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Abstract

Thousands of long non-coding RNAs (lncRNAs) are encoded in mammalian genomes, yet most 

remain uncharacterized. Here, we functionally characterized a mouse lncRNA named U90926. 

Analysis of U90926 RNA levels revealed minimal expression across multiple tissues at steady 

state. However, the expression of this gene was highly induced in macrophages and dendritic 

cells by toll-like receptor activation, in a p38 MAP kinase- and MyD88-dependent manner. 

To study the function of U90926, we generated U90926-deficient (U9-KO) mice. Surprisingly, 

we found minimal effects of U90926 deficiency in cultured macrophages. Given the lack of 

macrophage-intrinsic effect, we investigated the subcellular localization of U90926 transcript and 

its protein-coding potential. We found that U90926 RNA localizes to the cytosol, associates with 

ribosomes, and contains an open reading frame that encodes a novel glycosylated protein (termed 

U9-ORF), which is secreted from the cell. An in vivo model of endotoxic shock revealed that, 

in comparison with WT mice, U9-KO mice exhibited increased sickness responses and mortality. 

Mechanistically, serum levels of IL-6 were elevated in U9-KO mice, and IL-6 neutralization 

improved endotoxemia outcomes in U9-KO mice. Taken together, these results suggest that 

U90926 expression is protective during endotoxic shock, potentially mediated by the paracrine 

and/or endocrine actions of the novel U9-ORF protein secreted by activated myeloid cells.
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Introduction

Macrophages are the prototypical innate immune cell, strategically positioned to encounter 

infectious organisms, detect them via an array of microbial pattern recognition receptors 

(PRRs), and rapidly respond by producing pro-inflammatory mediators that alert the 

immune system. While this response is required for efficient clearance of infectious agents, 

an over exuberant response can drive immune-mediated pathology and fatal systemic 

shock(1). Therefore, regulatory mechanisms underlying these responses could be harnessed 

for treating conditions such a septic shock, which annually causes ~270,000 deaths in the 

U.S. alone(2).

Gene expression in mammals is a highly dynamic, complex, and tightly regulated process. 

This is particularly evident in innate immune cells, which can completely reprogram their 

entire gene expression repertoire within minutes of encountering an inflammatory stimulus. 

The central dogma of molecular biology dictates that information encoded in the genome is 

transcribed into RNA, followed by translation into protein, with the latter carrying out most 

cellular functions. However, recent advances in genomics have challenged this notion by 

demonstrating that protein-coding transcripts may in fact be outnumbered by non-canonical 

transcripts that do not encode proteins(3–5). Emerging evidence suggests that a large class 

of such transcripts, the so-called long non-coding RNAs (lncRNAs), defined as greater than 

200 nucleotides in length and lacking a conserved open reading frame (ORF)(3), play unique 

cell type-specific roles in numerous cellular processes, including innate immune cell effector 

function(6–8).

Several early landmark studies have identified specific lncRNAs, such as lincRNA-Cox2, 

THRIL, and lincRNA-EPS, that function as positive or negative regulators of macrophage 

function and pro-inflammatory gene expression(9–11). These lncRNAs control gene 

expression and cellular functions in diverse ways, including interaction with proteins 

involved in gene expression regulation or signaling, interactions with chromatin, interactions 

with mRNAs or miRNAs, and others(6, 7). Each lncRNA appears to have its own unique 

mode of action, and novel mechanisms continue to emerge. Among these is the emerging 

evidence of pervasive translation of lncRNAs(12, 13), including two recent examples in 

which the protein products control macrophage inflammatory functions(14, 15).

Our previous studies(16–18) have focused on a central signaling pathway activated in 

macrophages downstream of PRRs, the p38 MAP kinase (MAPK) pathway, in which we 

identified an uncharacterized putative lncRNA named U90926, which was among the most 

highly downregulated genes in p38α MAPK-deficient murine macrophages(16, 18). Since 

the initial annotation of U90926 lncRNA by a genome exploration research group(19), there 

was little known about the function of this gene. However, several studies have begun 

to shed some light on the biological function of U90926, including a possible role as a 

repressor of adipogenesis in vitro, a viral replication co-factor in retinal cells in vitro, 

and a pro-inflammatory factor in microglia during experimental stroke(20–22). Here, we 

focused on the function of U90926 in macrophages. We demonstrate that the expression 

of this gene is highly inducible in myeloid cells by lipopolysaccharide (LPS) and other 

toll-like receptor (TLR) agonists in a MyD88- and p38α-dependent manner. To study the 
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role of this gene in vivo, using CRISPR-Cas9, we generated the first (to our knowledge) 

mouse completely lacking the U90926 locus (U9-KO). We demonstrate that, surprisingly, 

U90926 deficiency has minimal intrinsic effects on macrophage pro-inflammatory gene 

expression in vitro. Unexpectedly, we found that U90926 RNA localizes to the cytoplasm, 

associates with ribosomes, and contains an ORF that encodes a novel 87-amino acid-long 

protein that is secreted from the cell. In vivo, U90926 deficiency exacerbates endotoxic 

shock through the upregulation IL-6 production. Taken together, our results suggest that 

TLR-mediated induction of U90926 in macrophages may regulate inflammatory responses 

through paracrine production of the novel secreted protein encoded in this locus. These 

findings challenge the “non-coding” paradigm of lncRNA function, warranting a careful 

examination of the coding potential of ORFs contained in each of these genes.

Materials and Methods

Animals

Wild type C57BL/6J (B6) mice and wild-derived PWD/PhJ (PWD) mice were purchased 

from Jackson Laboratories (Bar Harbor, Maine, USA) and were acclimated at the 

animal facility at UVM for at least 2 weeks prior to any experimentation, including 

breeding. p38αCKOLysM mice were generated in our laboratory previously(16), by crossing 

LysM-Cre mice (B6.129P2-Lyz2tm1(cre)Ifo/J)(23), and p38αf/f (floxed) mice (B6.129-

Mapk14tm1.2OtsuOtsuRbrc)(24). U90926-deficient mice (C57BL6/J-U90926em1Uvm) were 

generated as described below. 8–12 weeks old male and/or female mice were used in all 

experiments. The experimental procedures were approved by the Institutional Animal Care 

and Use Committee of the University of Vermont.

Generation of U90926-deficient mice

U90926-deficient mice (U9-KO) were generated by CRISPR/Cas9 in B6 background. Using 

the CRISPOR tool(25), we designed two custom single guide RNAs (sgRNAs) targeting 

cut sites ~200 bp upstream of the first exon (site 1: 5’-ATACGGATGCAGCCTGTACA -3’) 

and ~200 bp downstream of the last exon (site 2: 5’- GCGGCCCACGTACCATGCGT-3’), 

to delete the entire ~5.5 Kb U90926 locus (Fig. 2a). The sgRNAs and recombinant Cas9 

enzyme were prepared by Synthego, Inc (Redwood City, CA). Microinjection of single cell 

embryos was performed at the University of Rochester Mouse Genome Editing Resource, on 

a fee-for-service basis. Two primer sets were used for the initial PCR-based genotyping. 

One set of primers (forward primer: 5’-GCTGAAAGAGAACACATTGCCTT-3’ and 

reverse primer: 5’-GGGCTAAGATGTTGCTTCCTGT-3’) targets the 5’ WT region and 

produces a 500 bp amplicon, which should be absent in KO. A second set of 

primers (forward primer: 5’-GCTGAAAGAGAACACATTGCCTT-3’ and reverse primer: 

5’- ACTGAGAGAAGCCAAAGCTCA -3’) was designed flanking the entire region, which 

only yields product if the deletion is present (in between 200–500 bp, depending on size of 

deletion). A single male U9-KO mouse was chosen as the F0 founder to generate the U9-KO 

colony. To eliminate any potential off-target deletions made by CRISPR/Cas9 elsewhere 

in the genome, U9-KO mice were backcrossed with WT B6 mice. A single male KO 

founder was bred to two WT B6 females. Resulting heterozygous (HET) U9-KO were 

backcrossed to B6 for 2 more generations and subsequently bred as HET ˣ HET to generate 
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all subsequent KO animals and WT controls. An optimized PCR genotyping reaction was 

designed to identify U9-KO and WT genotypes. Three primers were used at in a single 

reaction: Forward primer (5’-GAGCCTTTGTGCAAGGCTTAT-3’) was designed to bind 

upstream of the sgRNA site 1, KO reverse primer (5’-CAGCCCAAGTACACCTGCT-3’) 

binds downstream of sgRNA site 2 (should yield a 152 bp product only if U90926 whole 

locus is deleted), and a WT reverse primer (5’-ATGGATTCCCCACCTCATTCC-3’) binds 

downstream of sgRNA site 1 and near the exon 1 (only yields a 346 bp product when 

U90926 is not deleted). HET mice produce both the products. In all the PCR reactions, 

Accuris 2x Taq Red Dye Master Mix (Accuris instruments, Dublin, Ireland) was used. 

Annealing temperature was 550C for the primers and total 35 cycles were run in the 

Biometra Trio thermal cycler (Analytik Jena, Upland, CA). Backcrossed U9-KO mice were 

also validated by Sanger sequencing at the Vermont Integrative Genomics Resource core 

facility at UVM. A representative U9-KO genomic sequence (assembled contigs 5’ to 3’) 

showing the deletion is given below (SgRNA binding sites are underlined):

GGATGGGACCCCCCCAACACCTGAGGCAACATGACCATGCTGAGGTTGGA

CAGGACAGGGGAGCCTTTGTGCAAGGCTTATACATCTATGCCAAGCTTCTG

TCTCCCGCCCAGTGAGACCCAGGGCAAAGCCCATACG………………………

……………………………………

TGGGTGATGCTATAGTGATATAGCAGGTGTACTTGGGCTG

Cell culture experiments

Bone marrow-derived macrophages (BMDMs) and bone marrow-derived dendritic cells 

(BMDCs) were generated from mouse bone marrow using a standard 7-day M-

CSF (10ng/ml, Peprotech) and GM-CSF (20ng/ml, Peprotech) differentiation protocol, 

respectively as previously described(17, 26). BMDMs were cultured in complete DMEM 

media containing 10% FBS, 2 mM L-glutamine, 100 Units/ml penicillin, and 100 μg/ml 

streptomycin. BMDCs were cultured in complete RPMI 1640 media containing 10% FBS, 

2 mM L-glutamine, 100 Units/ml penicillin, 100 μg/ml streptomycin, and 55 μM beta-

mercaptoethanol. At day 7, differentiated BMDM and BMDC were harvested and plated (1 

million cells/well in a 12-well dish or 200K/well in a 96-well dish) for different in vitro 
experiments with indicated treatments. Cells from peritoneal cavity were isolated by lavage 

as described previously(16). Immortalized MyD88-KO macrophages(15) were generously 

provided by the Fitzgerald lab (UMass Medical School, MA) and cultured in complete 

DMEM with 10% FBS and penicillin and streptomycin. RAW 264.7 macrophages, HEK 

293T cells, HeLa cells, 3T3 fibroblasts, and 3T3-L1 preadipocytes, originally obtained from 

ATCC and donated by various investigators, all were cultured in DMEM supplemented 

with 10% FBS and sodium pyruvate. AML12 cells were obtained from ATCC and cultured 

in DMEM F12: HEPES with 10%FBS, ITS-G 100X (Gibco) and 100nM dexamethasone 

(Gibco). For co-culture, AML12 and primary BMDMs were used at 4:1 ratio and cultured in 

AML12 media described above. For all the in vitro lipopolysaccharide (LPS) stimulation 

studies, we used 100 ng/ml of E. coli LPS O26:B6 (Sigma Aldrich, St. Louis, MO). 

Select agonists from the mouse TLR1–9 Agonist kit (InvivoGen, San Diego, CA) were 

used to activate TLR1/2, TLR3, TLR5, and TLR9 and cytokine receptors were activated 

using recombinant mouse TNFα and IL-1β (Peprotech). For the p38 MAPK inhibition 
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experiment, SB203580 (Tocris Bioscience, Bristol, UK) was used at 10 μM. For all in vitro 
experiments, biological replicates were used, with each replicate representing independent 

BMDM cultures from individual mice.

RNA extraction and quantitative reverse transcription PCR (RT-qPCR)

For most of the in vitro experiments, 12-well plates were seeded with 1×106 cells per well 

and stimulated at different time points. RNA was extracted according to the manufacturer’s 

instructions using the RNeasy plus Mini Kit by Qiagen (Hilden, Germany). For in vivo 
experiments, Direct-zol RNA Microprep Kits (Zymo Research, Irvine, CA) were used for 

RNA extraction as per manufacturer’s protocol. Whole liver tissue samples were collected 

into 2 ml screw cap tubes containing 1/3 full of 1.0mm diameter Silicon-Carbide particles 

(Biospec Products, Bartlesville, OK) and 1 ml of TRIzol reagent (Invitrogen, Waltham, 

MA) per tube. Then, the samples were homogenized using a Mini-Beadbeater instrument 

by Biospec Products (Bartlesville, OK) for total 2 min by 4 cycles, and placing tubes on 

ice-water bath in each interval to avoid over-heating. Then, tubes were centrifuged at 13,000 

rpm for 2 min to pellet any debris, 200μL of homogenate were collected and 100μL of 

fresh TRIzol was added, followed by extraction using the Direct-zol RNA Microprep Kit as 

above.

RNA concentration was determined by Nanodrop (Thermo Scientific NanoDrop 2000 

Spectrophotometer) and cDNA synthesis reaction by reverse transcription was performed 

according to the manufacturer’s instructions using the qScript cDNA Super MIX 

kit (QuantBio, Beverly, MA). The qPCR reaction was performed according to the 

manufacturer’s instructions using the DyNAmo ColorFlash SYBR Green kit by Thermo 

Fisher Scientific (Waltham, MA), using target-specific primers. The qPCR was run 

on a Quant Studio 3 Real-Time PCR System by Applied Biosystems (Thermo Fisher 

Scientific, Waltham, MA). Target gene expression was normalized by the expression of the 

housekeeping gene B2m (β-2-Microglobulin) and calculated by a comparative Ct method 

formula 2^-(deltaCt) and multiplied by a factor of 10,000 for ease of visualization, i.e. 

2^-(Cttarget gene – CtB2m)*10,000. We did not normalize relative expression to a reference 

sample (i.e. delta-deltaCt).

Flow cytometry

For in vitro experiments, BMDMs and BMDCs differentiated for 7 days were seeded at 

1×106 cells/well in a 12-well dish. Cells were treated with LPS, and 0 and 24 hours 

and after incubation cells were removed using non-enzymatic cell stripper liquid (Corning 

Inc., Corning, NY) and subjected to staining for flow cytometry. For in vivo experiments, 

spleen and lymph nodes were isolated from mice single cell suspensions were prepared 

followed by passing through a 70 μm strainer. Red blood cell (RBC) lysis was performed 

by incubating the cells in 0.8% ammonium chloride solution (StemCell Technologies, 

Cambridge, MA) and cells were subjected to staining for flow cytometry analysis. Cells 

were stained with the UV LIVE/DEAD fixable stain (Invitrogen) and then surface labeled 

for different combinations of following markers: CD11b, CD11c, CD80, CD86, CD40, 

CD19, TCRβ, Ly6G, MHCII, CD4, and CD8 (Biolegend, San Diego, CA) and fixed with 

1% paraformaldehyde (Sigma Aldrich, St. Louis, MO). Samples were analyzed on an LSRII 
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cytometer (BD Biosciences) or an Aurora (Cytek Biosciences). All flow cytometry data 

analysis was performed using FlowJo Software version 10.6.1 (BD Biosciences).

Cytokine quantification by ELISA

For the detection of cytokines in the cell culture supernatants or sera, ELISAs were 

performed as described previously(17), using the primary capture mAbs anti-TNFα, anti-

IL-6, and anti-IL-1β and their corresponding biotinylated detection mAbs (Biolegend, San 

Diego, CA). Other ELISA reagents included: recombinant mouse TNFα, IL-6, and IL-1β 
as standards (Biolegend, San Diego, CA), HRP-conjugated avidin D (Vector Laboratories, 

Burlingame, CA), and TMB microwell peroxidase substrate and stop solution (Kirkegaard 

and Perry Laboratories, Gaithersburg, MD). IL-10 cytokine was measured using Mouse 

IL-10 DuoSet ELISA kit (R&D Systems, Minneapolis, MN) according to manufacturer’s 

instructions. Biological replicates were used, representing independent BMDM cultures 

from individual mice.

RNAseq and bioinformatic analysis

Four biological replicates per genotype, representing independent BMDM cultures from 

individual mice, were used. BMDMs were seeded at 1×106 cells/well and treated with LPS 

for 4 and 24 hours. RNA was extracted as described above for in vitro experiments, followed 

by quantification, quality assessment, library preparation, and sequencing at the Vermont 

Integrative Genomics Resource core facility at UVM. cDNA libraries were synthesized 

using SMARTer Stranded Total RNA-Seq Kit v2 - Pico Input Mammalian (Takara, Japan), 

according to manufacturer protocol. Ribosomal RNA depletion was done to ensure recovery 

of a range of RNA species. Single-end 75 bp sequencing was performed on an Illumina 

HiSeq1500, generating around 30 million reads per sample.

For whole liver tissue RNAseq, RNA was extracted as described above, followed by 

quantification and quality assessment. Library preparation and sequencing were performed 

commercially by Novogene (Novogene Co, China), as follows. mRNA library preparation 

(poly A enrichment) was done by using NEB Next Ultra II Directional RNA Library Prep 

Kit for Illumina (New England Biolabs, Ipswich, MA) followed by paired end 150 bp 

sequencing using NovaSeq 6000 platform, to generate 20 million reads per sample.

Demultiplexed sequencing data was received from the sequencing facilities and quality 

control of the sequencing data was done using FastQC platform. Genomic alignment 

and transcript quantification from RNA-seq data was performed using Salmon tool(27). 

Differential gene-expression analyses were conducted using DESeq2(28) in R studio. 

Cutoffs for differential gene expression are described in the Results section. Gene 

ontology (GO) enrichment analysis on differentially expressed genes was performed using 

PANTHER(29). For upstream regulator analysis, Ingenuity Pathways Analysis (IPA) was 

used where we input list of DEGs and their fold change from cutoff logFC= |0.6| and 

Padj=<0.2.
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RNA subcellular localization

WT BMDMs were stimulated with LPS for 4 and 24 hours to induce U90926 expression, 

followed by lysis and nuclear and cytoplasmic fractionation. Nuclear and cytoplasmic 

fractions were separated by NE-PER Nuclear and Cytoplasmic Extraction Reagents Kit 

(Thermo Fisher Scientific, Waltham, MA) according to manufacturer’s protocol. After 

separation, TRIzol LS reagents (Thermo Fisher Scientific, Waltham, MA) were added to 

lysates according to manufacturer’s suggested ratio to liquid sample. Then, we proceeded 

with the Direct-zol RNA micro prep kit for RNA extraction, followed by cDNA synthesis 

and RT-qPCR, as described above. Abundance of each transcript target in nuclear and 

cytoplasmic fractions was normalized to its respective abundance in an unfractionated input 

sample.

Plasmid constructs

U9-ORF cDNA was amplified by PCR from cDNA from LPS-stimulated BMDM. At the 

C-terminal end of the U9-ORF, before the stop codon, a hemagglutinin (HA) epitope tag 

(5’-TACCCATACGACGTGCCTGACTACGCC-3’) was added by PCR. Amplified cDNAs 

were cloned into the pcDNA3.1 vector (ThermoFisher, USA) using EcoRI and NotI 

restriction sites. The correct sequence of the U9-ORF-HA construct was confirmed by 

Sanger sequencing. The pcDNA3.1 TYK2-HA construct was previously generated in our 

laboratory(30). The U9-full cDNA-HA construct consists of full U90926 cDNA (522 bp) 

with HA tag sequence inserted just before the stop codon in the ORF, cloned into pBABE-

puro vector (Addgene #1764). The U9-full cDNA-HA construct in pBABE-puro background 

was constructed commercially by insert synthesis and ligation at Agentide (Westfield, NJ).

Immunocytochemistry (ICC)

HeLa, 3T3, 3T3-L1, and RAW264.7 cells were cultured in 35 mm glass bottom dishes 

(MatTek, Ashland, MA). 80% confluent cells were transfected with different plasmids 

using Lipofectamine2000 (Invitrogen) according to manufacturer’s protocol. 48 hours post 

transfection, cells were fixed with 1% PFA/PBS for 20 min at RT. Cells were washed 

3x with PBS, blocked and permeabilized for 10 minutes with 1% BSA/PBS containing 

0.1% Saponin, and incubated for 1 hour with 1:1000 diluted anti-HA.11 epitope tag mouse 

antibody (Biolegend, San Diego, CA) and 1:500 diluted anti-golgin-97 rabbit (Molecular 

Probes, Eugene, OR) primary antibodies in 1% BSA/PBS. Cells were washed 2x with 

PBS, blocked with 1% BSA/PBS for 1 hour, and incubated for an additional hour with 

Alexa Fluor 488 goat anti-mouse IgG and Alexa Fluor 568 goat anti-rabbit IgG secondary 

antibodies (Invitrogen). 2x PBS wash was preformed and DAPI (1:10,000) in PBS was 

added for 10 min. The same protocols were followed for experiments with protein 

transport inhibitors in which inhibitors were added 24 hours post transfection, meaning 

24 hours before collection. Therein, GolgiPlug containing brefeldin A (BD Biosciences) at 

1:2000 dilution or GolgiStop containing monensin (BD Biosciences) at 1:1000 dilution 

was used. Cells were stored in PBS and imaged on a DeltaVision epifluorescence 

microscope (Cytiva/GE/Applied Precision, Issaquah, WA) with a Xenon illuminator, using 

an Olympus 60× PlanApo 1.42 NA oil immersion objective. Z-stacks of acquired images 

were deconvolved using softWoRx software using default settings (Applied Precision) to 
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reassign out of focus light to the appropriate Z-slice. Microscopy images from individual 

channels were exported as TIFF files and further processed using Fiji software (National 

Institutes of Health), as follows. Each fluorescence channel image was adjusted for optimal 

visualization by adjusting the minimum and maximum levels. Adjustments were always 

applied to the entire image.

Immunoblot analysis

At 24 hours post-transfection, media was changed to serum free media and samples were 

collected at 48 hours post-transfection. Cell supernatants were collected and whole-cell 

lysates were prepared by lysing cells in RIPA buffer. For concentrating supernatants, 

StrataClean Resin (Agilent, Santa Clara, CA) was used according to manufacturer’s 

protocol. Samples were diluted and boiled in Laemmli SDS sample buffer for 5 minutes 

and loaded on 4–15% Mini-PROTEAN TGX Stain-Free Protein Gels (Bio-Rad laboratories, 

Hercules, CA). After separation via SDS-PAGE, proteins were transferred to methanol 

activated polyvinylidene difluoride (PVDF) membrane. Mouse anti-HA.11 epitope tag 

antibody (BioLegend, San Diego, CA) was used as primary antibody and horseradish 

peroxidase (HRP)-conjugated rat anti-mouse Ig, κ light chain (BD Biosciences, New 

Jersey) was used as secondary antibody. Membranes were imaged using chemiluminescence 

detection upon addition of Clarity western ECL substrate (Bio-Rad Laboratories) on the 

Syngene PXi imager.

Immunoprecipitation and deglycosylation

Whole cell extracts were incubated with 1.5 ug of HA antibody overnight at 4°C with 

rotation. Washed protein G Dynabeads (Thermo Fisher Scientific, Waltham, MA) were 

added to the samples and incubated for 2 hours at 4°C with rotation. Immunoprecipitated 

protein was washed 5 times in NP40 lysis buffer followed by 3 washes in 1X TBS 

before resuspending in water. The deglycosylation reaction was performed under denaturing 

conditions overnight at 37°C using the Protein Deglycosylation Mix II from New England 

Biolabs and subsequently analyzed by immunoblot, as described above.

Peptide preparation and mass spectrometry:

Gel regions indicated in Figure S4a were excised, diced to 1 mm cubes and transferred to 

separate microcentrifuge tubes. Gel pieces were washed with HPLC-grade H2O and then 

de-stained in 50 mM ammonium bicarbonate (NH4HCO3) and 50% acetonitrile (MeCN) 

at 37 °C for 30 minutes. De-stain was then removed, and gel pieces were dehydrated in 

100% MeCN for 10 minutes. For reduction and alkylation of samples, dried gel pieces were 

incubated with 25 mM dithiothreitol solution (DTT) for 30 minutes at 55 °C, followed by 

10 minutes at room temperature. Gel pieces were partially dehydrated with 100% MeCN. 

After a 5–10-minute incubation at room temperature, solvent was removed and 10 mM 

iodoacetamide in 50 mM NH4HCO3 (IAA) was added. Samples were incubated in the 

dark at room temperature for 45 minutes. The IAA solution was removed, and gel pieces 

were incubated in 50 mM NH4HCO3 for 5 minutes. Gel pieces were partially dehydrated 

in 100% MeCN for 5 minutes, then rehydrated in HPLC-grade H2O. De-staining, partial 

dehydration, and rehydration were repeated. Gel pieces were then completely dehydrated 

using 100% MeCN. On ice, dried gel pieces were rehydrated in 12 ng/μL sequencing 
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grade modified trypsin in 50 mM NH4HCO3. After a 20-minute incubation at 4 °C, an 

additional equal volume of 50 mM NH4HCO3 was added to submerge gel pieces, followed 

by overnight incubation at 37 °C. After centrifugation, supernatants were transferred to new 

microcentrifuge tubes. Remaining peptides were extracted from gel pieces with the addition 

of 50% MeCN, 2.5% formic acid (FA). Supernatants were combined with the initial tryptic 

digest, and gel pieces were dehydrated in 100% MeCN. The final extraction was combined 

with the previous two extractions and peptides were dried in a speed-vac.

Peptides were resuspended in 2.5% MeCN/2.5% FA. Peptides were separated on a reverse-

phase HPLC column (length=15 cm × 100 μm) packed in house with C18 resin (1.8 μm 

120 Å, UChrom C18) prior to analysis via a linear ion trap-orbitrap (Orbitrap Eclipse; 

resolution=120,000) mass spectrometer fitted with an Easy-nLC 1200 (both instruments 

from Thermo Scientific; Waltham, MA, USA). Following loading (flow rate=300 nL/min) 

onto the C18 column in Solvent A (2.5% MeCN/0.1% FA), peptides were eluted using a 

0–25% gradient of Solvent B (80% MeCN, 0.1% FA) over 60 min followed by an elution 

to 0–40% gradient of Solvent B over 10 minutes electrosprayed (1.9 kV) into the mass 

spectrometer. This gradient was followed by 9 minutes at 95% Solvent B before a 5 minute 

equilibration in 5% Solvent B.The precursor scan (375–1600 m/z) was followed by ten 

low energy collision-induced dissociation (CID) tandem mass spectra. Dynamic exclusion 

settings: repeat count=3, exclusion duration=15 sec, exclusion width= ±5 ppm).

SEQUEST searches were performed using a forward and reverse protein database which 

included known contaminants (such as human keratins and porcine trypsin) and the 

sequence for U9-ORF with its HA-tag as shown in Figure S4b. Tryptic peptides were 

required, 2 missed cleavages permitted, a precursor mass tolerance of ± 5 PPM and 

a fragment ion tolerance of ± 0.01 Da. The following differential modifications were 

permitted: oxidation of methionine (+15.9949 Da), carboxyamidomethylation of cysteine 

(+57.0215 Da), and acrylamidation of cysteine (+71.0371 Da). Peptides were filtered by 

cross-correlation (XCorr) scores dependent on charge state (charge states of 2 to 4 were 

considered): (XCorrz=+2 > or = 1.8; XCorrz=+3 > or = 2.0; XCorrz=+4 > or = 2.2) and only 

proteins with three or more identified peptides were further considered. These parameters 

resulted in a false discovery rate (FDR) <0.01%.

In vivo LPS challenge experiments

Age‐ and sex‐matched male and female U9-KO or WT mice were injected intraperitoneally 

(i.p.) with E. coli LPS O26:B6 (Sigma Aldrich, St. Louis, MO) at 15 mg/kg body weight 

(low dose) or 60 mg/kg (high dose). LPS-challenged mice were monitored for survival and 

semi-quantitative evaluation of clinical signs induced by the sickness responses for 72 hours. 

A clinical scoring system was adapted from previous study(31) with minor modifications, as 

follows, 0 = no abnormal clinical signs, 1 = ruffled fur but lively, 2 = ruffled fur, moving 

slowly, hunched, and sick, 3 = ruffled fur, squeezed eyes, hardly moving, down, and very 

sick, 4 = same as 3 but with incontinence, 5 = moribund or dead. Blood and tissues were 

collected at different time points and analyzed. Blood was incubated for 30 min at room 

temperature to allow clotting, followed by storage on ice for 1–2 hours, centrifugation, and 

collection of serum. For the in vivo IL-6 neutralization experiments, immediately after LPS 
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injection, 100 μg/mouse of mAb isotype control (anti-trinitrophenol) or anti-IL-6 antibodies 

(Bio × Cell, Lebanon, NH) were administered by i.p injection.

Statistical analyses

Statistical analyses not pertaining to RNA-seq data were carried out using GraphPad Prism 

software version 9.2.0 (GraphPad Software, San Diego, CA, USA). The specific tests used 

to assess the significance of the observed differences are detailed in the figure legends. All 

center values represent the mean, and error bars represent the standard error of the mean. A 

P-value of <0.05 was considered significant.

Results

LncRNA U90926 is upregulated in macrophages and dendritic cells in response to TLR-
ligands in a MyD88/p38α MAPK dependent manner

U90926 is a lncRNA located on mouse chromosome 5, between two protein-coding genes, 

Uso1 and Ppef2. The U90926 gene is encoded in a ~5.5 Kbp locus, comprising 5 exons 

encoding a 522 bp polyadenylated transcript(32). Using microarray analysis, we originally 

discovered U90926 as a highly downregulated gene in p38α MAP kinase (MAPK)-

deficient peritoneal macrophages stimulated in vitro with heat-killed Mycobacterium 
tuberculosis(16), and more recently confirmed these data by RNAseq in LPS-activated bone 

marrow derived macrophages (BMDM)(18). To determine the cell/tissue type specificity of 

this transcript, mining transcriptomic data across >100 tissue and cell types, we identified 

the highest expression of this gene in LPS-stimulated BMDMs and thioglycolate-elicited 

peritoneal macrophages, with minimal expression in other cells/tissues at steady state 

(Fig. 1a). Leveraging published kinetic transcriptomic data from bone marrow derived 

dendritic cells (BMDCs) stimulated with an array of toll-like receptor (TLR) ligands(33), 

we found that U90926 RNA expression was maximally induced ~4–6 hours after activation 

of TLR1/2, TLR4, TLR7, and TLR9, but not TLR3, and sustained for at least 24 hours 

(Fig. 1b). Using RT-qPCR, we confirmed that U90926 RNA is upregulated with comparable 

kinetics in BMDMs and BMDCs (Fig. 1c) and determined that the expression of this gene 

in BMDM is induced by activation of TLR1/2, TLR4, TLR5, and TLR9, but not TLR3 

(Fig. 1d). These results demonstrate that the expression of U90926 is rapidly inducible in 

macrophages and dendritic cells by TLR signals. Given the documented heterogeneity of 

BMDC preparations(26), we focused the majority of our subsequent in vitro experiments on 

BMDM.

Next, we assessed the signals downstream of TLR activation required for the induction 

of U90926 expression. Since myeloid differentiation factor 88 (MyD88) is a required 

adaptor protein for signaling downstream of all of the TLRs above with the exception 

of TLR3(34, 35), we investigated the necessity of MyD88 for U90926 expression, using 

WT and MyD88-KO immortalized BMDM cell lines(15). U90926 expression was induced 

by LPS in WT but not in MyD88-deficient cells, whereas TLR3 activation by polyI:C 

failed to induce the expression of U90926 in either WT or MyD88-KO cells, as expected 

(Fig. 1e). Our previous transcriptomic findings implicated p38α MAPK, a major signaling 

pathway downstream of MyD88, in the expression of U90926(16, 18). We confirmed these 
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findings using RTq-PCR, demonstrating that induction of U90926 was significantly, though 

not completely, impaired in p38α-deficient BMDMs (Fig. 1f). Consistently, pretreatment 

of WT BMDM with SB203580, a pharmacological inhibitor of p38 MAPK, also highly 

reduced U90926 expression after LPS stimulation (Fig. 1g). To investigate if p38 MAPK 

activation is sufficient to induce U90926 expression independent of TLR-activation, we 

used NaCl-induced osmotic stress as a known activator of p38 MAPK in BMDMs and 

other cell types(36–38). NaCl-induced hyperosmotic stress through the addition of an extra 

40 mM NaCl did not induce U90926 expression (Fig. 1h), suggesting that p38 MAPK 

activation alone is not sufficient. We also investigated U90926 expression in response to 

cytokine stimuli, including TNFα, which induces p38 MAPK activation(39), and IL-1β, 

which signals via MyD88 and p38 MAPK(40, 41). We found that TNFα did not stimulate 

U90926 expression, but IL-1β stimulation induced significant U90926 expression in WT 

BMDM, albeit very modest compared with LPS stimulation (Fig. 1i). Taken together, these 

findings demonstrate that the expression of U90926 is robustly induced by TLR signals in a 

MyD88- and p38α-dependent manner.

Our original studies and the experiments above were performed utilizing the most widely 

used laboratory strain of mice, C57BL/6J (B6), which represents a single unique genotype, 

artificially selected in a captive setting for over a hundred years. However, we recently 

demonstrated that certain aspects of the LPS response in B6 myeloid cells may be 

idiosyncratic to classic inbred strains, and not conserved in the genetically divergent wild-

derived inbred strain of mice, PWD/PhJ (PWD)(42). To investigate the conservation of 

U90926 regulation across divergent genotypes, we used BMDM from PWD mice. BMDM 

from PWD and B6 mice demonstrated comparable induction of U90926 in response to 

LPS stimulation (Fig. 1j), suggesting that regulation of U90926 expression is conserved 

across divergent murine genotypes and not unique to the B6 strain. Given these findings, we 

continued our studies in the genetically tractable B6 model.

Generation of U90926-deficient mice (U9-KO)

To study the function of U90926 in vivo and ex vivo, we generated U90926-deficient 

mice (U9-KO) by CRISPR-Cas9 on the C57BL/6J background. Two single guide RNAs 

(sgRNAs), targeted upstream of the 5’ and downstream of 3’ ends of the gene, were used 

to delete the entire ~5.5 Kb U90926 locus (Fig. 2a) by microinjection together with Cas9 

enzyme into single cell B6 embryos. We obtained multiple successful founders, all of which 

were confirmed by polymerase chain reaction (PCR) genotyping, showing deletion of all 5 

U90926 exons, with some variability around the cut sites, as expected from non-homologous 

end joining repair (Figure S1a). We selected a single founder to generate the U9-KO mouse 

line (Pup ID# 11 in Figure S1a). To eliminate any potential off-target deletions made by 

CRISPR/Cas9 elsewhere in the genome(43, 44), we backcrossed the U9-KO to WT B6 

mice, starting with a single male U9-KO founder and followed by 2 more backcrosses. 

The resulting heterozygous (HET) mice were bred HET × HET to establish homozygous 

KO and WT control progeny in parallel, which were used in all subsequent experiments. 

Backcrossed U9-KO mice were validated by Sanger sequencing (see materials and methods) 

and PCR genotyping (Fig. 2b) to confirm deletion of the entire U90926 genomic sequence.
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To validate U90926 deficiency at the RNA level, we generated BMDM and BMDC from 

WT B6 control mice and U9-KO mice, and stimulated them with LPS to induce expression 

of U90926. In contrast to WT cells, U9-KO BMDM and BMDC showed no detectable 

expression of U90926 upon LPS stimulation (Fig. 2cand d). We next investigated whether 

U90926 deletion alters BMDM and BMDC differentiation. WT and U9-KO BMDM and 

BMDC were assessed by flow cytometry to measure expression of the major myeloid 

differentiation markers CD11b and CD11c, which did not differ between WT and U9-KO 

mice, both at baseline and after 24h LPS stimulation (Fig. 2e and f). Next, we determined 

the effect of U90926 deficiency on major leukocyte populations in spleen and lymph 

nodes at the basal level, using flow cytometry. No major immunophenotypic differences 

were found in U9-KO mice compared with WT mice with the exception of a decrease in 

Ly6G+ cell number in the spleen (Fig. 2g and h), which was not replicated in a repeat 

experiment (data not shown). Taken together, these data validate our U9-KO model for 

functional characterization of U90926 gene function in vitro and in vivo, without any 

apparent confounding influences on leukocyte development.

Deletion of U90926 locus has minimal intrinsic effects on myeloid cell function in vitro

Given that U90926 is highly expressed in macrophages and dendritic cells upon TLR-

stimulation, we hypothesized that this gene may be involved in cell-intrinsic regulation of 

inflammatory gene expression, similar to other myeloid lncRNAs(9, 11, 45). Macrophages 

and myeloid DCs are professional antigen presenting cells, whose capacity for activation 

of naïve T cells is enhanced by TLR stimulation. Therefore, WT and U9-KO BMDMs 

were stimulated with LPS for 24 hours, followed by assessment of expression of cell 

surface co-stimulatory molecules involved in antigen presentation. Compared with WT, 

U90926-deficient BMDMs exhibited no significant differences in the surface expression 

of CD80, CD86 and CD40 (Fig. 3 a–c). Similar results were obtained in BMDCs (Figure 

S1b–d). These results suggest that U90926 is not involved in the regulation of co-stimulatory 

molecule expression in macrophages and dendritic cells.

Next, we assessed cytokine production and secretion, as another essential myeloid cell 

effector function upon TLR-stimulation. We measured the secretion and mRNA expression 

of key pro-inflammatory cytokines, TNFα and IL-6, and the anti-inflammatory cytokine, 

IL-10. Additionally, we assessed IL-1β secretion in response to NLRP3 inflammasome 

activation by LPS and nigericin stimulation. No significant differences in cytokine secretion 

as measured by ELISA were detected in U9-KO BMDM when compared with WT (Fig. 3 

d–g). Similarly, we found no significant differences between WT and U9-KO BMDMs in 

Tnf, Il6, or Il10 cytokine mRNA expression (Fig. 3 h–j). These data suggest that in spite of 

being TLR-inducible, U90926 expression has no intrinsic effect on cytokine production and 

secretion by macrophages upon TLR-stimulation in vitro.

Next, we investigated the global effect of U90926 deficiency on the myeloid cell 

transcriptome in an unbiased manner by RNA sequencing (RNAseq). Since U90926 is 

expressed early after TLR-activation, we assessed gene expression at 4 hours, and 24 

hours after LPS stimulation, to measure early and late effects in BMDMs generated from 

WT or U9-KO mice. Differential expression analyses using a standard cutoff for RNAseq, 
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|Log2 Fold Change|>1 and Padj <0.05 revealed only two genes at each time point that 

passed filter, including U90926 itself (both time points), Csnk2a1-ps3 (at 4 hours), and 

Gm12918 (at 24 hours) (Fig. 3 k and l). Reanalysis using a relaxed cutoff of |Log2 Fold 

Change|>0.6, Padj <0.2 found only a total of 9 genes (at 4 hours) and 16 genes (at 24 

hours) that were differentially expressed (Figure S1e). Most of these differentially expressed 

genes were either functionally uncharacterized pseudogenes or predicted genes, and/or not 

TLR-inducible inflammatory genes, suggesting that U90926 deficiency does not have a 

major impact on transcriptional regulation of macrophage inflammatory responses. Together 

with the results above, our findings suggest that U90926 has minimal cell-intrinsic effects on 

macrophage function.

U90926 RNA localizes to the cytoplasm, associates with ribosomes, and contains an ORF 
that encodes a secreted peptide

Given the lack of cell-intrinsic effect of U90926 on macrophage gene expression, we 

assessed the subcellular localization of U90926 transcript using subcellular fractionation 

and RT-qPCR. We found that U90926 RNA localized predominantly to the cytoplasm rather 

than the nucleus in BMDMs, similar to protein-coding mRNAs such as B2m, and unlike 

the small nucleolar RNA U6, which localized to the nucleus (Fig. 4a). Our in-silico analysis 

indicated that the U90926 transcript contains a 264 bp open reading frame (ORF) that has 

the potential to generate a ~10 kDa protein of 87 amino acids (Fig. 4b), henceforth referred 

to as U9-ORF. BLAST analysis of U9-ORF amino acid sequence revealed no significant 

homology to any known proteins (data not shown). Surprisingly, we identified a predicted 

endoplasmic reticulum (ER) signal peptide sequence of 16 amino acids at the N-terminus 

(Fig. 4b), which could make U9-ORF a secreted or organelle lumen-resident protein. 

Seeking additional evidence for translation, we mined publicly available ribosome-profiling 

data from a study of LPS-activated BMDCs(46). We observed global ribosome footprints 

that mapped to all five of the exons of U90926, as well as initiating ribosome footprints 

that mapped to exon 2 (Fig. 4c), where the start codon for U9-ORF lies, suggesting that the 

U90926 transcript associates with ribosomes and the U9-ORF may be translated.

To directly assess the protein coding potential of U90926, we cloned the 264 bp U9-ORF 

cDNA into a mammalian expression vector and added a hemagglutinin (HA) epitope 

tag at the C-terminus. The resulting U9-ORF-HA plasmid was transfected into HeLa 

cells, and the presence and localization of HA-tagged U9-ORF product was assessed by 

immunocytochemistry (ICC). We found that the U9-ORF-HA protein was translated and 

localized predominantly to the perinuclear Golgi apparatus in HeLa cells (Fig. 4d). Similar 

results were obtained by transfection of the U9-ORF-HA plasmid into RAW264.7 murine 

macrophages, 3T3 mouse embryonic fibroblasts, and 3T3-L1 mouse pre-adipocytes (Figure 

S2a). To confirm that U9-ORF protein could be translated in the context of its native 

full-length mRNA, we also cloned the full length U90926 cDNA (522bp) into an expression 

vector, inserted an HA tag at the C-terminus of the ORF, and transfected it into HeLa 

cells, followed by ICC. As before, we found that U9-ORF was translated and localized to 

Golgi apparatus (Fig. 4e), suggesting that this protein may be destined for exocytosis and 

secretion.

Sabikunnahar et al. Page 13

J Immunol. Author manuscript; available in PMC 2024 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



To determine whether U9-ORF can be secreted, we transfected HeLa cells with U9-ORF-

HA or, as a negative control, an HA-tagged cytoplasmic kinase, TYK2(30), and analyzed 

cell lysates and supernatants by immunoblotting. While both proteins were present in the 

cell lysates, we found abundant U9-ORF-HA, but not TYK2-HA, protein in the supernatant, 

with or without concentration (Fig. 4f). We confirmed the correct identity of the U9-ORF 

protein in the U9-ORF-HA transfected cell supernatants by mass spectrometry (Figure 

S3 and Table 1). To confirm that U9-ORF protein is secreted via the canonical exocytic 

pathway, we treated cells with vesicular transport inhibitors, monensin and brefeldin A, 

after transfection and analyzed by the cells by ICC, and cell lysates and supernatants by 

immunoblotting. Monensin and brefeldin A treatment resulted in a notable sub-cellular 

relocalization of U9-ORF protein (Fig. 4g and Figure S2b). Similarly, by immunoblotting, 

we found that monensin and brefeldin A treatment almost completely inhibited U9-ORF 

secretion into the supernatant (Fig. 4h). Interestingly, immunoblot analysis indicated that 

both the predominant cell-associated and secreted forms of the U9-ORF-HA protein 

migrated at a molecular weight of 25 kDa (Fig. 4f and h), larger than its predicted mass of 

12 kDa, which was visible as a minor band only in cell lysates (Fig.4f). This suggested the 

presence of possible post-translational modifications (PTMs), such as glycosylation, which 

is a common on PTM on secreted proteins(47). In order to determine if the U9-ORF protein 

is glycosylated, we performed deglycosylation reactions on the U9-ORF-HA transfected 

cell lysates and supernatants, followed by immunoblotting. We found that deglycosylation 

caused a clear shift in the U9-ORF protein band to the predicted ~12kDa position (Fig. 

4i), indicating that U9-ORF protein is indeed glycosylated. Taken together, our results 

suggest that U90926 is a cytoplasmic RNA that encodes a novel U9-ORF protein, which is 

glycosylated, and secreted out from the cell. Together with the RNAseq data demonstrating 

minimal intrinsic effects of U90926 deficiency on macrophage gene expression, these results 

suggest a model whereby in vivo U9-ORF secreted by macrophages may act on other cell 

types in a paracrine and/or endocrine manner.

U90926 expression protects mice from LPS-induced endotoxic shock by modulating IL-6 
levels

Our findings so far had suggested that TLR-inducible expression of U90926 in macrophages 

may exert non-macrophage intrinsic effects. To test this hypothesis in vivo, we employed the 

widely used LPS endotoxemia model, in which TLR4 signaling in macrophages promotes 

morbidity and mortality due to hypercytokinemia and systemic shock, by interacting with 

multiple other cell types(48),(49). We first determined whether U90926 expression is 

inducible in vivo by LPS endotoxemia. WT B6 mice were challenged with a high dose 

(15 mg/kg) of E. coli O26:B6 LPS by intraperitoneal (i.p.) injection, followed by tissue 

collection at several time points. We found that U90926 expression was induced within 

hours after systemic LPS administration, in peritoneal cells collected by lavage, liver tissue, 

and visceral adipose tissue, and its expression was sustained for up to 48 hours (Fig. 5a), 

similar to its kinetics in vitro in BMDM (Fig. 1d). To determine the contribution of U90926 
in severe endotoxemia, U9-KO and WT mice were challenged i.p. with high dose LPS (15 

mg/kg), followed by monitoring of survival and quantitative evaluation of clinical signs 

induced by the sickness responses, as previously described(31, 50), at individual time points, 

and as a cumulative variable using area under the curve (AUC) analysis. In WT mice, this 
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dose of LPS resulted in acute clinical signs that peaked at 12 hours, followed by recovery 

and survival in 86% of the mice (Fig. 5b–d). In contrast, U9-KO mice exhibited significantly 

sustained sickness responses and and reduced survival of 33% (Fig. 5b–d). Together, these 

results suggest that expression of U90926 downstream of TLR4 activation in endotoxemia is 

protective in septic shock.

To determine the inflammatory mechanisms underlying exacerbated endotoxemia in U9-KO 

mice, we assessed the serum levels of the key pro-inflammatory cytokines TNFα and IL-6 

by ELISA, after LPS challenge. TNFα levels peaked at 1 h post-challenge and did not differ 

significantly between WT and U9-KO mice at both 1 h and 4 h (Fig. 5e–f). IL-6 levels 

peaked at 4 hours post-challenge at comparable levels between WT and U9-KO mice (Fig. 

5g). However, at 24 hours, IL-6 levels remained elevated at a significantly higher level in 

U9-KO mice compared with WT (Fig. 5h).

To determine whether elevated IL-6 in U9-KO mice was directly responsible for their 

increased susceptibility to endotoxic shock, we blocked IL-6 using a neutralizing antibody 

in the LPS endotoxemia model. U9-KO and WT mice were challenged with LPS (15 

mg/kg) and simultaneously treated with isotype control or anti-IL-6 antibody, followed by 

monitoring of clinical signs and survival as described above. In WT mice, neutralization 

of IL-6 had no significant effect on clinical symptoms (Fig. 5i–j), and 100% of the 

mice in both treatment groups survived the challenge. In contrast, IL-6 neutralization in 

U9-KO mice diminished the sustained clinical signs (Fig. 5k–l), with 100% percent of the 

anti-IL-6 treated U9-KO mice surviving, compared with 50% of the isotype control treated 

U9-KO mice (P= 0.172 by Mantel-Cox analysis). Given the published evidence that IL-6 

blockade has a protective effect in WT mice during sepsis(51, 52), we tested whether IL-6 

neutralization will also protect WT mice from higher LPS dose challenge, since KO but 

not WT mice displayed high morbidity and mortality when challenged with the lower dose 

of LPS in our previous experiments (Fig. 5b–l). We found that neutralization of IL-6 was 

indeed protective in WT mice when challenged with a higher dose of LPS (Figure S4a–c).

Taken together, the data above suggested that U90926 could play a protective role in septic 

shock at least in part by negatively regulating systemic IL-6 levels during LPS endotoxemia, 

possibly via secreted U9-ORF from macrophages acting in a paracrine and/or endocrine 

manner. This would be consistent with our findings of unchanged IL-6 production by 

U9-KO BMDM in vitro (Fig. 3e,i) and the critical role of hepatocytes in IL-6 production 

in response to systemic LPS(53). To determine whether BMDM-derived U9-ORF acts 

directly on hepatocytes to regulate IL-6 levels, we performed in vitro co-culture experiments 

between WT or U9-KO BMDMs and a mouse hepatocyte cell line, AML12 cells. We 

first tested whether hepatocytes express U90926 RNA in response to LPS, and found that 

unlike BMDM, hepatocytes do not express U90926 in response to LPS stimulation (Figure 

S4d). While hepatocytes cultured alone also produced minimal IL-6 in response to LPS, 

their presence in co-culture with WT or KO BMDM resulted a significant boost in IL-6 

production compared with BMDM alone. However, there was no significant difference 

in IL-6 production between WT and KO BMDM co-cultures, indicating that macrophage-

derived U9-ORF does not directly regulate IL-6 production by hepatocytes, at least in vitro 

(Figure S4e). Together with the findings that IL-6 neutralization is similarly protective in 
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WT mice challenged with a higher dose of LPS (Figure S4a–c) as in KO mice challenged 

with a lower dose of LPS (Fig. 5i–j), these data suggest that U90926 deficiency may shift 

the threshold for endotoxic shock susceptibility, and subsequently causing elevated IL-6 

levels downstream, rather than specifically and/or directly regulating IL-6 expression.

Given the critical involvement of both liver resident macrophages and hepatocytes in 

sepsis(54–58), to further examine the basis for the protective effect of U90926 in LPS 

endotoxemia, we performed RNAseq analysis on whole liver tissue isolated from WT and 

U9-KO mice after 24 h of systemic LPS challenge. Our analysis revealed 71 genes that were 

differentially expressed in the liver of U9-KO vs WT mice, including key immune response 

genes such as Cxcl2, Ngp, Arrb2, S100a9 and Ptgds (Fig. 5m). Gene Ontology (GO) 

enrichment analysis of differentially expressed genes identified that distinct pathways were 

upregulated and downregulated in U9-KO mice compared to WT. The pathways associated 

with genes upregulated in U9-KO fell into three major categories: leukocyte chemotaxis, 

metabolic processes, and cell death (Fig. 5n), suggesting that U90926 deficiency may 

exacerbate endotoxemia through augmented leukocyte recruitment, hepatocyte cell death, 

and/or dysregulated metabolism in the liver. In contrast, enrichment analysis of genes 

downregulated in U9-KO revealed much fewer significantly enriched pathways, but notably 

including defense response to Gram-positive and Gram-negative bacteria. To determine 

whether elevated IL-6 levels may have contributed to dysregulated gene expression in the 

liver of U9-KO mice, we performed upstream regulator analysis on genes differentially 

expressed in U9-KO liver tissue compared with WT (see Methods). We found significant 

enrichment of IL-6 as an upstream regulator (P=0.04) with a positive Z-score (0.161), with 

Cxcl3, Mmp7, S100a9, and Vldlr identified as target genes. Taken together, these data 

suggest that U90926 deficiency exacerbates endotoxic shock in association with elevated 

systemic IL-6 levels, resulting in (or caused by) dysregulated liver function, and ultimately, 

death.

Discussion

With recent advancement of high-throughput sequencing technologies and computational 

biology, the detection of novel lncRNA transcripts has become easier. However, functions 

of the most lncRNA remain largely unknown because in-depth experimental investigation of 

individual genes is needed to unravel their functions. Here, in this study we characterized 

a mouse putative lncRNA U90926. This gene lies between two conserved protein coding 

genes, Uso1 and Ppef2, on mouse chromosome 5. We became interested in U90926 when 

we identified it as one of the most highly downregulated genes in TLR-stimulated p38α 
MAPK-deficient macrophages in our transcriptomic analyses(16, 18). Given this discovery, 

we focused on identifying possible roles for U90926 in macrophages. We generated the first 

(to our knowledge) mouse model of U90926 deficiency and discovered that the induction of 

this gene by inflammatory signals plays a protective role in endotoxic shock. We also found 

evidence that U90926 encodes a novel secreted protein that could play paracrine roles in 

endotoxemia.

Prior to 2017, there had been no studies on the biological role of U90926. Since then, 

three independent groups have described possible functions for this gene. Using an in vitro 
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model of adipocyte differentiation in 3T3-L1 pre-adipocyte cells, Chen et al discovered 

that 1) U90926 expression was downregulated during adipocyte differentiation, and 2) 

overexpression of U90926 inhibited adipocyte differentiation, while silencing had the 

opposite effect, thus implicating U90926 as a possible repressor of adipogenesis(20). 

Another in vitro study found that U90926 expression was highly upregulated in a murine 

retinal photoreceptor cell line 661W following herpes simplex virus 1 (HSV-1) infection, 

and silencing of this gene impaired HSV-1 replication, thus suggesting that this gene could 

serve as co-factor for DNA virus replication(21). Interestingly, the same group identified 

two human lncRNA transcripts syntenic with, and possibly homologous to, U90926, with 

the expression of one of these transcripts being elevated in the eye of individuals with acute 

retinal necrosis caused by HSV-1(59). Finally, a recent study demonstrated that U90926 
expression was elevated in microglia during ischemic stroke in vitro and in vivo, and 

that silencing microglial U90926 reduced infarct volume and neutrophil recruitment in an 

experimental stroke model(22). These results are broadly consistent with our own findings, 

as discussed in more detail below, and suggest that expression of the U90926 transcript is 

induced by a variety of inflammatory signals, and it plays diverse and context-dependent 

roles in regulating downstream events. Importantly, given our discovery that this gene may 

encode a protein, it would be of interest to determine the role of the U9-ORF in these other 

models.

We demonstrated that expression of U90926, while minimal across multiple tissues at steady 

state, is highly inducible in bone marrow-derived macrophages and DCs upon stimulation 

with agonists of TLR1/2, TLR4, TLR5, TLR7, and TLR9. The latter is consistent with 

the findings of Shirahama et al that HSV-1 infection, which also triggers TLR9(60, 61), 

induced expression of this gene(21), although we note that in our study, we used a mimic 

of bacterial CpG DNA as an agonist. This also suggests that expression of U90926 may 

not be restricted to myeloid cells and may be present in other cell types that can respond 

to inflammatory signals such as TLRs, although we found no U90926 expression in LPS-

stimulated mouse hepatocyte cell line, AML12 cells (Figure S4d). The findings of Xu and 

colleagues that ischemic stroke induced expression of U90926 in microglia(22) suggest 

that damage associated molecular patterns released in damaged CNS tissue, which can 

induce signaling through several TLRs(62), could be driving this activation. Alternatively, 

inflammatory cytokines, such as TNFα or IL-1β, which are abundantly produced during 

stroke(63), could potentially serve to induce expression of U90926, in particularly since the 

receptors for these cytokines induce signaling through MyD88 and/or p38α MAPK, two 

signals that we showed are required for TLR4-dependent induction of U90926. Consistent 

with this, there is microarray evidence that TNFα can induce U90926 expression in 3T3-

L1 preadipocytes(64), although we did not detect any U90926 expression upon TNFα 
stimulation in BMDMs (Fig. 1i). However, we did find moderate U90926 expression in 

BMDMs upon IL-1b stimulation, which is consistent with the MyD88-dependence of IL-1R 

family(40). The findings of Chen et al that U90926 may be expressed by pre-adipocytes 

in the absence of inflammatory cues(20) suggest that there may be additional signals that 

control its expression. We note that we did find detectable, albeit low, expression of U90926 
in whole adipose tissue, which was markedly increased upon systemic LPS challenge 

(Fig. 5a). Given the key role of tissue macrophages in adipose tissue homeostasis and 
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inflammation(65–67), future studies could explore potential U90926-dependent cross-talk 

between adipocytes and adipose tissue macrophages.

Several previous studies have shown that expression of distinct lncRNAs either activated 

or repressed upon TLR-stimulation in macrophages plays an important regulatory role in 

controlling inflammation(9, 11, 45, 68). Surprisingly, we found that U90926 deficiency did 

not have any major intrinsic effect on macrophage inflammatory gene regulation in vitro 
(Fig. 3). This suggests that U90926 plays a role other than transcriptional regulation, unlike 

other macrophage lncRNA that are found in nucleus such as lincRNA-Cox2, lincRNA-EPS, 

Malat1 and MeXis(9, 11, 69, 70). Recent studies have shown that subcellular localization 

is critical in determining lncRNA function in the cell(71–73). Consistent with this, we 

found in our study that U90926 is localized predominantly in the cytoplasm rather than the 

nucleus of BMDM (Fig. 4a), which validates the lack of major intrinsic effect of U90926 
deficiency on macrophage transcriptional regulation. Our findings on U90926 localization 

in BMDM is consistent with other groups, who showed that it is localized to the cytoplasm 

of 3T3-L1 preadipocytes and primary microglia(20, 22). In contrast, another study showed 

the U90926 RNA is localized primarily in nucleus in the HSV-1-infected 661W murine 

retinal photoreceptor cell line(21). It is possible that U90926 localization differs across 

cell types or cell states, since it has been known that lncRNA localization can differ in 

different cell types depending on splicing and functional predisposition(71, 74). Another 

potential explanation for the apparent nuclear localization in 661W cells is that it was 

measured early before HSV-1 infection, at a time point when the expression of this gene 

is only at ~10% of its maximal expression(21), and thus it may represent an intermediate 

accumulation of unspliced U90926 RNA prior to export out of the nucleus. Given our 

findings that the U90926 transcript may be translated, cell type-dependent localization of 

this RNA could represent differential non-coding RNA vs. protein effects, and thus deserves 

further investigation.

Several recent studies showed that many genes currently annotated as lncRNAs, are 

pervasively translated to small proteins(75, 76). In general, ORFs size restrictions and 

the absolute requirement for AUG as the sole initiator of translation have constrained 

the identification of potentially important transcripts with non-canonical protein-coding 

potential(76, 77). The concept of functional translation of lncRNAs in macrophages is 

strongly supported by two recent studies. A lncRNA called AW112010 was recently 

identified to encode a peptide, which is important in controlling mucosal immunity during 

both bacterial infection and colitis(14). Another recent study showed that a classically 

annotated lncRNA 1810058I24Rik encodes a mitochondrial micropeptide named Mm47, 

which regulated Nlrp3 inflammasome function in macrophages(15). Given the emerging 

evidence of lncRNA being translated and cytoplasmic location of U90926, we were 

prompted to identify the protein-coding potential of U90926. Despite having an ORF with a 

canonical AUG start site that can potentially encode a predicted 87- amino acid long protein, 

no prior study has addressed the question if the ORF in U90926 (U9-ORF) is functional. 

In this study, we found that not only did U90926 RNA localize to the cytoplasm, but it 

associated with ribosomes. Using cDNA transfection, we further showed that epitope-tagged 

U9-ORF is translated into a stable glycosylated protein that traffics to the Golgi and is 

secreted from the cell (Fig. 4 d–h), as predicted from the presence of a consensus ER 
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signal peptide sequence at its N-terminus (Fig. 4b). Future studies will need to validate the 

expression and localization of endogenous U9-ORF in vivo.

The finding that U9-ORF is secreted potentially explains the lack of effect on macrophage-

intrinsic function in vitro (Fig. 3), implicating paracrine cellular targets for this protein in 
vivo. In the LPS endotoxemia model, we found rapid induction of U90926 expression in 

immune cells, and in liver and adipose tissue. Moreover, we found that U9-KO mice exhibit 

significantly heightened susceptibility and mortality compared to WT controls. We also 

demonstrated that U9-KO mice have sustained levels of IL-6 at 24 hours and neutralization 

of lL-6 can rescue the phenotype of U9-KO mice in the LPS endotoxemia model (Fig. 5), 

albeit WT mice were similarly protected if challenged with a higher dose of LPS (Figure 

S4a–c). These data suggest that deletion of U90926 lowers the threshold for endotoxic 

shock, which is results in elevated systemic IL-6 levels, which drive morbidity and mortality. 

These effects could be possibly mediated via secreted U9-ORF from macrophages acting 

in a paracrine and/or endocrine manner although our in vitro experiments do not support 

a direct regulation of hepatocyte IL-6 production by macrophage derived U9-ORF (Figure 

S4e). An alternative possibility is that U9-ORF regulates IL-6 stability in vivo, which is an 

important way in which this cytokine is regulated(78, 79).

To further shed light on the basis of the protective role of U90926, we performed 

transcriptomic analysis on whole liver tissue, considering critical involvement of both the 

liver resident macrophages and hepatocytes during endotoxic shock(54, 55, 57, 58). We 

found that many immune genes and biological pathways are differentially regulated in 

U9-KO mice compared to WT, including pathways that are important in sepsis like cell 

chemotaxis, metabolic processes, and cell death(80–82), which were upregulated in U9-KO 

mice. This included an upregulation of neutrophil-specific genes Ngp and S100a9, and 

the chemokine Cxcl2, a neutrophil chemoattractant, suggesting enhanced neutrophil influx 

into the liver as a contributor to (or a result of) enhanced liver pathology in LPS-treated 

U9-KO mice, which is further consistent with the role of IL-6 in promoting neutrophilia 

in various inflammatory settings(83–85). Interestingly, silencing of U90926 in microglia 

resulted in the downregulation of Cxcl2 expression and decreased neutrophil recruitment to 

the CNS(22), which is the inverse of our results, but nonetheless implicates myeloid cell 

mediated neutrophil recruitment as a possible common mechanism. Of note, the putative 

mechanism of action of U90926 described in microglia involved its RNA form(22), and not 

the novel U9-ORF protein discovered in our study. Future studies will need to determine 

whether U90926 function in regulating inflammatory processes in vivo require its RNA 

form, its protein form, or both, as has been reported for other lncRNAs(86). Notably, we 

found a significant enrichment for IL-6-regulated genes in the genes differentially expressed 

in liver tissue of U9-KO mice, suggesting that elevated systemic IL-6 may be upstream of 

the dysregulated gene expression in the liver.

Another important aspect of lncRNA biology is conservation across different species. Most 

lncRNA genes show low sequence conservation across species(7, 87), including many, if 

not most of the immune cell-specific lncRNAs identified to date that lack documented 

cross-species homologs(7). An emerging view of lncRNA conservation includes not only 

sequence, but structure, function and synteny(88). While we have so far been unable to 
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find a human U90926 homolog using sequence homology, using synteny, Shirahama et al 
identified a putative human homolog of U90926, AC110615.1, as a potential biomarker of 

acute retinal necrosis(59). We will characterize this potential human homolog of U90926 in 

human macrophages in our future studies. Importantly, the lack of apparent conservation of 

the U9-ORF amino acid sequence in other species suggests that U90926 could represent an 

example of a dual-function lncRNA that evolved to lack its protein coding potential in other 

species.

In conclusion, we have identified U90926 as a key gene that is highly upregulated in 

activated macrophages and provided evidence for a protective role for this gene during 

endotoxic shock. Furthermore, we have discovered unexpected evidence for the translation 

of this putative lncRNA gene. These findings suggest manipulation of this gene and its 

products as potential experimental therapeutic approaches in sepsis, which remains a major 

unmet clinical need. More importantly, our findings yield provide important implications for 

the evolution of lncRNAs, their protein coding potential, and the physiological roles of this 

unique class of genes, which outnumbers canonically protein-coding genes.
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Keypoints:

• LncRNA U90926 is upregulated in TLR-stimulated macrophages

• U90926 contains a translated ORF that encodes a secreted protein

• U90926 knockout mice are more susceptible to endotoxic shock
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Figure 1. Expression of U90926 is induced in mouse macrophage and dendritic cells by TLR 
signals in a MyD88- and p38α MAPK-dependent manner.
(a) Microarray gene expression data for U90926 were downloaded from BioGPS.org using 

the geneatlas_MOE430 dataset. A subset of representative tissues is shown in a heatmap. 

(b) U90926 expression in BMDC stimulated with the indicated TLR ligands was extracted 

from a published Nanostring gene expression dataset(33). (c) BMDMs and BMDCs were 

isolated from B6 mice and stimulated with LPS (100 ng/ml) for 4h and 24h, followed by 

RT-qPCR for U90926 expression measurement. (d) B6 WT BMDMs were stimulated with 

the TLR-ligands LPS (100 ng/ml), Pam3CSK4 (1 μg/ml), ODN1826 (1 μM), polyI:C (10 

μg/ml), or ST-FLA (1 μg/ml) for the indicated times, followed by RT-qPCR to measure 

U90926 expression. (e) Immortalized BMDMs from WT and MyD88-KO B6 mice were 

stimulated with LPS (100 ng/ml) or polyI:C (10 μg/ml) for 4 hours, and U90926 expression 
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was measured by RT-qPCR. (f) BMDMs were isolated from p38αCKOLysm (p38-CKO) and 

p38αflox/flox Cre-negative littermate control (WT) B6 mice and stimulated with LPS in vitro 
for 4hrs, followed by RT-qPCR to measure U90926 expression. (g) BMDMs were isolated 

from WT B6 mice and stimulated with LPS with or without pretreatment with the p38 

MAPK inhibitor SB203580 (p38i, 10μM) for 4 hrs, followed by RT-qPCR. (h) BMDMs 

isolated from WT B6 mice were treated with LPS (100 ng/ml) or NaCl (40 mM) for 4 hours, 

and U90926 expression was measured by RT-qPCR. (i) BMDMs isolated from WT B6 mice 

were treated with TNFα (10 ng/ml), IL-10(10 ng/ml), and LPS (100 ng/ml) as positive 

control for 4 hours, followed by RT-qPCR. (j) BMDMs were isolated from B6 and PWD 

mice and stimulated with LPS (100 ng/ml) for 4 and 24 hours, followed by RT-qPCR. All 

RT-qPCR data are expressed relative to the housekeeping gene Beta-2-microglobulin (B2m) 

and calculated by a comparative Ct method formula 2^-(deltaCt), and multiplied by a factor 

of 10,000 for ease of visualization. Data are represented as the mean ± SEM. Significance 

was determined by two-way ANOVA for panel (e) and two-tailed Student’s t test for panel 

(f). One-way ANOVA was performed for more than two groups comparison in panel (g) 

and (h). P values are represented as follows: ns>0.05, *=≤0.05, **=≤0.01, ***=≤0.001, 

****=≤0.0001.
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Figure 2. Generation and validation of U9-KO mice.
(a) Schematic of CRISPR targeting of the U90926 locus and the repaired double-strand 

break site (designated as “X”) flanked by the indicated sequences, as identified by Sanger 

sequencing. (b) PCR-based genotyping of U9-KO mice. Three primers were used in a single 

reaction: Forward primer was upstream of the sgRNA site 1, KO reverse primer downstream 

of sgRNA site 2 (yields a product only if U90926 whole locus is deleted), and a WT reverse 

primer downstream of sgRNA site 1 and near the exon 1 (only yields a product when 

U90926 is not deleted). (c, d) BMDM and BMDC were isolated from WT and U9-KO mice 

(n=6 for each group) and stimulated with LPS (100 ng/ml) for 4h, followed by RT-qPCR 

to measure U90926 expression. (e, f) BMDM and BMDC isolated from WT and U9-KO 

mice (n=8 for each group) were stimulated with LPS (100ng/ml) for 24h and analyzed by 
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flow cytometry using CD11b and CD11c differentiation markers. (g, h) Cells were isolated 

from spleen and lymph nodes of naïve WT and U9-KO mice (n=8 for each group). Flow 

cytometry and cell counting was used to enumerate the following cell subsets: CD19+ (B 

cells; CD19+ CD11b− TCRβ−), TCRβ+ ((T cells; CD19− CD11b− TCRβ+), CD4+ (CD4 

T cells; CD19− CD11b− TCRβ+ CD4+) and CD8+ (CD8 T cells; CD19− CD11b− TCRβ+ 

CD8+) and different myeloid cells markers, CD11b+ (CD19− CD11b+ TCRβ− CD11c−), 

CD11c+ (CD19− CD11b− TCRβ− CD11c+) and Ly6G+ (CD19− CD11b+ TCRβ− CD11c− 

Ly6G+). Data are represented as the mean ± SEM. Significance was determined by Student’s 

t test in panel (c) and (d). Two-way ANOVA was performed in panel (e) and (f) and 

Student’s t test was performed for panel (g) and (h). P values are represented as follows: ns= 

>0.05, *= ≤0.05, **= ≤0.01, ***= ≤0.001.

Sabikunnahar et al. Page 31

J Immunol. Author manuscript; available in PMC 2024 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. U90926-deficiency has minimal intrinsic effects on macrophage function in vitro.
(a-c) WT and U9-KO BMDMs were stimulated with LPS (100 ng/ml) for 24h. Cell surface 

expression of the co-stimulatory markers CD80, CD86, and CD40 was measured by flow 

cytometry, and expressed as mean fluorescence intensity (MFI). (d-g) WT and U9-KO 

BMDMs were stimulated with LPS (100 ng/ml) for the indicated times, and cytokine 

production in the supernatants was analyzed by ELISA. In (f), BMDMs were stimulated 

with LPS (100 ng/ml) for 4h and followed by addition of nigericin (5 μM) for 1h. In (g), 
IL-10 secretion was measured at 24h post-LPS only, since it was not detectable at 4h by 

ELISA. (h-j) RNA was isolated from WT and U9-KO BMDMs stimulated with LPS (100 

ng/ml) at 0h, 2h, 4h and 24h, followed by RT-qPCR to measure mRNA expression of the 

indicated cytokine genes. RT-qPCR data are expressed relative to the housekeeping gene, 
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Beta-2-microglobulin (B2m), and multiplied by a factor of 10,000 for ease of visualization. 

Data are represented as the mean ± SEM. Significance was determined by two-tailed 

Student’s t test. (k, l) WT and U9-KO BMDMs (n=4 for each group) were stimulated 

with LPS (100 ng/ml) for 4h and 24h, and RNAseq was performed as indicated in Methods. 

DEseq2 analysis was used to identify differentially expressed genes. Volcano plots show 

differentially expressed genes passing a cutoff of |Log2 Fold Change|=2, Padj <0.05 (dotted 

lines on the plots), with up (red) = upregulated in U9-KO, down (blue) = downregulated in 

U9-KO.
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Figure 4. U90926 RNA localizes to the cytoplasm, associates with ribosomes, and contains an 
ORF that encodes a secreted protein.
(a) WT BMDM were stimulated for 4h and 24h with LPS (100ng/ml), followed by isolation 

of nuclear and cytoplasmic fractions and RTq-PCR analysis of U90926, B2m (cytoplasmic 

control), and U6 SnRNA (nuclear control) expression (each normalized to unfractionated 

input as equal to 1). (b) A schematic diagram of U90926 cDNA sequence (522 bp) 

containing the 264 bp ORF spanning the exons is shown. Predicted amino acid sequences 

of the U9-ORF peptide (87 aa) and the signal peptide identified by SignalP software shown 

in red. (c) GWiPS was used to analyze of Ribo-seq data from LPS stimulated BMDC(46) at 

the U90926 locus. Global ribosome footprints or initiating ribosomes footprint data (in the 

presence of harringtonine) are shown, as indicated. (d, e) HeLa cells were transfected with 

U9-ORF-HA (d) and U9-full-lengthcDNA-HA (e) plasmids, followed by immunostaining 
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for HA (yellow) and Golgin-97 (cyan; Golgi marker), and DAPI nuclear staining (magenta). 

(f) HeLa cells were transfected with U9-ORF-HA and TYK2-HA plasmids for 48 hours, 

followed by immunoblot analysis. Supernatants were loaded directly or concentrated using 

StrataClean resin, as indicated (Unconc. or Conc., respectively). (g) HeLa cells were 

transfected with U9-ORF-HA for total 48 hours, where protein transport inhibitor, monensin 

was added at 24 hours, and then cells were subjected to immunostaining at 48 hours of 

transfection, as above. (h) HeLa cells were transfected with U9-ORF-HA for a total of 

48 hours, in which protein transport inhibitors, brefeldin A and monensin were added 

at 24 hours, and sample collection was done at 48 hours of transfection, followed by 

immunoblot analysis. Supernatants were analyzed as described above. (i) HeLa cells were 

transfected with empty vector control and U9-ORF-HA plasmid for 48 hours. Cell lysates 

were immunoprecipitated using an anti-HA antibody and supernatants were concentrated 

using StrataClean resin, followed by deglycosylation under denaturing conditions overnight 

at 37°C and analyzed by immunoblot.
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Figure 5. U90926 deficiency exacerbates LPS endotoxemia by elevation of IL-6 levels.
(a) WT B6 mice were challenged with 15mg/kg LPS i.p. and tissues were collected at the 

indicated time points, followed by RNA extraction and measurement of U90926 expression 

by RT-qPCR. B2m was used a normalizer for relative expression, as in Fig. 1. (b-d) WT 

(n=15) and U9-KO (n=12) mice were challenged with 15 mg/kg LPS i.p., followed by 

evaluation of sickness behavior (b, c) and survival (d). (c) Area under the curve (AUC) 

was calculated from kinetic data in (b), to calculate a cumulative measurement of the 

disease severity. Clinical score evaluation measurement is described in the Methods section. 

(e-h) Serum was collected from the LPS-challenged mice at indicated time points, and 

TNFα and IL-6 levels were analyzed by ELISA. (i-l) WT (n=7) and U9-KO (n=5) mice 

were challenged with LPS (15mg/kg) and simultaneously administerted isotype control 
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(anti-trinitrophenol) or anti-IL-6 antibodies (100 μg/mouse) by i.p. injection, followed by 

evaluation of sickness behavior in (i) and (k). Area under the curve (AUC) calculated 

from data in (i) and (k) is shown in (j) and (l). Significance of differences was assessed 

using 2-way ANOVA (panels b, i, and k), Mantel-Cox test (panel d), and Welch’s T test 

(panel c, e-h, j, l). P values are represented as follows: ns= >0.05, *= ≤0.05, **=≤0.01, 

***=≤0.001. (m) WT (n=4) and U9-KO (n=4) mice were challenged with 15mg/kg LPS i.p. 

for 24 h and RNAseq was performed on whole liver tissue RNA as indicated in Methods. 

DEseq2 analysis was used to identify differentially expressed genes. Volcano plots showing 

differentially expressed genes at a cutoff of |Log2 Fold Change|>0.6, Padj <0.2 (dotted lines 

on the plots) with up (red) = upregulated in U9-KO, down (blue) = downregulated in U9-

KO. Selected genes of interest are labelled. (n) Differentially expressed genes upregulated 

in U9-KO were analyzed by GO enrichment analysis by PANTHER. A subset of select 

pathways are shown, falling into three major categories, indicated in black (cell migration/

chemotaxis), grey (metabolic processes) and red (cell death/apoptosis).
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Table 1.
Tryptic peptides identified from U9-ORF via LC-MS/MS.

Table includes charge states for each peptide (z), SrchName (indicating gel region from Figure S4a), measured 

precursor mass accuracy (Δ Error, in ppm), SEQUEST XCorr values, and Unique ΔCorr values for each 

peptide identified. “.” after arginine and lysine residues indicate the sites of tryptic cleavage. “C#” indicates 

carboxyamidomethylation on cysteine.

Peptide z SrchName PPM XCorr Uniq. ΔCorr

R.FC#EFFK.I 2 ORF_U1 −0.24 1.99 0

R.FC#EFFK.I 2 ORF_U1 −0.23 1.85 0

R.FC#EFFK.I 2 ORF_U1 −0.13 1.95 0

R.FC#EFFK.I 2 ORF_U1 −0.01 2.05 0

R.FC#EFFK.I 2 ORF_U1 −0.01 2.30 0

R.FC#EFFK.I 2 ORF_U1 −0.01 1.99 0

R.FC#EFFK.I 2 ORF_U1 0.25 1.84 0

R.FC#EFFK.I 2 ORF_U1 0.33 1.93 0

R.FC#EFFK.I 2 ORF_U1 0.39 1.92 0

K.IFLYC#PFFNRK.H 3 ORF_U1 0.53 2.86 0.81

K.IFLYC#PFFNRK.H 3 ORF_U1 0.53 3.21 0.85

K.IFLYC#PFFNRK.H 3 ORF_U1 0.54 3.43 0.84

K.IFLYC#PFFNR.K 2 ORF_U1 1.28 2.52 0.86

K.IFLYC#PFFNR.K 2 ORF_U1 1.78 2.50 0.88

K.IFLYC#PFFNR.K 2 ORF_U1 1.78 2.36 0.85

K.IFLYC#PFFNR.K 2 ORF_U2 −0.55 2.55 0.96
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