of HCC cells in response to 5-FU[58]. HBV suppresses miR-203a expression, and subsequently renders HCC cells resistant to chemotherapy drug-induced apoptosis. HBV inhibits miR-325-3p[201], which remarkably increases chemosensitivity to doxorubicin in HCC cells[202]. Similarly, HBV negatively regulates miR-329 and miR-1236 to elevate their target AFP expression, while AFP further attenuates the proapoptotic effect of chemotherapy agents cisplatinum[214]. 
At present, the research on HBV-dysregulated miRNAs to enhance drug resistance in HCC is in its infancy. It has been discovered that miRNA promotes tumor treatment resistance through targeted regulation of multiple drug-related genes and DNA damage repair-related genes[215]. Therefore, more in-depth studies are needed.

Dysregulated miRNAs promote HBV replication to perpetuate its infection
[bookmark: OLE_LINK6939]The majority of HBV-infected patients have strong viral replication. By promoting self-replication, HBV maintains a high titer and promotes hepatocarcinogenesis. The complex relationship between HBV replication and miRNA has been described in a number of reviews[53,199,216]. We have enumerated the currently known miRNAs dysregulated by HBV that regulate HBV replication in the Supplementary Tables 1 and 2. Intriguingly, HBx upregulates miR-125a-5p expression[217], which interferes with expression of HBV surface antigen[218]. HBV may modulate miRNAs to restrict self-replication, therefore maintaining a long period of existence.

Others
DNA hypermethylation is responsible for suppressing TSGs in hepatocarcinogenesis. The inhibition of miR-101 by HBx leads to an increase in DNMT3A expression, while miR-101 inhibition or overexpression drastically affects the mRNA expression of different TSGs, demonstrating that miR-101 operates upstream to enhance TSG expression[219]. 
During the process of metastasis, cancer cells detaching from extracellular matrix (ECM) acquire the ability to persist in circulation by evading anoikis-induced cell death[220]. It is found that HBx induces miR-7, -103, -107, and -21 to suppress maspin expression, while maspin downregulation conferes HBx-mediated anoikis resistance in HCC cells[213]. Therefore, it can be speculated that these miRNAs may similarly confer HBx-mediated anoikis resistance. 
In addition to directly affecting tumor cells, miRNA can indirectly accelerate the development of HCC via acting on other liver cells. Exosomal miR-142-3p from HBV-positive cells induces ferroptosis in HBV-infected M1-type macrophages via SLC3A2[221]. Similarly, exosomal miR-222 from HBV-infected hepatic cells boosts LX-2 cell activation by suppressing TFRC-induced ferroptosis, which ultimately exacerbates liver fibrosis[222]. Besides that, HBx-elevated P4HA2 enhances the collagen deposition in the liver in vivo and in vitro by inhibiting miR-30e, leading to liver fibrosis and liver cancer progression[139]. Moreover, HBx and TGF-β1 exposure induces the upregulation of miR-199a-3p, which contributes to the malignant transformation of hepatic progenitor cells (HPCs)[120]. As HPCs have the capacity to generate HCC with the cooperation of HBx and AFB1 in the liver microenvironment, this may provide new insight of HBV promoting HCC[223].

FUTURE PROSPECTS - CHALLENGES AND POTENTIAL CLINICAL USE OF MIRNAS IN DIAGNOSIS AND TREATMENT OF HBV-HCC
[bookmark: OLE_LINK6723]Due to the significant changes of miRNA in bodily fluid and tissues of HBV-HCC, its utility as a biomarker for the diagnosis of HCC incidence and prognostic risk has been extensively evaluated. However, since the PLR of miRNAs diagnosing HBV-HCC is less than 10 and the NLR is greater than 0.1[41,42], the clinical use of miRNAs for detecting HBV-HCC may still be limited. Traditional techniques for detecting miRNAs include Northern blotting, quantitative reverse transcription polymerase chain reaction (qRT-PCR), next-generation sequencing, and microarray-based hybridization[7,224]. However, quantifying miRNA in a dependable and robust manner can be challenging, and these methods may involve significant trade-offs between cost, complexity, and efficacy[7,224]. Therefore, using standardized measurements with unified standards will facilitate the collection of trustworthy miRNA data that can be compared across institutions[7]. It is crucial to minimize the influence of confounding factors, such as measurement technical characteristics, when detecting miRNA. Additionally, novel miRNA detection assays, such as miRacles which utilize conformationally responsive DNA nanoswitches, have been proved to be a simple, inexpensive, and accurate method for detecting miRNAs[224]. With the continuous development of new materials, it is anticipated that the miRNAs detection technology will increase in precision and sensitivity while decreasing in cost and operational complexity.
In addition to their use as diagnostics, miRNAs have significant promise for prognostication. Current relevant research has focused on miRNAs to predict the risk of recurrence, OS, and DFS in patients with HBV-HCC. There are few studies and insufficient data on circulating miRNAs. As circulating miRNAs offer numerous advantages, such as being convenient, safe, and noninvasive, their potential as biomarkers can be exploited further. For instance, miRNAs can be used to predict or evaluate the efficacy of neoadjuvant chemotherapy[225], radiotherapy[226], and immunotherapy[227] in cancer patients. Hence, miRNAs have the potential to anticipate therapeutic efficacy in HBV-HCC, which warrants further investigation.
Since HBV-dysregulated miRNAs play a significant role in hepatocarcinogenesis, miRNAs can be used as viable alternative therapeutic targets. Despite the fact that miRNA delivery to specific locations is hampered by many challenges, several techniques, such as conjugation, virus-associated delivery, and nanoparticles, have been researched to improve the efficacy of miRNA delivery[8]. In fact, multiple miRNA-based therapeutics have entered the clinical phase of cancer therapy. The combination of miRNAs therapy with chemotherapy, radiotherapy, and immunotherapy has shown encouraging outcomes against different malignancies[215]. Unfortunately, there is no relevant clinical research on the use of miRNAs in the treatment of HCC. Given that miRNAs play a crucial part in the occurrence and progression of HBV-HCC, the approaches of combining diverse strategies, applying complementary miRNAs together, or inventing new forms of miRNAs may bring considerable clinical benefits for HBV-HCC patients. To reach the ultimate objective of enhancing patient OS and DFS, additional research is required in this area.

CONCLUSION
HBV dysregulates miRNAs in multiple ways, thereby contributing to the occurrence and progression of HCC. Consequently, miRNAs are anticipated to become HBV-HCC biomarkers for diagnosis and prognosis. miRNAs-based therapies may also improve the efficacy of HBV-HCC. More research is required for miRNA clinical transformation.
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[bookmark: OLE_LINK6940][bookmark: OLE_LINK6794][bookmark: OLE_LINK6790][bookmark: OLE_LINK6791][bookmark: OLE_LINK6798][bookmark: _Hlk138752197]Table 1 Efficacy of single microRNAs used in diagnosing hepatitis B virus-associated hepatocellular carcinoma patients from healthy control
	miRNA
	AUC
	Sensitivity
	Specificity
	Ref.

	[bookmark: _Hlk141279121]miR-18a
	0.881 
	0.861 
	0.750 
	[228]

	miR-26a
	0.711 
	0.876 
	0.600 
	[30]

	miR-26a1
	0.685 
	0.907 
	0.600 
	[30]

	miR-26a-5p
	0.762 
	0.689 
	0.744 
	[38]

	miR-27a
	0.859 
	0.933 
	0.733 
	[30]

	miR-27a1
	0.809 
	0.926 
	0.733 
	[bookmark: OLE_LINK6944][30]

	miR-34a
	0.736 
	0.920 
	0.600 
	[21]

	miR-93-5p
	0.906 
	0.859 
	0.954 
	[15]

	miR-93-5p
	0.903 
	0.879 
	0.938 
	[15]

	miR-93-5p
	0.905 
	0.862 
	0.954 
	[15]

	miR-101
	0.788 
	0.761 
	0.700 
	[24]

	miR-122
	0.984 
	0.960 
	0.940 
	[16]

	miR-122
	0.869 
	0.816 
	0.833 
	[10]

	miR-122-5p
	0.697 
	0.489 
	0.822 
	[38]

	miR-125b
	0.835 
	0.798 
	0.867 
	[30]

	miR-125b
	0.891 
	0.859 
	0.786 
	[23]

	miR-125b
	0.940 
	0.830 
	0.960 
	[17]

	miR-125b1
	0.822 
	0.815 
	0.867 
	[30]

	miR-141-3p
	0.758 
	0.681 
	0.833 
	[38]

	miR-143
	0.813 
	0.776 
	0.860 
	[229]

	miR-145
	0.852 
	0.882 
	0.780 
	[229]

	miR-150
	0.931 
	0.825 
	0.837 
	[13]

	miR-192-5p
	0.695 
	0.719 
	0.756 
	[38]

	miR-199a-5p
	0.638 
	0.593 
	0.667 
	[38]

	miR-205
	0.885 
	0.969 
	0.679 
	[36]

	miR-206
	0.615 
	0.481 
	0.788 
	[38]

	miR-212
	0.886 
	0.696 
	0.950 
	[230]

	miR-214
	0.747 
	0.760 
	0.740 
	[21]

	miR-223
	0.736 
	0.921 
	0.633 
	[30]

	miR-2231
	0.822 
	0.907 
	0.633 
	[30]

	miR-433-5p
	0.736 
	0.793 
	0.644 
	[38]

	miR-487b
	0.946 
	0.888 
	0.909 
	[18]

	miR-487b 
	0.929 
	0.839 
	0.928 
	[19]

	miR-768-3p
	0.908 
	0.873 
	0.800 
	[20]

	miR-1228-5p
	0.552 
	0.793 
	0.278 
	[38]

	miR-5193
	0.993 
	0.960 
	1.000 
	[21]

	miR-6510
	0.839 
	0.720 
	0.910 
	[21]


1Comparing early-stage hepatitis B virus-associated hepatocellular carcinoma patients to patients with other stages. 
[bookmark: OLE_LINK6812]AUC: Area under the receiver operating characteristic curve; miRNAs: MicroRNAs.
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Table 2 Efficacy of single microRNAs used in diagnosing hepatitis B virus-associated hepatocellular carcinoma patients from hepatitis B virus-positive patients
	[bookmark: _Hlk141279221]Comparison
	miRNA
	AUC
	Sensitivity
	Specificity
	Ref.

	[bookmark: _Hlk141279250]HBV-carriers
	miR-20a-5p
	0.770 
	0.866 
	0.573 
	[231]

	HBV-carriers
	miR-25-3p
	0.718 
	0.553 
	0.793 
	[231]

	HBV-carriers
	miR-30a-5p
	0.681 
	0.642 
	0.683 
	[231]

	[bookmark: _Hlk141279216]HBV-carriers
	miR-92a-3p
	0.765 
	0.761 
	0.683 
	[231]

	HBV-carriers
	miR-132-3p
	0.722 
	0.910 
	0.366 
	[231]

	HBV-carriers
	miR-185-5p
	0.788 
	0.910 
	0.390 
	[231]

	HBV-carriers
	miR-320a
	0.678 
	0.388 
	0.878 
	[231]

	HBV-carriers
	miR-324-3p
	0.656 
	0.746 
	0.500 
	[231]

	CHB
	miR-26a
	0.650 
	0.533 
	0.833 
	[30]

	CHB
	miR-26a1
	0.411 
	0.582 
	0.500 
	[30]

	CHB
	miR-27a
	0.761 
	0.677 
	0.833 
	[30]

	CHB
	miR-27a1
	0.690 
	0.527 
	0.833 
	[30]

	CHB
	miR-34a
	0.619 
	0.400 
	0.870 
	[21]

	CHB
	miR-96
	0.803 
	0.779 
	0.753 
	[34]

	CHB
	miR-99a2
	0.694 
	0.844 
	0.567 
	[232]

	CHB
	miR-101
	0.777 
	0.881 
	0.620 
	[24]

	CHB
	miR-122
	0.190 
	0.250 
	0.250 
	[16]

	CHB
	miR-122
	0.630 
	0.776 
	0.578 
	[10]

	CHB
	miR-125b
	0.675 
	0.522 
	0.867 
	[30]

	CHB
	miR-125b
	0.958 
	0.938 
	0.857 
	[23]

	CHB
	miR-125b
	0.792 
	0.906 
	0.567 
	[232]

	CHB
	miR-125b
	0.800 
	0.810 
	0.870 
	[17]

	CHB
	miR-125b1
	0.631 
	0.400 
	0.870 
	[30]

	CHB
	miR-126
	0.670 
	0.630 
	0.580 
	[32]

	CHB
	miR-142-3p
	0.550 
	0.320 
	0.910 
	[32]

	CHB
	miR-150
	0.881 
	0.791 
	0.765 
	[13]

	CHB
	miR-214
	0.520 
	0.850 
	0.430 
	[21]

	CHB
	miR-223
	0.737 
	0.544 
	0.933 
	[30]

	CHB
	miR-2231
	0.656 
	0.782 
	0.533 
	[30]

	CHB
	miR-224
	0.846 
	0.865 
	0.745 
	[11]

	CHB
	miR-487b
	0.815 
	0.836 
	0.667 
	[18]

	CHB
	miR-487b 
	0.856 
	0.759 
	0.897 
	[19]

	CHB
	miR-768-3p
	0.819 
	0.850 
	0.727 
	[20]

	CHB
	miR-5193
	0.817 
	0.798 
	0.820 
	[21]

	CHB
	miR-6510
	0.531 
	0.810 
	0.390 
	[21]

	HBV-DN
	let-7b
	0.633 
	0.825 
	0.467 
	[233]

	HBV-DN
	miR-122
	0.648 
	0.667 
	0.567 
	[233]

	HBV-LC
	miR-26a-5p
	0.744 
	0.607 
	0.909 
	[38]

	HBV-LC
	miR-99a2
	0.696 
	0.967 
	0.563 
	[232]

	HBV-LC
	miR-101
	0.976 
	0.955 
	0.902 
	[24]

	HBV-LC
	miR-122
	0.675 
	0.610 
	0.760 
	[37]

	HBV-LC
	miR-122-5p
	0.751 
	0.489 
	0.902 
	[38]

	HBV-LC
	miR-125b
	0.958 
	0.891 
	0.881 
	[23]

	HBV-LC
	miR-125b
	0.910 
	0.780 
	0.960 
	[17]

	HBV-LC
	miR-126
	0.578 
	0.550 
	0.580 
	[32]

	HBV-LC
	miR-141-3p
	0.663 
	0.607 
	0.727 
	[38]

	HBV-LC
	miR-142-3p
	0.566 
	0.550 
	0.630 
	[32]

	HBV-LC
	miR-192-5p
	0.687 
	0.548 
	0.833 
	[38]

	HBV-LC
	miR-199a-5p
	0.589 
	0.593 
	0.576 
	[38]

	HBV-LC
	miR-205
	0.781 
	0.969 
	0.542 
	[36]

	HBV-LC
	miR-206
	0.693 
	0.778 
	0.689 
	[38]

	HBV-LC
	miR-224
	0.832 
	0.865 
	0.667 
	[11]

	HBV-LC
	miR-433-5p
	0.644 
	0.564 
	0.674 
	[38]

	HBV-LC
	miR-1228-5p
	0.542 
	0.667 
	0.470 
	[38]

	CHB + HBV-LC
	miR-18a
	0.775 
	0.772 
	0.700 
	[228]

	CHB + HBV-LC
	miR-224
	0.840 
	0.865 
	0.711 
	[11]

	CHB + HBV-LC
	miR-375
	0.768 
	0.938 
	0.639 
	[234]


[bookmark: OLE_LINK6810]1Comparing early-stage hepatitis B virus (HBV)-associated hepatocellular carcinoma (HCC) patients to patients with other stages.
2Comparing advanced HBV-HCC to patients with other stages.
[bookmark: OLE_LINK6811][bookmark: OLE_LINK6818]CHB: Chronic hepatitis B patient, HBV-DN: Hepatitis B virus-related dysplastic nodule patient; HBV-LC: Hepatitis B virus-related liver cirrhosis patient; AUC: Area under the receiver operating characteristic curve; miRNAs: MicroRNAs.
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Table 3 Efficacy of microRNAs panels used in diagnosing hepatitis B virus-associated hepatocellular carcinoma
	Comparison
	miRNA
	AUC
	Sensitivity
	Specificity
	Ref.

	HC
	miR-125b + miR-2231
	0.881 
	0.891 
	0.833 
	[30]

	HC
	miR-125b + miR-26a1
	0.884 
	0.873 
	0.867 
	[30]

	HC
	miR-223 + miR-27a1
	0.892 
	0.909 
	0.833 
	[30]

	HC
	miR-223 + miR-26a1
	0.828 
	0.927 
	0.667 
	[30]

	HC
	miR-27a + miR-26a1
	0.895 
	0.945 
	0.833 
	[30]

	HC
	miR-125b + miR-223 + miR-27a + miR-26a
	0.932 
	0.865 
	0.933 
	[30]

	HC
	miR-125b + miR-223 + miR-27a + miR-26a1
	0.910 
	0.852 
	0.933 
	[30]

	HC
	miR-375 + miR-25 + and let-7f
	0.997 
	0.979 
	0.991 
	[31]

	HC
	miR-23b + miR-423 + miR-375 + miR-23a + miR-342-3p
	0.999 
	0.969 
	0.994 
	[31]

	HC
	miR-122 + miR-192 + miR-21 + miR-223 + miR-26a + miR-27a + miR-801
	0.941 
	0.832 
	0.939 
	[44]

	HC
	miR-27b-3p + miR-192-5p
	0.823 
	0.685 
	0.952 
	[235]

	HC
	miR-206 + miR-141-3p + miR-433-5p + miR-1228-5p + miR-199a-5p + miR-122-5p + miR-192-5p + miR-26a-5p
	0.893 
	0.828 
	0.833 
	[38]

	HBV-carriers
	miR-20a-5p + miR-25-3p + miR-30a-5p + miR-92a-3p + miR-132-3p + miR-185-5p + miR-320a + miR-324-3p
	0.802 
	0.866 
	0.646 
	[231]

	HBV-carriers
	miR-20a-5p + miR-320a + miR-324-3p + miR-375
	0.768 
	0.650 
	0.775 
	[231]

	HBV-carriers
	miR-20a-5p + miR-320a + miR-324-3p + miR-375
	0.706 
	0.560 
	0.838 
	[231]

	CHB
	miR-125b + miR-2231
	0.680 
	0.473 
	0.867 
	[30]

	CHB
	miR-125b + miR-26a1
	0.668 
	0.509 
	0.833 
	[30]

	CHB
	miR-223 + miR-27a1
	0.714 
	0.582 
	0.833 
	[30]

	CHB
	miR-223 + miR-26a1
	0.708 
	0.509 
	0.900 
	[30]

	CHB
	miR-27a + miR-26a1
	0.741 
	0.873 
	0.533 
	[30]

	CHB
	miR-125b + miR-223 + miR-27a + miR-26a
	0.761 
	0.622 
	0.867 
	[30]

	CHB
	miR-125b + miR-223 + miR-27a + miR-26a1
	0.687 
	0.818 
	0.533 
	[30]

	CHB
	miR-10a + miR-125b
	0.992 
	0.985 
	0.985 
	[31]

	CHB
	miR-122 + miR-192 + miR-21 + miR-223 + miR-26a + miR-27a + miR-801
	0.842 
	0.791 
	0.764 
	[44]

	HBV-LC
	miR-122 + miR-192 + miR-21 + miR-223 + miR-26a + miR-27a + miR-801
	0.884 
	0.750 
	0.911 
	[44]

	HBV-LC
	miR-27b-3p + miR-192-5p
	0.859 
	0.785 
	0.793 
	[235]

	HBV-LC
	miR-206 + miR-141-3p + miR-433-5p + miR-1228-5p + miR-199a-5p + miR-122-5p + miR-192-5p + miR-26a-5p
	0.892 
	0.816 
	0.846 
	[38]


[bookmark: OLE_LINK6817]1Comparing early-stage hepatitis B virus-associated hepatocellular carcinoma patients to patients with other stages.
[bookmark: OLE_LINK6815][bookmark: OLE_LINK6816][bookmark: OLE_LINK6829]HC: Healthy control, CHB: Chronic hepatitis B patient; HBV-LC: Hepatitis B virus-related liver cirrhosis patient; AUC: Area under the receiver operating characteristic curve; miRNAs: MicroRNAs.
[bookmark: OLE_LINK6830]
Table 4 Efficacy of microRNAs combined with other biomarkers used in diagnosing hepatitis B virus-associated hepatocellular carcinoma
	Comparison
	miRNA
	AUC
	Sensitivity
	Specificity
	Ref.

	[bookmark: _Hlk141279928]HC
	miR-125b + miR-27a + AFP1
	0.937 
	0.909 
	0.933 
	[30]

	HC
	miR-125b + miR-223 + miR-27a + miR-26a + AFP
	0.945 
	0.910 
	0.933 
	[30]

	HC
	miR-125b + miR-223 + miR-27a + miR-26a + AFP2
	0.972 
	0.944 
	0.900 
	[30]

	HC
	miR-125b + miR-223 + miR-27a + miR-26a + AFP1
	0.936 
	0.907 
	0.933 
	[30]

	HC
	miR-125b + miR-223 + miR-27a + miR-26a + AFP1,2
	0.956 
	0.800 
	1.000 
	[30]

	HBV-carriers
	miR-20a-5p + miR-320a + miR-324-3p + miR-375 + AFP
	0.789 
	0.700 
	0.775 
	[231]

	HBV-carriers
	miR-20a-5p + miR-320a + miR-324-3p + miR-375 + AFP
	0.767 
	0.640 
	0.838 
	[231]

	CHB
	miR-96 + AFP
	0.889 
	0.836 
	0.824 
	[34]

	CHB
	miR-126 + AFP
	0.920 
	0.840 
	0.920 
	[32]

	CHB
	miR-142-3p + AFP
	0.910 
	0.860 
	0.940 
	[32]

	CHB
	miR-224 + AFP
	0.867 
	0.875 
	0.765 
	[11]

	CHB
	miR-125b + miR-27a + AFP1
	0.722 
	0.600 
	0.833 
	[30]

	CHB
	miR-125b + miR-223 + miR-27a + miR-26a + AFP
	0.790 
	0.689 
	0.867 
	[30]

	CHB
	miR-125b + miR-223 + miR-27a + miR-26a + AFP2
	0.833 
	0.820 
	0.767 
	[30]

	CHB
	miR-125b + miR-223 + miR-27a + miR-26a + AFP1
	0.728 
	0.582 
	0.867 
	[30]

	CHB
	miR-125b + miR-223 + miR-27a + miR-26a + AFP1,2
	0.812 
	0.704 
	0.833 
	[30]

	CHB
	miR-126 + miR-142-3p + AFP
	0.930 
	0.880 
	0.970 
	[32]

	HBV-DN
	let-7b + AFP
	0.706 
	0.508 
	0.767 
	[233]

	HBV-DN
	miR-122 + AFP
	0.714 
	0.792 
	0.533 
	[233]

	HBV-LC
	miR-99a + AFP
	0.780 
	0.719 
	0.828 
	[232]

	HBV-LC
	miR-101 + AFP
	0.973 
	0.966 
	0.879 
	[24]

	HBV-LC
	miR-122 + AFP + PIVKA-II
	0.918 
	0.910 
	0.880 
	[37]

	HBV-LC
	miR-126 + AFP
	0.897 
	0.800 
	0.790 
	[32]

	HBV-LC
	miR-142-3p + AFP
	0.899 
	0.850 
	1.000 
	[32]

	HBV-LC
	miR-205 + AFP
	0.893 
	0.750 
	0.860 
	[36]

	HBV-LC
	miR-224 + AFP
	0.844 
	0.969 
	0.641 
	[11]

	HBV-LC
	miR-126 + miR-142-3p + AFP
	0.939 
	0.850 
	0.840 
	[32]

	CHB + HBV-LC
	miR-224 + AFP
	0.857 
	0.875 
	0.722 
	[11]


[bookmark: OLE_LINK6826]1Comparing early-stage hepatitis B virus-associated hepatocellular carcinoma patients to patients with other stages.
2Adjusting for gender and age differences. 
[bookmark: OLE_LINK6824][bookmark: OLE_LINK6825][bookmark: OLE_LINK6827][bookmark: OLE_LINK6828][bookmark: OLE_LINK6841]HC: Healthy control; CHB: Chronic hepatitis B patient; HBV: Hepatitis B virus; HBV-DN: Hepatitis B virus-related dysplastic nodule patient; HBV-LC: Hepatitis B virus-related liver cirrhosis patient; AFP: Alpha fetoprotein; PIVKA-II: Prothrombin induced by vitamin K deficiency or antagonist- II; AUC: Area under the receiver operating characteristic curve; miRNAs: MicroRNAs.

[bookmark: OLE_LINK6831][bookmark: OLE_LINK6846]
Table 5 Efficacy of microRNAs used in diagnosing hepatitis B virus-associated hepatocellular carcinoma with low alpha fetoprotein expression
	AFP level in HBV-HCC patients
	Comparison
	miRNA
	AUC
	Sensitivity
	Specificity
	Ref.

	[bookmark: OLE_LINK6835]< 15 ng/mL
	HBV-DN
	let-7b
	0.645 
	0.848 
	0.500 
	[233]

	< 15 ng/mL
	HBV-DN
	miR-122
	0.629 
	0.712 
	0.577 
	[233]

	< 15 ng/mL
	HBV-DN
	miR-122 + let-7b
	0.646 
	0.848 
	0.500 
	[233]

	≤ 20 ng/mL
	CHB + HC
	miR-26a
	0.733 
	0.868 
	0.574 
	[30]

	≤ 20 ng/mL
	CHB + HC
	miR-26a1
	0.701 
	0.880 
	0.574 
	[30]

	≤ 20 ng/mL
	CHB + HC
	miR-27a
	0.832 
	0.838 
	0.723 
	[30]

	≤ 20 ng/mL
	CHB + HC
	miR-27a1
	0.771 
	0.800 
	0.723 
	[30]

	≤ 20 ng/mL
	CHB + HC
	miR-125b
	0.778 
	0.760 
	0.790 
	[30]

	≤ 20 ng/mL
	CHB + HC
	miR-125b1
	0.775 
	0.800 
	0.787 
	[30]

	≤ 20 ng/mL
	CHB + HC
	miR-223
	0.759 
	0.789 
	0.702 
	[30]

	≤ 20 ng/mL
	CHB + HC
	miR-2231
	0.715 
	0.720 
	0.723 
	[30]

	< 20 ng/mL
	CHB + HC
	miR-15b + miR-130b
	0.980 
	0.967 
	0.915 
	[9]

	≤ 20 ng/mL
	CHB + HC
	miR-125b + miR-223 + miR-27a + and miR-26a
	0.874 
	0.842 
	0.851 
	[30]

	≤ 20 ng/mL
	CHB + HC
	miR-125b + miR-223 + miR-27a + miR-26a1
	0.849 
	0.800 
	0.894 
	[30]

	< 200 ng/mL
	CHB
	miR-125b
	0.943 
	1.000 
	0.755 
	[23]

	< 250 ng/mL
	CHB
	miR-126
	0.765 
	0.610 
	0.690 
	[32]

	< 250 ng/mL
	HBV-LC
	miR-126
	0.643 
	0.610 
	0.580 
	[32]

	< 400 ng/mL
	HBV-LC
	miR-205
	0.815 
	1.000 
	0.560 
	[36]

	[bookmark: OLE_LINK6836]20-400 ng/mL
	CHB + HC
	miR-15b + miR-130b
	0.976 
	1.000 
	0.915 
	[9]

	< 400 ng/mL
	CHB + HBV-LC + HC
	miR-122 + miR-192 + miR-21 + miR-223 + miR-26a + miR-27a + miR-801
	0.879 
	0.777 
	0.845 
	[44]


[bookmark: OLE_LINK6843]1Comparing early-stage hepatitis B virus-associated hepatocellular carcinoma patients to patients with other stages. 
[bookmark: OLE_LINK6837][bookmark: OLE_LINK6840][bookmark: OLE_LINK6838][bookmark: OLE_LINK6839][bookmark: OLE_LINK6844][bookmark: OLE_LINK6842][bookmark: OLE_LINK6856]HBV-DN: Hepatitis B virus-related dysplastic nodule patient; CHB: Chronic hepatitis B patient; HC: Healthy control; HBV: Hepatitis B virus; HCC: Hepatocellular carcinoma; HBV-LC: Hepatitis B virus-related liver cirrhosis patient; AFP: Alpha fetoprotein; AUC: Area under the receiver operating characteristic curve; miRNAs: MicroRNAs.


[bookmark: OLE_LINK6845][bookmark: OLE_LINK6858]Table 6 Efficacy of microRNAs used to predict the prognosis of hepatitis B virus-associated hepatocellular carcinoma
	[bookmark: _Hlk141280378]Tissues/serum
	miRNA panels
	Risk/protective factors
	Outcome
	HR
	CI
	Ref.

	Tissues
	miR-9-3a
	Risk
	OS
	-
	-
	[62]

	Tissues
	miR-10ba
	Risk
	OS
	-
	-
	[62]

	Tissues
	miR-21b
	Risk
	DFS
	3.019
	0.219-6.939
	[56]

	Tissues
	miR-29a-5pb
	Risk
	TTR
	0.5 
	0.3-0.8
	[63]

	Tissues
	miR-29a-5pb
	Risk
	OS
	-
	-
	[63]

	Tissues
	miR-31a
	Risk
	OS
	-
	-
	[62]

	Tissues
	miR-106ba
	Risk
	OS, DFS
	-
	-
	[64]

	Tissues
	miR-122a
	Protect
	OS
	-
	-
	[54]

	Tissues
	miR-122b
	Protect
	OS
	-
	-
	[55]

	Tissues
	miR-143b
	Protect
	OS
	-
	-
	[55]

	Tissues
	miR-145a
	Protect
	DFS
	1.12
	0.293-2.958
	[56]

	Tissues
	miR-193bc
	Protect
	OS
	-
	-
	[57]

	Tissues
	miR-203a
	Protect
	OS
	0.63
	0.41-0.97
	[58]

	Tissues
	miR-216bc
	Protect
	OS, DFS
	-
	-
	[59]

	Tissues
	miR-224b
	Risk
	OS
	-
	-
	[55]

	Tissues
	miR-371a-5pb
	Risk
	OS
	-
	-
	[27]

	Tissues
	miR-375
	Protect
	DFS
	-
	-
	[60]

	Tissues
	miR-375b
	Protect
	OS
	-
	-
	[55]

	Tissues
	miR-384a
	Protect
	OS
	-
	-
	[61]

	Tissues
	miR-519ca
	Risk
	OS
	-
	-
	[62]

	Tissues
	miR-522a
	Risk
	OS
	-
	-
	[62]

	Tissues
	miR-522b
	Risk
	OS
	2.19
	1.33-3.6
	[65]

	Tissues
	miR-523b
	Risk
	OS
	1.5
	1-2.44
	[65]

	Tissues
	miR-3188c
	Risk
	OS, DFS
	-
	-
	[28]

	Tissues
	miR-3660a
	Risk
	OS
	-
	-
	[62]

	Tissues
	miR-3682-3pc
	Risk
	OS
	-
	-
	[66]

	Tissues
	miR-4784a
	Risk
	OS
	-
	-
	[62]

	Tissues
	miR-5188b
	Risk
	OS
	-
	-
	[67]

	Tissues
	miR-6883a
	Risk
	OS
	-
	-
	[62]

	Serum
	miR-24-3pb
	Risk
	OS
	2.141
	1.158-3.960
	[33]

	Serum
	miR-24-3pb
	Risk
	DFS
	2.055
	1.114-3.792
	[33]

	Serum
	miR-29a-3pb
	Risk
	OS
	4.0
	1.2-13.9
	[69]

	Serum
	miR-29a-3pa
	Risk
	PFS
	-
	-
	[69]

	Serum
	miR-96a
	Risk
	OS
	-
	-
	[34]

	Serum
	miR-150c
	Protect
	OS
	0.446
	0.233-0.854
	[13]

	Serum
	miR-192-5pb
	Risk
	OS
	-
	-
	[69]

	Serum
	miR-192-5pb
	Risk
	PFS
	2.2
	1.1-4.2
	[69]

	Serum
	miR-487ba
	Risk
	OS
	2.846
	1.139-7.114
	[19]

	Serum
	miR-487bc
	Risk
	OS
	2.115
	1.083-4.132
	[18]

	Serum
	miR-768-3pb
	Protect
	OS
	3.057
	1.136-8.225
	[20]

	Plasma
	miR-155
	Risk
	OS
	-
	-
	[70]


aP < 0.05.
[bookmark: OLE_LINK6850]bP < 0.01.
cP < 0.001.
[bookmark: OLE_LINK6851][bookmark: OLE_LINK6852][bookmark: OLE_LINK6853][bookmark: OLE_LINK6854][bookmark: OLE_LINK6855][bookmark: OLE_LINK6863]OS: Overall survival; DFS: Disease-free survival; TTR: Time to tumor recurrence; PFS: Progression-free survival; HR: Hazard ratio; CI: Confidence interval; miRNAs: MicroRNAs.
[bookmark: OLE_LINK6857][bookmark: OLE_LINK6865]
Table 7 Dysregulated signaling pathways mediates hepatitis B virus-induced microRNAs dysregulation
	Upstream signaling pathway
	miRNA
	HBV protein
	Expression
	Ref.

	[bookmark: _Hlk141280704]ERK1/2/CREB
	miR-212-3p
	HBe
	Up
	[85]

	MAPK/Ap1
	miR-21
	HBx
	Up
	[87,88]

	MAPK/YY1
	miR-129-2
	HBV
	Down
	[89]

	MAPK/YY1
	miR-203
	HBV
	Down
	[89]

	MAPK/YY1
	miR-335
	HBV
	Down
	[89]

	IL-6/STAT3
	miR-21
	HBx
	Up
	[91]

	STAT3
	miR-328-3p
	HBV, HBx, HBc
	Up
	[90]

	STAT3
	miR-34a
	HBx
	Down
	[95]

	STAT3/SALL4
	miR-200c
	HBV
	Down
	[94]

	STAT3
	miR-204
	HBV
	Down
	[93]

	STAT3
	miR-539
	HBx
	Up
	[92]

	NF-κB
	miR-23a
	HBV
	Up
	[103]

	NF-κB
	miR-143
	HBx
	Up
	[98,99]

	NF-κB
	miR-146a
	HBx
	Up
	[100]

	NF-κB
	miR-146a-5p
	HBx, HBc
	Up
	[97]

	NF-κB
	miR-1269b
	HBx
	Up
	[74]

	PI3K, NF-κB 
	miR-155
	HBe
	Up
	[101]

	IKKα/NF-κB 
	miR-7
	HBx
	Up
	[104]

	IKKα/NF-κB 
	miR-21
	HBx
	Up
	[104]

	IKKα/NF-κB 
	miR-103
	HBx
	Up
	[104]

	IKKα/NF-κB 
	miR-107
	HBx
	Up
	[104]

	Androgen pathway
	miR-216a
	HBx
	Up
	[111]

	TLR7/NF-κB 
	miR-155
	HBV
	Down
	[106]

	LEF-1
	miR-371a-5p
	HBV
	Up
	[27]

	PPARγ/NF-κB/p65
	miR-130a
	HBV
	Down
	[105]


[bookmark: _Hlk141280717][bookmark: OLE_LINK6867]HBV: Hepatitis B virus; HBe: Hepatitis B virus envelope antigen; HBx: Hepatitis B virus x protein, HBc: Hepatitis B virus core antigen; miRNAs: MicroRNAs.
[bookmark: OLE_LINK6864][bookmark: OLE_LINK6869]
Table 8 Dysregulated transcription factors or upstream regulatory elements mediates hepatitis B virus-induced microRNAs dysregulation
	Transcription factors or upstream regulatory elements
	miRNA
	HBV protein
	Expression
	Ref.

	c-Myc
	let-7
	HBx
	Down
	[115]

	c-Myc
	miR-15a/16
	HBx
	Down
	[114]

	c-Myc
	miR-17-92
	HBV
	Up
	[116]

	c-Myc
	miR-192
	HBx
	Down
	[113]

	c-Myc
	miR-3682-3p
	HBx
	Up
	[66]

	CREB1
	miR-520c-3p 
	HBx
	Up
	[117]

	CREB
	miR-3188
	HBx
	Up
	[28]

	Survivin, Sp1
	miR-520b
	HBx
	Up
	[118]

	FOXO3
	miR-30b-5p
	HBp
	Up
	[119]

	URG11
	miR-148a
	HBx
	Up
	[126]

	JNK/c-Jun
	miR-199a-3p
	HBx
	Up
	[120]

	p53
	miR-216b
	HBx
	Down
	[59]

	p53
	miR-148a
	HBx
	Down
	[122]

	Hnf4α
	miR-122
	HBV
	Down
	[123]

	Hnf4α
	miR-548p
	HBx
	Down
	[124]

	DDX3 
	miR-34
	HBx
	Down
	[127]


[bookmark: OLE_LINK6866][bookmark: OLE_LINK6880]HBV: Hepatitis B virus; HBx: Hepatitis B virus x protein; HBp: Hepatitis B virus polymerase protein; miRNAs: MicroRNAs.
[bookmark: OLE_LINK6868][bookmark: OLE_LINK6882]
Table 9 MicroRNAs sponges dysregulated by hepatitis B virus to induce microRNAs dysregulation
	
	miRNAs sponges
	miRNA
	Expression
	Ref.

	[bookmark: _Hlk141280917][bookmark: OLE_LINK6878][bookmark: _Hlk141280908]LncRNA
	LncRNA Unigene56159
	miR-140-5p
	Down
	[152]

	
	LncRNA PCNAP1
	miR-154
	Down
	[153]

	
	LncRNA n335586
	miR-924
	Down
	[154]

	
	LncRNA H19
	miR-138
	Down
	[131]

	
	LncRNA H19
	miR-22
	Down
	[155]

	
	LncRNA TRERNA1
	miR-22-3p
	Down
	[156]

	
	LncRNA MALAT1
	miR-124
	Down
	[157]

	
	LncRNA HMMR-AS1
	miR-627-3p
	Down
	[158]

	
	LncRNA LINC01352
	miR-135b
	Up
	[159]

	
	LncRNA F11-AS1
	miR-211-5p
	Up
	[160]

	
	LncRNA XIST
	miR-192
	Down
	[161]

	
	LncRNA LINC01232
	miR-708-5p
	Down
	[162]

	
	LncRNA TFAP2A-AS1
	miR-933
	Up
	[163]

	
	LncRNA LINC00924
	miR-6755-5p
	Up
	[164]

	
	LncRNA HMGB1
	miR-200
	Down
	[165,166]

	CircRNA
	CircRNA ARL3
	miR-1305
	Down
	[167]

	
	CircRNA RNF13
	miR-424-5p
	Down
	[168]

	
	CircRNA BACH1
	miR-200a-3p
	Down
	[169]

	
	CircRNA ATP5H
	miR-138-5p
	Down
	[170]

	
	CircRNA 0027089
	miR-136-5p
	Down
	[171]

	[bookmark: _Hlk141280915]HBV mRNAs
	HBx mRNA
	miR-15a/miR-16-1
	Down
	[172]

	
	HBV mRNAs
	miR-15a/miR-16
	Down
	[173]

	
	HBV mRNAs
	miR-122
	Down
	[174]

	
	HBV mRNAs
	let-7a
	Down
	[175]

	
	HBs mRNA
	let-7g
	Down
	[176]

	
	HBx mRNA
	miR-129-5p
	Down
	[177]

	
	HBx-LINE1
	miR-122
	Down
	[179]


[bookmark: OLE_LINK6879][bookmark: OLE_LINK6930]HBV: Hepatitis B virus; HBx: Hepatitis B virus x protein; HBs: Hepatitis B virus surface protein; miRNAs: MicroRNAs.

[bookmark: OLE_LINK6881][bookmark: OLE_LINK6934][bookmark: OLE_LINK6927]Table 10 Functions of hepatitis B virus-dysregulated microRNAs in promoting hepatocellular carcinoma
	[bookmark: RANGE!C4][bookmark: OLE_LINK6898][bookmark: OLE_LINK6899][bookmark: OLE_LINK6925][bookmark: OLE_LINK6926]miRNA
	HBV protein
	Expression
	Target genes
	Abnormal function in HBV-HCC
	Ref.

	[bookmark: _Hlk141281681]miR-7
	HBV, HBx
	[bookmark: OLE_LINK6920]Up
	[bookmark: OLE_LINK6902]Mapsin
	Conferring HBx-mediated anoikis resistance and doxorubicin resistance
	[213]

	miR-15a/16
	HBV mRNA
	Down
	-
	Inducing etoposide-induced apoptosis
	[173]

	miR-21
	HBV, HBx
	Up
	Mapsin
	Conferring HBx-mediated anoikis resistance and doxorubicin resistance
	[213]

	miR-23a
	HBV
	Down
	CCL22 
	Inhibiting Tregs recruitment 
	[103]

	miR-30b-5p
	HBp
	Up
	MINPP1
	Promoting tumor growth, enhancing cell proliferation, promoting cell migration and invasion, regulating glycolytic bypass metabolism
	[119]

	miR-34a
	HBV
	Down
	CCL22
	Inhibiting Tregs recruitment 
	[209]

	miR-103
	HBV, HBx
	Up
	Mapsin
	[bookmark: OLE_LINK6903]Conferring HBx-mediated anoikis resistance and doxorubicin resistance
	[213]

	miR-107
	HBV, HBx
	Up
	Mapsin
	[bookmark: OLE_LINK6904]Conferring HBx-mediated anoikis resistance and doxorubicin resistance
	[213]

	miR-124
	HBx
	Down
	PI3K/Akt
	[bookmark: OLE_LINK6905]Suppressing CSC differentiation
	[157]

	miR-135a-5p
	HBc
	Up
	VAMP2
	[bookmark: OLE_LINK6906]Preventing Doxorubicin hydrochloride-induced apoptosis
	[212]

	miR-138
	HBV
	Down
	PD-1
	[bookmark: OLE_LINK6907]Regulating cytokine secretion of T cells and improving T-cell immune responses
	[208]

	miR-146a
	HBV
	Up
	STAT1
	[bookmark: OLE_LINK6908]Suppressing IFN-induced anti-HBV effect
	[187]

	miR-152
	HBV
	Down
	HLA-G
	[bookmark: OLE_LINK6909]Enhanced NK cytolysis against hepatoma cells
	[210]

	miR-193b
	HBV
	Down
	Mcl-1
	[bookmark: OLE_LINK6910]Sensitizing sorafenib-induced apoptosis
	[57]

	miR-200a/200b/429
	HBx
	Down
	RICTOR 
	[bookmark: OLE_LINK6911]Impairing HCC stem cell properties, regulating glutamine metabolism, sensitizing the response to anti-PD-L1 immunotherapy
	[165,166]

	miR-203a
	HBs
	Down
	BMI1
	[bookmark: OLE_LINK6912]Sensitizing 5-FU-induced apoptosis, impairing HCC stem cell properties
	[58]

	miR-205
	HBx
	Down
	ACSL1
	[bookmark: OLE_LINK6913]May promote lipogenesis
	[141] [206]

	miR-325-3p
	HBV
	Down
	DPAGT1 
	Sensitizing the response to Doxorubicin chemotherapy
	[201,202]

	miR-329
	HBV, HBx
	Down
	AFP
	[bookmark: OLE_LINK6914]Sensitizing chemotherapy induced apoptosis
	[214]

	miR-384
	HBV, HBx
	Down
	PTN/PI3K/AKT/mTORC1
	[bookmark: OLE_LINK6915]Inhibiting high glucose-induced lipogenesis
	[61]

	miR-429
	HBx
	Down
	Rab18
	[bookmark: OLE_LINK6916]Inhibiting dysregulation of lipogenesis
	[205]

	miR-1236
	HBV, HBx
	Down
	AFP
	[bookmark: OLE_LINK6917]Sensitizing chemotherapy induced apoptosis
	[214]

	miR-3682-3p
	HBx
	Up
	FOXO3/PI3K/AKT1/β-catenin/c-Myc
	[bookmark: OLE_LINK6918]Promoting HCC stemness
	[66]

	miR-5188
	HBx
	Up
	FOXO1/β-catenin
	[bookmark: OLE_LINK6919]Resisting the effects of chemotherapy 5-FU, CDDP and EPI, promoting HCC stemness
	[67]


[bookmark: OLE_LINK6935][bookmark: OLE_LINK6929][bookmark: OLE_LINK6928]HBV: Hepatitis B virus; HBx: Hepatitis B virus x protein; HBp: Hepatitis B virus polymerase protein; HBc: Hepatitis B virus core antigen; HBs: Hepatitis B virus surface antigen; HCC: Hepatocellular carcinoma; miRNAs: MicroRNAs.

[bookmark: OLE_LINK6883][bookmark: OLE_LINK6884][bookmark: OLE_LINK6931]
Table 11 Hepatitis B virus-dysregulated microRNAs that play different roles in hepatitis B virus-associated hepatocellular carcinoma
	[bookmark: _Hlk141282057]Process
	HBV-dysregulated miRNAs

	Tumor stemness
	miR-124[157], miR-200a/200b/429[165], miR-203[58], miR-325-3p[201], miR-3682-3p[66], miR-5188[67]

	Metabolic reprogramming
	miR-30b-5p[119], miR-200[165], miR-205[141,206], miR-384[61], miR-429[205]

	Anti-tumor immunity
	miR-23a[103], miR-34a[209], miR-138[208], miR-146a[187], miR-152[210], miR-200[165,166]

	Drug resistance
	miR-7[213], miR-21[213], miR-103[213], miR-107[213], miR-135a-5p[212], miR-5188[67], miR-15a/16[173], miR-193b[57], miR-203a[58], miR-325-3p[201,202], miR-329[214], miR-1236[214]


[bookmark: OLE_LINK6936]HBV: Hepatitis B virus; miRNAs: MicroRNAs.
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