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Abstract

Background and Aims: Interferon (IFN) signaling is critical to the pathogenesis of alcohol-

associated hepatitis (AH), yet the mechanisms for activation of this system are elusive. We 

hypothesize that host-derived 5S rRNA pseudogene (RNA5SP) transcripts regulate IFN production 

and modify immunity in AH.

Approach and Results: Mining of transcriptomic datasets revealed that in patients with severe 

alcohol-associated hepatitis (sAH), hepatic expression of genes regulated by IFNs was perturbed 

and gene sets involved in IFN production were enriched. RNA5SP transcripts were also increased 

and correlated with expression of type I IFNs. Interestingly, inflammatory mediators upregulated 

in sAH, but not in other liver diseases, were positively correlated with certain RNA5SP transcripts. 

Real-time quantitative PCR demonstrated that RNA5SP transcripts were upregulated in peripheral 
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blood mononuclear cells (PBMCs) from patients with sAH. In sAH livers, increased 5S rRNA 

and reduced nuclear MAF1 (MAF1 homolog, negative regulator of RNA polymerase III) protein 

suggested a higher activity of RNA polymerase III (Pol III); inhibition of Pol III reduced RNA5SP 

expression in monocytic THP-1 cells. Expression of several RNA5SP transcript-interacting 

proteins was downregulated in sAH, potentially unmasking transcripts to immunosensors. Indeed, 

siRNA knockdown of interacting proteins potentiated the immunostimulatory activity of RNA5SP 

transcripts. Molecular interaction and cell viability assays demonstrated that RNA5SP transcripts 

adopted Z-conformation and contributed to ZBP1-mediated caspase-independent cell death.

Conclusions: Increased expression and binding availability of RNA5SP transcripts was 

associated with hepatic IFN production and inflammation in sAH. These data identify RNA5SP 

transcripts as a potential target to mitigate inflammation and hepatocellular injury in AH.

INTRODUCTION

Alcohol-associated hepatitis (AH), a distinct clinical syndrome with variable degrees 

of severity, can lead to severe complications and is associated with high mortality.[1] 

AH is characterized by steatosis, cell death, inflammatory cell infiltration, and fibrosis.
[2,3] Damage-associated molecular patterns (DAMPs) and pathogen-associated molecular 

patterns (PAMPs) activate immune cells, resulting in inflammation. The immunologic 

mechanisms involved in the non-resolving hepatic inflammation characterizing AH are not 

completely understood.

Three types of interferons (IFNs) (I, II, and III) impart context and cell type-specific, 

overlapping, but often distinct, transcriptional output through regulating expression of 

interferon-stimulated genes (ISGs).[4] IFN signaling and its components are critical to 

modulating liver immunity.[5,6] Indeed, hepatic IFN and ISG expression is increased in 

mice after ethanol exposure.[7,8] IRF3, a critical transcription factor regulating expression 

of IFNs, is activated in the livers of ethanol-fed mice and patients with AH. IRF3 exhibits 

cell type-specific (eg, hepatocytes vs. nonparenchymal cells) roles in the pathogenesis of 

ethanol-induced liver injury in murine models of alcohol-associated liver disease (ALD).
[7–10] Deficiency of IRF3 or its activators, cyclic guanosine monophosphate-AMP synthase 

(cGAS) and stimulator of interferon genes (STING), protects against ethanol-induced liver 

injury in mice.[7–9] While these data suggest a role for IFN signaling in ALD, the potential 

impact of IFN signaling on the pathogenesis of AH in patients is still uncertain.

Defining how the IFN system is activated in AH is essential to developing therapeutic 

approaches. Host-derived nucleic acids can activate IFN production and inflammation after 

being recognized by various immune sensing receptors.[11–13] For instance, double-stranded 

RNA derived from host retroelements, forming left-handed Z-form nucleic acids (Z-NAs), 

acts as a Zα-domain ligand and activates Zα domain-containing Z-DNA binding protein 1 

(ZBP1, also known as DAI or DLM-1).[14] ZBP1, an ISG, induces type I IFN production, 

activates innate immune responses, and engages in inflammation and multiple modes of 

cell death.[15] More than 500 5S ribosomal RNA pseudogenes (RNA5SPs, RNA5SP20–

RNA5SP536) are transcribed in humans. RNA5SP transcripts are strongly induced and 

their interacting proteins are downregulated by viral infection, allowing these unshielded 
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transcripts to activate the innate immune sensor RIG-I to promote IFN production and 

immune responses.[16] The Z-conformation exists in a large variety of noncoding RNAs and 

can be induced/recognized by Zα domain-containing proteins.[17] How RNA5SP transcripts 

contribute to the pathogenesis of AH and whether they are able to adopt Z-conformation to 

activate ZBP1 has not been studied.

We hypothesized that RNA5SP transcripts promote IFN production, modify immunity, and 

serve as ligands of ZBP1 in AH. We discovered that a group of RNA5SP transcripts, 

produced via RNA polymerase III (Pol III), is specifically upregulated in severe AH (sAH) 

compared with liver diseases of other etiologies, and associated with IFN production and 

hepatic inflammation. Our findings suggest that RNA5SP transcripts can serve as a novel 

type of host-derived DAMP that contributes to the pathogenesis of AH.

MATERIALS AND METHODS

Transcriptomic datasets

GSE28619: DNA microarray profiling in livers from healthy controls (n = 7) and patients 

with sAH (n = 15),[18] generating List 1 representing the genes changed in sAH (cutoff: ≥ 

1.2). GSE143318: RNA sequencing using livers from healthy controls (n = 5) and explanted 

livers from patients with acute sAH (n = 5),[19] generating List 2 representing the genes 

changed in sAH (cutoff: ≥ 2.0). DbGaP_phs001807: RNA sequencing profiling hepatic gene 

expression in nondiseased human livers (healthy controls, n = 10), early stage of alcohol-

associated steatohepatitis (ASH, n = 12), sAH (n = 18, generating List 3 representing 

the genes changed in sAH, cutoff: ≥ 2.0), explanted livers from sAH (AH_Expl, n = 10, 

generating List 4 representing the genes changed in sAH, cutoff: ≥ 2.0), NAFLD (n = 8), 

noncirrhotic HCVinfection (n = 9), and compensated HCV-related cirrhosis (HCV_Cirr, n = 

9).[20]

Human tissues

Liver specimens from patients with sAH and healthy control donors were provided by 

the Clinical Resources for Alcoholic Hepatitis Investigations at Johns Hopkins University. 

Peripheral blood mononuclear cells (PBMCs) from patients with sAH or non-NASH were 

obtained from the Northern Ohio Alcohol Center biorepository (NCT03224949). The studies 

were approved by the IRBs of all participating institutions for the collection of human 

samples. Those patients with Modified Maddrey’s Discriminant Function (mDF) > 32 or 

Model for End-stage Liver Disease (MELD) score > 20 were considered to have sAH.

For additional and detailed materials and methods, please refer to Supporting Information 

(http://links.lww.com/HEP/A53).

RESULTS

Gene expression is regulated by IFNs and IFN production increased in sAH livers

To understand whether IFNs play a role in the development of sAH, 4 lists of 

genes representing changes in hepatic gene expression in sAH were generated from 

3 transcriptomic datasets. Concordantly changed genes (466 upregulated and 369 
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downregulated) were interrogated using Interferome (http://www.interferome.org/), a 

program enabling reliable identification of interferon-regulated genes (IRGs). Overall, 

93.1% (434/466) of concordantly upregulated and 68.8% (254/369) of concordantly 

downregulated genes were identified as IRGs; nearly all identified IRGs are known to be 

regulated by type I or type II, but not type III IFNs (Figure 1A). There were a large number 

of nonconcordantly changed genes among the 4 lists of genes, likely a result of different 

methods used for transcriptomic profiling between the datasets. In DbGaP_phs001807, 

as expected, large proportions of perturbed genes were also IRGs in liver diseases of 

other etiologies; however, more perturbed IRGs were found in sAH livers (including 

sAH and AH_Expl) (Supporting Figure 1A, http://links.lww.com/HEP/A54). Upset plot 

visualization of the IRGs identified the largest intersection of sAH and AH_Expl livers, 

compared with other intersections of the diseased livers (Supporting Figure 1B, 1C, http://

links.lww.com/HEP/A54 and Supporting Table 5, http://links.lww.com/HEP/A59). Gene 

set enrichment analysis (GSEA) revealed that genes involved in IFN production were 

significantly enriched in sAH livers compared with healthy controls (GSE143318) (Figure 

1B, Supporting Figure 2, http://links.lww.com/HEP/A54).

Host-derived nucleic acids can activate IFN production. A cluster of RNA5SP transcripts 

with higher expression was identified in sAH livers from GSE143318 (Figure 1C). 

Moreover, cluster analysis of DbGaP_phs001807 identified that some RNA5SP transcripts 

were uniquely upregulated in sAH livers (including sAH and AH_Expl), but not in livers 

from healthy controls, early stage of ASH, NAFLD, noncirrhotic HCV, and cirrhotic 

HCV (Figure 1D). Nine commonly and significantly altered RNA5SP transcripts were 

identified from these 2 datasets, with the sequence of RNA5SP312 identical to RNA5SP315 

(Figure 1E, F). Increased expression of the majority of these RNA5SPs in sAH livers was 

confirmed by quantitative PCR (Figure 1G). Correlation analysis of gene expression levels 

in GSE143318 and DbGaP_phs001807 revealed that expression of RNA5SP transcripts was 

strongly correlated with type I IFNs, especially IFNK and IFNW1 (Figure 1H). We were 

unable to identify RNA5SP expression in GSE28619 as it is a DNA array dataset. Taken 

together, these results suggest that IFN production is increased in sAH livers and perturbs 

expression of IRGs; these changes were associated with increased expression of host-derived 

RNA5SP transcripts.

RNA5SP transcripts correlate with inflammatory mediators uniquely upregulated in sAH 
livers

Various cytokines and chemokines constitute the local and systemic inflammatory 

environments in AH. To better understand the link between RNA5SP activation and hepatic 

inflammation, we performed a correlation analysis using the dataset DbGaP_phs001807.[20] 

Hepatic RNA5SP transcripts correlated with expression of many cytokines and chemokines. 

For instance, transcripts of RNA5SP237 and RNA5SP268 were positively correlated 

with expression of IL17B and IL17C, respectively, both of which can stimulate release 

of TNF and IL1B in monocytic cells (Supporting Figure 3, http://links.lww.com/HEP/

A55).[21] Interestingly, among the many inflammatory mediators, hepatic expression of 

IL17D (stimulating the production of other cytokines such as IL6, IL8, and granulocyte-

macrophage colony-stimulating factor[22]), IL18 (a proinflammatory cytokine), and CCL28 
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(a chemokine with immunomodulatory activity[23]) mRNAs was increased only in sAH 

(including sAH and AH_Expl) (Figure 2A). In contrast, IL1B mRNA was increased in liver 

diseases of multiple etiologies (DbGaP_phs001807) (Figure 2A). In this set of diseased 

livers (DbGaP_phs001807), expression of RNA5SP493 and RNA5SP44 was positively 

correlated with expression of IL17D, IL18, and CCL28, but not IL1B, mRNAs (Figure 2B). 

These findings suggest that increased expression of RNA5SPs is associated with hepatic 

inflammatory responses.

Hepatic expression of Pol III transcripts is increased in sAH and expression of RNA5SP 
transcripts is regulated by Pol III

Pol III transcribes a variety of short noncoding RNAs, including 5S rRNA, and is implicated 

in regulation of immune functions.[24] Expression of mRNAs for components of Pol 

III machinery did not change in terms of transcripts per million (TPM) in sAH livers 

(GSE143318), except for POLR3C, which was moderately increased (Figure 3A). However, 

expression of MAF1 protein, the Pol III corepressor, was diminished in sAH livers (Figure 

3B, C) and MAF1 nuclear localization, required for its corepressor activity, was decreased in 

both parenchymal and nonparenchymal cells in sAH livers (Figure 3D).[25] It is noteworthy 

that MAF1 expression showed uneven staining and variation across liver sections from 

patients with sAH and healthy controls (Supporting Figure 4, http://links.lww.com/HEP/

A56). Further, abundance of 5S rRNA was increased in sAH livers compared with healthy 

controls (Figure 3E), consistent with elevated transcriptional output from Pol III. RNA5SP 

expression in human monocytic THP-1 cells was increased in response to poly (I:C), an 

agent known to activation of Pol III-dependent transcription (Figure 3F).[26] This increase 

was prevented by pharmacological inhibition of Pol III activity (Figure 3G). Collectively, 

these results suggest that increased expression of RNA5SP transcripts in livers from patients 

with sAH is related to activity of Pol III.

Peripheral monocytes from patients with sAH express higher levels of RNA5SP transcripts

To assess in which cell types expression of RNA5SPs was increased, we performed 

gene deconvolution of the bulk RNA sequencing transcriptomes of sAH livers 

(DbGaP_phs001807).[27,28] The cluster of RNA5SP transcripts uniquely upregulated in sAH 

livers was attributed to multiple cell types; both myeloid and hepatocyte clusters were 

identified (Figure 4A). In AH, immune cells from the peripheral blood infiltrate the liver. 

PBMCs from patients with AH exhibit increased sensitivity to stimulation by a variety of 

DAMPs and PAMPs.[29] We asked whether RNA5SP transcripts in PBMCs were increased 

in patients with sAH. Two transcripts, RNA5SP44 and RNA5SP268, were specifically 

increased in PBMCs of patients with sAH compared with healthy controls and patients with 

NASH (Figure 4B). In purified CD14+/CD16+ monocytes of patients with sAH, these 2 

transcripts were also increased (Figure 4C) and positively correlated with IFNA1 mRNA 

(Figure 4D). In contrast to the increase of multiple RNA5SP transcripts in sAH livers, only 2 

highly expressed transcripts were identified in PBMCs, suggesting that diverse expression of 

RNA5SPs in sAH is likely due to expression by multiple types of resident liver cells, as well 

as infiltrating monocytes, which is in accordance with the gene deconvolution analysis.
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RNA5SP transcript-interacting proteins are downregulated in sAH livers

Loss of interacting proteins unmasks RNA5SP transcripts, enabling them to act as DAMPs 

to activate immune responses in virial infection.[16] We hypothesized that sAH would also 

decrease expression of the interacting proteins. Due to the similarity of nucleotide sequences 

(Supporting Figure 5A, http://links.lww.com/HEP/A57), it is possible that multiple RNA5SP 

transcripts adopt the same binding partners. We predicted the interacting proteins for the 

9 RNA5SP transcripts upregulated in sAH livers (Figure 1F, Supporting Figure 5A, http://

links.lww.com/HEP/A57) using catRAPID, an algorithm to estimate the binding propensity 

of protein-RNA pairs. In total, 869 potential candidates were next matched to 4521 

downregulated genes from List_2 (GSE143318) to identify potential interacting proteins 

downregulated in sAH livers. Among 10 identified candidates, zinc finger CCCH-type and 

G-patch domain containing (ZGPAT), epithelial splicing regulatory protein 2 (ESRP2), 

and APOBEC1 complementation factor (A1CF) were chosen because of their highly 

significant downregulation (Figure 5A). Thiosulfate sulfurtransferase (TST), a primary 

interacting protein for RNA5SP141 transcript,[16] was also included for further analysis. 

Expression of ZGPAT, ESRP2, and A1CF, but not TST, mRNAs was downregulated in sAH 

(including sAH and AH_Expl), but not in early ASH, NAFLD, HCV, and HCV cirrhosis 

(DbGaP_phs001807) (Figure 5B). RNA pull-down using 3′-end labeled transcripts of 

RNA5SP44 and RNA5SP268, followed by LC-MS/MS, was performed to profile RNA5SP 

transcript-interacting proteins. ZGPAT, ESRP2, and TST, but not A1CF, among a total of 

247 interacting proteins, were identified in the pull-down (Figure 5C, Supporting Table 4 

http://links.lww.com/HEP/A58).

Expression of ZGPAT and TST proteins was downregulated in patients with sAH; however, 

A1CF protein did not change (Figure 5D). Downregulation of ESRP2 protein in sAH 

livers has been reported.[19] RNA pull-down assays demonstrated that exogenous ZGPAT, 

ESRP2, and TST interacted with RNA5SP44 and RNA5SP268 transcripts, although ESRP2 

showed a weaker interaction with RNA5SP268 compared with RNA5SP44 (Figure 5E). The 

interactions with TST and ZGAPT were further validated by CLIP-quantitative PCR (Figure 

5F). ESRP2 was not detectable in THP-1 cells (data not shown).

There were more upregulated genes than downregulated genes in sAH livers (Figure 1A, 

Supporting Figure 1A, http://links.lww.com/HEP/A54). For potential RNA5SP transcript-

interacting proteins, compared with the 10 identified candidate genes downregulated in 

GSE143318 (Figure 5A), we identified 117 upregulated genes in our in silico analysis 

(Supporting Figure 6A, http://links.lww.com/HEP/A57). Pathway and process enrichment 

analysis showed that they have diverse molecular functions (Supporting Figure 6B, http://

links.lww.com/HEP/A57). Most of these genes were not identified in our proteomics 

analysis; we only identified 2 proteins, SF3B1 and SARNP, likely to impact availability 

of RNA5SP transcripts (Supporting Figure 6A, http://links.lww.com/HEP/A57). However, 

the genes coding for these 2 proteins were not consistently upregulated in sAH livers in the 

DbGaP_phs001807 dataset (supporting Figure 6C, http://links.lww.com/HEP/A57). Based 

on the limited evidence for upregulation of RN5SP-binding proteins, we postulated that the 

unmasking of RNA5SP transcripts overwhelmed the masking in the pathogenesis of sAH.
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Taken together, these data indicate that multiple RNA5SP transcript-interacting proteins are 

downregulated in sAH, potentially exposing RNA5SP transcripts as “non-self” to immune 

surveillance, leading to activation of immune responses.

RNA5SP transcripts are immunostimulatory and this property is potentiated upon loss of 
interacting proteins in THP-1 cells

To determine the potential immunostimulatory impact of RNA5SP transcripts, THP-1 

cells were transfected with in vitro-transcribed RNA5SP268 RNA. The RNA5SP268 

transcript has a secondary conformation very close to RNA5S1 (Supporting Figure 5B, 

http://links.lww.com/HEP/A57). The RNA5SP268 transcript potently increased expression 

of mRNAs for IFNB1, IL1B, and TNF, as well as IFIT3, an ISG, compared with scrambled 

RNA (Figure 6A). Transfection of RNA5SP268 transcript also induced IRF3 dimerization, 

a critical step for induction of IFN expression (Figure 6B). siRNA-mediated knockdown of 

ZGPAT and TST strikingly enhanced IFNB1 mRNA expression triggered by transfection 

of RNA5SP268 transcript (Figure 6C, D), suggesting that these transcript-interacting 

proteins shielded RNA5SP transcripts and prevented their immunostimulatory activity. 

These findings support the concept that host-derived RNAs can activate innate immunity 

upon loss of endogenous chaperones.[30]

RNA5SP transcripts contribute to ZBP1-mediated cell death

Zα domain-containing proteins sense the Z-conformation that is found in a variety of large 

and small RNA structures.[17,31] In an RNA EMSA assay, a Z-NAs antibody recognizing 

both Z-DNA and Z-RNA,[32] robustly retarded the mobility of in vitro-transcribed 

RNA5SP44 and RNA5SP268 transcripts, indicating the presence of Z-forming domains 

within these RNA5SP transcripts (Figure 7A). ZBP1 contains Zα domains and regulates 

programmed cell death in response to ligation to Z-NAs.[14,15,33] ZBP1 protein expression in 

sAH livers was strongly increased (Figure 7B). Wild-type ZBP1, but not its mutant (mZα1–

2) lacking Z-NA binding capacity, interacted with endogenous RNA5SP44 and RNA5SP268 

transcripts from THP-1 cells (Figure 7C). Pull-down followed by dot blot assays showed 

that immunopurified wild-type, but not mZα1–2, ZBP1 directly interacted with in vitro-

transcribed RNA5SP44 and RNA5SP268 transcripts (Figure 7D). Consistently, internally 

biotinylated RNA5SP44 and RNA5SP268 transcripts also interacted with wild-type, but 

not mZα1–2, ZBP1 in RNA pull-down assays (Figure 7E). Wild-type, but not mZα1–2, 

ZBP1, combined with co-expression of RNA5SP44 or RNA5SP268 transcripts, induced 

caspase-independent cell death in THP-1 cells (Figure 7F). Phosphorylation of MLKL at 

serine358, an event associated with caspase-independent necroptotic cell death, was also 

increased under these conditions (Figure 7G).[34] Taken together, these results indicate that 

RNA5SP transcripts are capable of forming Z-conformation and activating ZBP1 to promote 

caspase-independent cell death, consistent with a possible role of RNA5SP transcripts in 

promoting hepatocellular death in sAH.

DISCUSSION

AH is a disease with high mortality and leads to substantial public health burden; effective 

therapies are still unavailable due to the incomplete understanding of the molecular 
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mechanisms for disease progression. DAMPs and PAMPs play a fundamental role in the 

pathogenesis of AH. In this study, we demonstrate that RNA5SP transcripts, a form of 

host-derived nucleic acids, can serve as novel DAMPs, associated with the proinflammatory 

profile of livers of patients with sAH. Specifically, RNA5SP transcripts promoted IFN 

production and inflammatory responses and contributed to ZBP1-mediated cell death 

(summarized in Figure 8).

Hepatic gene expression patterns are uniquely impacted in patients with sAH. Indeed, 

multiple RNA5SP transcripts were increased only in sAH livers compared with liver 

diseases of different etiologies (Figure 1D). We confirmed that these RNA5SP transcripts 

are immunostimulatory and can promote IFN expression. Further, the distinct inflammatory 

profile of sAH, characterized by increased expression of IL17D, IL18, and CCL28 mRNAs, 

was positively correlated with expression of RNA5SP493 and RNA5SP44 transcripts 

(Figure 2). This study demonstrates that RNA5SPs are not only involved in the response to 

viral infection, but also critically associated with alcohol-associated inflammation.[16] These 

data, combined with previous reports on the specific contributions of the nontranscriptional 

activity of IRF3 in promoting ethanol-induced liver injury in mice,[7] indicate that additional 

components of IFN signaling, such as the upstream molecular pattern activators and 

receptors, should be studied to strategically and therapeutically target IFN signaling in 

ALD.[8,9]

Chronic alcohol administration disrupts Pol III machinery.[35] PAMPs and DAMPs may 

trigger signaling pathways to regulate Pol III-driven transcription. A CK2/MAF1/Pol III 

axis, downstream of toll-like receptors, is critical to the immunostimulatory function 

of dendritic cells.[26] We found that the toll-like receptor 3 ligand, poly (I:C), induced 

expression of RNA5SP transcripts in monocytic cells and that nuclear localization of MAF1 

was almost completely absent in sAH livers. Taken together, these data support the concept 

that dysregulation of Pol III-mediated transcription is a disease contributing factor and that 

Pol III is involved in immune responses in sAH.[24,36]

We found that multiple RNA5SP transcripts were perturbed in sAH and it is likely 

that they function together to participate in the pathologic process. Inhibition of single 

or a few RNA5SP transcripts might be not sufficient enough to impair their overall 

pathologic function. The mechanisms for induction of specific RNA5SP transcripts in sAH 

are not understood. We could not identify typical promoter regions within the RNA5SPs 

upregulated in sAH through interrogating the Pol III CHIP-sequencing datasets from Gene 

Expression Omnibus (GEO) (data not shown), suggesting that RNA5SP expression is likely 

regulated through promoter-independent transcription, the nonconventional function of Pol 

III.[37] Our finding that Pol III activates RNA5SP expression adds to the mechanisms by 

which Pol III functions in innate immunity and the pathogenesis of ALD. Owing to the 

ubiquitous activity of Pol III, RNA5SPs appear to be expressed in abundance in varieties 

of cell types. Indeed, gene deconvolution analysis and our data in PBMCs from patients 

suggest that multiple cell types, especially myeloid cells, contribute to the accumulation of 

RNA5SP transcripts in sAH livers.
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RNA5SP transcripts adopt 5′-triphosphates which can be recognized by RIG-I to elicit 

immune responses upon loss of interacting proteins.[16] We demonstrate that RNA5SP 

transcripts can form Z-conformation to contribute to ZBP1-mediated caspase-independent 

cell death. A large variety of noncoding RNAs adopt Z-conformations by sequences 

other than CpGs.[17] It is noteworthy that nucleic acids capable of Z-formation may not 

necessarily exist as a preformed structure in host cells but can be induced/converted 

when ligating to Zα-containing proteins.[38] Increased accumulation of ZBP1 in sAH may 

be due to infiltration of cells constitutively expressing ZBP1 and/or induction of ZBP1 

expression by liver resident cells. Temporal and spatial regulation of hepatic expression 

of ZBP1, an ISG, still needs to be investigated.[14,39] We propose that the regulatory role 

of RNA5SP transcripts in cell death depends on availability and/or induction of ZBP1 

under pathologic conditions (Figure 8). It is likely that other proteins also become available 

to engage in ZBP1-mediated cell death in ALD. For instance, RIPK3, involved in the 

formation of necrosomes with ZBP1 to mediate necroptosis,[14] is only expressed in hepatic 

nonparenchymal cells under normal conditions,[40] but is induced in hepatocytes in murine 

models of ALD and livers of patients with ALD.[41,42]

We propose the following working model in monocytic cells (Figure 8) for the contribution 

of RNA5SP transcripts in the progression of AH. Stage 1: unshielded RNA5SP transcripts 

are recognized by RIG-I to promote expression of inflammatory factors such as IFNs in 

host cells, before the induction of ZBP1, an ISG. Stage 2: these unshielded pseudogene 

transcripts ligate ZBP1 to activate cell death when ZBP1 (and other related regulators) 

becomes physically and functionally available (Figure 8). While we have focused on 

immune cells, it is highly likely that RNA5SP transcripts regulate function of other cell 

types in the liver, because (1) both liver parenchymal and nonparenchymal cells produce 

IFNs, although there is specificity in the type of IFN expressed; (2) Pol III is ubiquitous 

but how it activates RNA5SP expression is still elusive; (3) the function of RNA5SP 

transcripts depends on their unmasking/availability based on expression of interacting 

proteins; however, it is still unclear how or if the interacting proteins are perturbed in 

different cell types in sAH; and (4) how the immunosensors for RNA5SP transcripts such 

as ZBP1 and RIG-I are temporally and spatially induced in specific cell types in the liver is 

not defined. Thus, the complex regulation, activity, and biological consequences of RNA5SP 

transcripts in different cell types can vary, which needs further investigation.

In summary, we demonstrated that RNA5SP transcripts are important contributors to 

the inflammatory milieu in sAH. The pathologic effects of RNA5SP transcripts were 

associated with their unmasking, due to decreased expression of transcript-interacting 

proteins and increased availability of effector molecules, such as ZBP1, recognizing the 

RNA5SP transcripts. Host-derived nucleic acids and their biological effects on cell fate 

and innate immunity are potentially interesting targets for development of therapeutic 

interventions and/or diagnostic biomarkers in patients with ALD. Further understanding 

of the availability, localization, structure, recognition, and immunostimulatory properties of 

host-derived nucleic acids in discriminating “self” from “non-self” would shed light on the 

pathogenesis of inflammatory diseases.[43]
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A1CF APOBEC1 complementation factor

ALD alcohol-associated liver disease

cGAS cyclic guanosine monophosphate-AMP synthase

CK2 casein kinase 2

CLIP-qPCR cross-linking immunoprecipitation and qPCR

DAMPs damage-associated molecular patterns

ESRP2 epithelial splicing regulatory protein 2

GSEA Gene Set Enrichment Analysis

IFIT3 interferon-induced protein with tetratricopeptide repeats 3

IFN interferon

IRF3 interferon regulatory factor 3

IRGs interferon-regulated genes

ISG interferon-stimulated gene

MAF1 MAF1 homolog, negative regulator of RNA polymerase III

MLKL mixed lineage kinase domain like pseudokinase
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PAMPs pathogen-associated molecular patterns

PBMCs peripheral blood mononuclear cells

Pol III RNA polymerase III

RIG-I retinoic acid-inducible gene I

RIPK3 receptor interacting serine/threonine kinase 3

RNA5SP 5S rRNA pseudogene

sAH severe alcohol-associated hepatitis

STING stimulator of interferon genes

TPM transcripts per million

TST thiosulfate sulfurtransferase

ZBP1 Zα domain-containing Z-DNA binding protein 1

ZGPAT zinc finger CCCH-type and G-patch domain containing

Z-NAs Z-form nucleic acids
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FIGURE 1. 
Gene expression in sAH livers is regulated by IFNs which correlate with RNA5SP 

expression. (A) The concordantly changed genes were interrogated against Interferome. 

List 1 to 4 are changed genes in sAH livers compared with healthy controls. (B) GSEA 

analysis of GSE143318 identified the increased production of IFNs in sAH livers. (C) 

Cluster analysis of 219 RNA5SP transcripts in GSE143318. Transcripts with TPM values of 

zero were removed. (D) Cluster analysis of 485 RNA5SP transcripts in DbGaP_phs001807. 

(E) Venn diagram showing the significantly and commonly changed RNA5SP transcripts in 

sAH livers. (F) Fold changes of the RNA5SP transcripts from (E). (G) Quantitative PCR 

validation of the upregulation of RNA5SP transcripts in sAH livers. *p < 0.05, ***p < 0.001. 

(H) Correlation matrix of the TPMs of RNA5SP transcripts and IFNs in sAH livers from 

GSE143318 and DbGaP_phs001807, plotted based on Spearman correlation test (n = 33). 
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Abbreviations: GSEA, Gene Set Enrichment Analysis; HC, healthy control; IFN, interferon; 

RNA5SP, 5S rRNA pseudogene; sAH, severe alcohol-associated hepatitis.
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FIGURE 2. 
RNA5SP transcripts correlate with expression of inflammatory mediators that are 

upregulated uniquely in severe alcohol-associated hepatitis livers. (A) Expression of the 

indicated genes, represented by TPMs from DbGaP_phs001807. *p < 0.05, **p < 0.01, ***p 
< 0.001, ****p < 0.0001 versus HC. (B) Spearman correlation analysis of the TPMs of 

RNA5SP transcripts and inflammatory mediators in diseased livers from DbGaP_phs001807 

(n = 66). Abbreviations: HC, healthy control; RNA5SP, 5S rRNA pseudogene; TPM, 

transcripts per million.
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FIGURE 3. 
Activation of RNA Pol III promotes RNA5SP expression. (A) Expression of the components 

of RNA Pol III machinery, represented by TPMs from GSE143318. (B) Western blot of 

MAF1 expression in healthy control and sAH livers. (C) Quantification of the western 

blot in using ImageJ. (D) Immunohistochemistry of hepatic MAF1 expression. Red arrows: 

Nuclear staining of MAF1 in parenchymal cells; black arrows: in nonparenchymal cells. 

(E) Quantitative PCR of 5S rRNA expression. (F) Expression of RNA5SP transcripts was 

increased by poly (I:C). THP-1 cells were transfected with poly (I:C) for 24 hours, and 

gene expression was determined by quantitative PCR. (G) The Pol III inhibitor, ML60218, 

inhibited poly (I:C)-induced RNA5SP expression. (F and G): Data are mean ± SEM of 3 

independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001. (G): Only comparisons made 

were between poly (I:C) DMSO versus poly (I:C) ML60218. Abbreviations: Pol III, RNA 

polymerase III; sAH, severe alcohol-associated hepatitis; TPM, transcripts per million.
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FIGURE 4. 
RNA5SP transcripts are increased in PBMCs of patients with sAH. (A) Gene deconvolution 

analysis to impute cell type-specific expression of RNA5SP transcripts in sAH livers, 

which was performed on the transcriptomes of sAH livers (from DbGaP_phs001807) 

using CIBERSORTx. The values in the heatmap are the imputed expression values for 

each gene (row) and each cell type (columns). (B) Quantitative PCR quantification of 

RNA5SP expression in human PBMCs. Healthy controls and sAH: n = 10; NASH: n = 6. 

(C) Quantitative PCR quantification of RNA5SP expression in CD14+/CD16+ monocytes 

isolated from PBMCs of healthy controls or patients with sAH (n = 7). Data are mean 

± SEM, *p < 0.05, **p < 0.01, ***p < 0.001 versus healthy control. (D) Top: Spearman 

correlation matrix. The numbers represent Spearman r; *p < 0.05, n = 7. Middle and bottom: 

scatter plots of Spearman correlation of the indicated genes. All correlation graphs were 

based on relative expression determined by quantitative PCR in CD14+/CD16+ monocytes 

from patients with sAH. Abbreviations: Hep 1–5, hepatocyte cluster 1 to 5; LSEC, liver 

sinusoidal endothelial cell; myeloid-Mp1–5, myeloid-derived cell clusters 1 to 5; NonInf-

Mp, noninflammatory macrophage cluster; PBMC, peripheral blood mononuclear cell; sAH, 

severe alcohol-associated hepatitis.

Wu et al. Page 18

Hepatology. Author manuscript; available in PMC 2024 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 5. 
Expression of RNA5SP transcript-interacting proteins is decreased in sAH livers. (A) RNA-

protein binding propensity analysis. The increased RNA5SP transcripts in sAH livers, shown 

in Figure 1F, were interrogated in CatRAPID. In total of 869 potential binding proteins 

were matched to 4521 downregulated genes in sAH livers from List_2 (GSE143318) and 

demonstrated in Venn diagram. The candidates were listed in the table, with fold changes 

and t tests. (B) TPMs of the indicated genes from DbGaP_phs001807. (C) Left: the 

schematic showing 3′-end biotinylated RNA pull-down assay followed by LC-MS/MS to 

identify RNA interacting proteins. Right: Venn diagram showing the numbers of identified 

interacting proteins of the 3′-end biotinylated in vitro-transcribed RNAs; RNA5SP44 and 

RNA5SP268 transcripts’ representative interacting proteins and the normalized spectral 

abundance factors (NSAFs) are shown in the table. (D) Western blot (left) and its 

quantification using ImageJ (right). (E) Binding of the biotinylated in vitro-transcribed 

RNAs to the indicated flag-tagged proteins which were overexpressed in HEK293T cells, 

was accessed by streptavidin pull-down followed by western blot. (F) CLIP-quantitative 

PCR showing the association of RNA5SP transcripts with endogenous proteins in THP-1 

cells. rIgG and mIgG, control Igs of rabbit or mouse origin. Data are mean ± SEM of 3 

independent experiments. (B and D): **p < 0.01, ****p < 0.0001 versus healthy control.
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FIGURE 6. 
RNA5SP268 transcript is immunostimulatory and loss of RNA5SP transcript-interacting 

proteins potentiates inflammatory responses. (A) Quantitative real-time PCR of the 

indicated gene expression in THP-1 cells NT, mock-transfected, or transfected with in vitro-

transcribed scrambled or RNA5SP268 RNA for 24 hours. (B) Native PAGE and SDS-PAGE 

of whole cell lysates from THP-1 cells transfected with 125 pmol of in vitro-transcribed 

RNA5SP268 RNA. A 100 ng/mL of poly (I:C) was transfected in parallel as a positive 

control. Western blot was performed with the indicated antibodies. (C) Western blot of 

THP-1 cells transfected with the indicated siRNAs (50 nM, 48 hours). (D) Quantitative 

real-time PCR quantification of the indicated gene expression in THP-1 cells in which 50 

nM of siRNAs were transfected for 24 hours, followed by mock transfection or transfection 

of 200 fmol of in vitro-transcribed RNA5SP268 RNA for another 24 hours. (A and D): 

Mean ± SEM of 3 independent experiments. IFIT3 in (A): Two independent experiments. *p 
< 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Abbreviations: NC, negative control; NT, 

nontransfected.
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FIGURE 7. 
RNA5SP transcripts contribute to ZBP1-mediated cell death. (A) REMSA assay. A 3′-
end biotinylated in vitro-transcribed RNA5SP transcripts were incubated with the Z-NAs 

antibody or a mouse IgG (mIgG) isotype control. A 160-fold nonbiotinylated RNA5SP 

transcripts (competitor) were used to compete for the binding. (B) Western blot (left) 

and the quantification using ImageJ (right). **p < 0.01. (C) RNA immunoprecipitation 

to detect the interaction between endogenous RNA5SP transcripts and ZBP1 in THP-1 

cells overexpressing. Empty vector (EV), flag-tagged wild-type ZBP1 (WT), or Zα-domain-

mutated ZBP1 (mZα1–2). Top: Western blot of ZBP1 expression. Bottom: The enriched 

RNAs in the immunoprecipitation were quantified in quantitative PCR and normalized to 

EV. Data are mean ± SEM of 3 independent experiments. (D) Dot blot to examine the 

binding of immunopurified flag-ZBP1 or its Zα-domain mutant with 3′-end biotinylated in 
vitro-transcribed RNA5SP RNAs. The detection was performed with streptavidin antibody 

Wu et al. Page 21

Hepatology. Author manuscript; available in PMC 2024 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



against RNAs isolated from anti-flag pull-down. (E) RNA pull-down assays as described in 

Figure 5E. (F) Cell death was measured by the incorporation of cell impermeant SYTOX 

Green (488/523 nm). THP-1 cells (1 × 105/well) were transfected with 20 ng of EV or 

ZBP1, along with 50 fmol of scrambled or RNA5SP RNAs in 96-well plates for 24 hours, 

and then treated with emricasan (5 μM) for 16 hours. TLE (TNF, 50 ng/mL; LCL-161, 5 

μM; emricasan, 5 μM; 16 hours) was used as a positive control. Data are mean ± SEM of 

3 independent experiments, **p < 0.01, ***p < 0.001. (G) Western blot using whole cell 

lysates of THP-1 cells as treated in (F). Abbreviations: RNA5SP, 5S rRNA pseudogene; 

sAH, severe alcohol-associated hepatitis.
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FIGURE 8. 
Schematic depicting RNA5SP transcripts serving as an endogenous stimulant of interferon 

production and inflammatory responses in monocytic cells. Under normal conditions, 

RNA5SP transcripts are shielded by interacting proteins and immuno-silent. In severe 

alcohol-associated hepatitis, RNA5SP transcript-interacting proteins are downregulated; 

the unshielded RNA5SP transcripts can be recognized by RIG-I and promote expression 

of inflammatory factors in host cells (stage 1). In the presence of ZBP1, the sensing 

of RNA5SP transcripts by its Zα domains activates ZBP1-mediated cell death (stage 

2). Abbreviations: IFN, interferon; DAMP, damage-associated molecular pattern; ISG, 

interferon-stimulated gene; PAMP, pathogen-associated molecular pattern; RIG-I, retinoic 

acid-inducible gene I; RNA5SP, 5S rRNA pseudogene; ZBP1, Zα domain-containing Z-

DNA binding protein 1.
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