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Abstract

ROR family of nuclear receptor transcription factors forms nodes connecting metabolic and

inflammatory signaling pathways. The RORα members of the family have intrinsic transcrip-

tional activity and they are involved in both activation and repression of a wide range of

genes. The role of RORα in control of inflammation has been extensively studied using ani-

mal models but its function in human cells is not as well understood. To address this short-

coming, we analyzed how RORα is shaping the inflammatory state of human macrophages.

Using CRISPR-Cas9 system, we deleted RORA in THP-1 human monocytic cell line. In

mutant cells we observed a dramatic increase in basal expression of a subset of NF-κB reg-

ulated genes, including TNF, IL-1β and IL-6, at both transcriptional and translational levels.

Furthermore, RORA-deletion cells produced notable amounts of pro-IL-1β even in the

absence of LPS stimulation. Subsequent LPS stimulation induced cleavage of pro-IL-1β to

mature form. Our RNAseq analysis further confirmed the key role of RORA in setting the

inflammatory state of macrophages and defined the set of differentially regulated genes.

Overall, our data provides evidence supporting the anti-inflammatory function of RORα in

human macrophages.

Introduction

RAR-related Orphan Receptors (RORs) are members of nuclear receptor (NR) transcription

factor family that tie together metabolic and inflammatory signaling pathways. In mammals,

there are three major isotypes of RORs: α, β, and γ. All three of these isotypes are further diver-

sified by alternative splicing and different promoter usage producing numerous cell-type spe-

cific isoforms differing at their N-terminus [1–4]. Recent studies suggested that oxysterols,

cholesterol, 7-dehydroxycholeterol, hydroxyderivatives of vitamin D and lumisterol derivatives

can act as RORα ligands while all-trans retinoic acid have been shown to stimulate RORβ
activity [5–10]. Because of this, ROR NRs have now been deorphanized. Notably, simvastatin,

a cholesterol synthesis inhibitor, has been shown to decrease viability of macrophages and this

process can be reversed by SR1001, a synthetic ligand of RORα [11].
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Human macrophages produce mostly RORα [12] encoded by the RORA gene. RORα, also

known as NR1F1, is also widely expressed in other tissues, including brain, thymus, heart, ves-

sels, liver, etc. It is a multifunctional transcription factor that has been shown to play important

roles in cerebellar development, osteogenesis and atherogenesis [13–19]. RORα has four iso-

forms, RORα1–4, that share DNA-binding domain (DBD) and ligand-binding domain (LBD).

These isoforms demonstrate different tissue distribution. While RORα1 and RORα4 are

expressed ubiquitously [20, 21], RORα3 expression in humans appears to be restricted to testis

and RORα2 isoform has been found in testis and skin [5, 19, 22, 23].

RORα has been implicated in control of both inflammatory and metabolic signaling. In

murine cells, RORα positively regulates Apoa-I and Apoc-III suggesting its role in lipid metab-

olism [24, 25]. In human cells RORα has been shown to control expression of APOA-I,
ABCA1 and CYP19A1metabolic genes [24, 26].

While data supporting RORα control of lipid metabolism appears to be consistent, there is

still some disagreement about the exact role of this molecule in control of inflammation. Kop-

mels et al. have demonstrated that macrophages from staggerermice, which have deletion in

Rora gene, overexpress Il1b after LPS stimulation suggesting an anti-inflammatory role for

RORα [15]. Moreover, Delerive et al. indicated that RORα interferes with the NF-κB signaling

pathway. The authors proposed that RORα suppresses inflammatory signaling by inducing

IκBα, a negative regulator for NF-κB pathway [27]. Furthermore, Rora is involved in produc-

tion of TNF and IL-6 upon macrophage activation [28] and has been found to play a key role

in M1/M2 polarization of murine Kupffer cells that are liver resident macrophages [12]. In the

absence of Rora Kupffer cells assumed the pro-inflammatory M1 identity and the shift to the

M2 profile required RORα activation.

On the other hand, there are several studies providing evidence for the pro-inflammatory role

of RORα. For instance, Rora deficiency in murine retinas leads to dramatic upregulation of

Socs3, key suppressor of cytokine signaling [29]. As a result, expression of inflammatory cyto-

kines in murine retinas has been reduced in Rora-deficient mice supporting a case for the pro-

inflammatory role for RORα. In addition, Lui et al. have recently demonstrated that RORα drives

endoplasmic reticulum stress and thus stimulates adipose tissue inflammation [30]. Presence of

discordant inflammatory phenotypes in different tissues of the same murine model suggests that

the direction of RORα function is modified by cell type-specific factors. This possibility under-

scores the importance of defining the exact nature of RORα function in human macrophages.

Accumulated evidence about involvement of RORα in both metabolic and inflammatory

signaling underscores the importance of understanding the scope, direction and magnitude of

its regulatory effects in relevant cell types. In our study, we set out to evaluate the role of RORα
in control of inflammatory signaling in human macrophages and to obtain data to address the

existing controversies.

Materials and methods

Reagents

Penicillin-Streptomycin (P0781), PMA (P8139), βME (M3148), Hank’s balanced salt solution

(H9269), DPBS (D8537) and polybrene (107689) were purchased from Sigma Aldrich. DMEM

(BE12-604F, Lonza), Trypsin/EDTA (BE17-161E, Biowhittaker), FBS (10270–106, GIBCO)

and LPS-EK Ultrapure from the E. coli K12 strain (tlrl-peklps) from Invivogen. Opti-MEM I

Reduced Serum Medium (11058021) from ThermoFisher Scientific and Puromycin (540222)

from VWR. BsmB1 restriction enzyme (R0580), T4 DNA ligase (M0202) and T4 DNA ligase

reaction buffer (B0202) were from New England Biolabs. PureYield Plasmid Miniprep System

(A1222) was from Promega.
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Cells

THP-1 human monocytic cell line (ATCC, TIB-202) maintained in RPMI 1640 (A10491-01,

GIBCO) medium supplemented with 10% FBS, 100 U/ml penicillin, 0.1 mg/ml streptomycin

and 0.05 mM βME at 37˚C in a humidified atmosphere with 5% CO2. THP-1 monocytes were

differentiated into macrophages using 50 ng/ml PMA for 48 hours and then rested in PMA-

free medium for an additional 24 hours before use.

HEK 293T cell line (ATCC CRL-3216) was cultured in DMEM with 10% FBS and 100 U/

ml penicillin, 0.1 mg/ml streptomycin at 37˚C in a humidified atmosphere with 8% CO2. Cells

were detached using trypsin and split every 3 days.

Generation of RORA knockout THP-1 cell line

Three RORA sgRNAs targeting exon 4 and 5 were designed using the Broad Institute sgRNA

design tool (https://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-design) (targets:

exon 4: 5՛-ACCATCTCGAGACATCCCTA-3՛, exon 5: 5՛-AGTTGGGGAAGTCTCGCCGT-3՛
and 5՛-GACGCCCACCTACAACATCT-3՛). Oligonucleotides were synthesized and cloned

into lentiCRISPRv2 vector (52961, Addgene) individually according to oligo cloning protocol

for LentiCRISPRv2 [31, 32]. Three targeting clones were validated by sequencing. Lentiviral

particles were then generated according to Addgene protocol (http://www.addgene.org/tools/

protocols/plko/#E). In brief, 2.5×106 HEK 293T cells were seeded in 10 cm dishes. Cells were

transfected the day after seeding with 2.4 μg of the psPAX2 plasmid (12260, Addgene), 1.2 μg

of the pCMV-VSV-G plasmid (8454, Addgene) and 2.4 μg of the lentiCRISPRv2-RORα
sgRNA plasmids (0.8 μg of each construct) using GeneJuice transfection reagent (70967,

Merck). Media was refreshed 12–15 hours post-transfection. Virus-containing supernatant

was collected at day 4 and 5 and stored at -20˚C for further use.

0.5–1×106 THP-1 cells in 0.5 ml media were transduced with 1.5 ml virus-containing super-

natant using 6 μg/ml of polybrene. Cells were incubated overnight and resuspended in fresh

media containing 2 μg/ml Puromycin. After 7 days of selection, cells were subjected to clonal

expansion and clones were obtained 40–50 days post-transduction. Presence of mutations in

the selected clone was confirmed by sequencing (S1A Fig in S1 File).

THP-1 sgRenilla cells were obtained from Dr. Richard Kumaran Kandasamy to be used as

controls. These cells were stably transduced with LentiCRISPRv2 viral construct carrying

sgRNA targeting firefly Renilla gene that does not exist in human genome.

RNA isolation and quantitative real-time PCR

Total cellular RNA was isolated using QIAcube instrument and RNeasy Mini kit (74106) with

DNAse I digestion (79254) (all Qiagen) according to the manufacturer’s instructions. Relative

quantifications were performed by quantitative real-time RT-PCR using StepOnePlus PCR sys-

tem, TaqMan probes and TaqMan RNA-to-CT 1-Step Kit (4392938, ThermoFisher Scientific)

according to manufacturer’s protocol. Probes: TNF, Hs00174128_m1; IL6, Hs00985639_m1;

IL1B, Hs00174097_m1; GAPDH, Hs99999905_m1 and TREM1, Hs00218624_m1. Gene

expression levels were normalized to levels of GAPDH that was used as an endogenous control

and relative expression values were calculated as fold induction over controls.

Measurements of cytokine levels (multiplex)

Levels of cytokines secreted in the cell supernatants were analyzed using the Bio-Plex human cyto-

kine 5-plex panel (Bio-Rad Laboratories, Hercules, CA) containing the following analytics: TNF,

IL-1β, IL-1α, IL-6 and IL-18. The analysis was performed according to manufacturer instructions.
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LDH assay

1x105 cells per well were differentiated in 96-well plate. Spontaneous and LPS induced LDH

release was measured using Pierce LDH Cytotoxicity Assay Kit (88953) according to manufac-

turer’s protocol. Proportion of dead cells was determined by calculating the ratio of the LDH

amounts in the supernatant to the amount of total LDH after cell lysis.

Western blot

Protein extracts from cell lysates were separated on NuPAGE 4–12% Bis-Tris Protein Gel

(NP0301BOX, Invitrogen) according to manufacturer’s instruction. Transfer of separated pro-

teins to nitrocellulose membrane was carried out using iBlot 2 Gel Transfer Device (IB21001,

ThermoFisher Scientific). Membranes were blocked in 5% BSA/TBST and stained using

human IL-1beta/IL-1F2 (AF-201, R&D systems), ROR alpha (NBP2-24493, NOVUS biologi-

cals), beta tubulin (ab6046, Abcam) and PCNA (FL-261, sc-7907, Santa Cruz Biotechnology)

antibodies. Blots were then developed with SuperSignal West Femto maximum sensitivity sub-

strate (34096, Pierce) and imaged with a LI-COR Odyssey Fc system.

RNAseq analysis

Total RNA was isolated from duplicate differentiated knockout and control cell lines. RNA

quality control was performed using Agilent 2100 Bioanalyzer System. Libraries were prepared

at Novogene (Hong Kong) and sequenced on Illumina platform (Novogene, Hong Kong) as

150 bp paired-end reads with Q30�90% (S1 Table in S2 File). Short sequence reads were

quasi-mapped to GRCh38 human transcriptome using salmon v0.11.3 transcript quantifica-

tion tool [33]. Transcript reads length scaled and summarized at the gene levels using tximport
tool and Ensemble Release 94 Human genes (GRCh38.p12) annotation database. Obtained

data object was fed into the limma-voom pipeline [34]. Low abundance transcripts were fil-

tered out (>10TPM/sample/ >15TPM group). After fitting, differences in expression was eval-

uated using treat function and differentially expressed genes were defined as those with

LFC>1 and adjusted p value of<0.05. goana and kegga functions were used for GO term

enrichment and KEGG pathway analysis respectively. Heatmaps were created using Complex-
Heatmaps Bioconductor package [35]. RNAseq data have been deposited in the ArrayExpress

database at EMBL-EBI (www.ebi.ac.uk/arrayexpress) under accession number E-MTAB-7295.

Statistical analysis

Statistical analysis for experiments consisting of minimum three independent biological repli-

cates was done using GraphPad Prism software package. Significance of pairwise comparisons

was evaluated using two-tailed student t test. Significance of differences observed in the time-

course experiments was determined using ANOVA two-tailed test with the post hoc Bonfer-

roni correction. P values below 0.05 were considered as statistically significant. Column

figures are presented as means ± SD.

Results

RORα is a negative regulator of inflammation in THP-1 cells

Previously the inflammatory function of RORα has almost exclusively been studied using

murine models [15, 36]. To test which of the observations made in the model system translate

to human cells, we chose to determine the role of RORα in control of inflammatory signaling

in human macrophages. To achieve this we analyzed the effect of deleting RORA gene in

widely used THP-1 monocytic cell line [37]. We used lentiCRISPRv2 lentiviral delivery system

RORA and inflammation in human macrophages
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[31, 32] to simultaneously introduce guide RNAs targeting RORA gene and Cas9 nuclease into

THP-1 cells. Following selection of transduced cells and single cell cloning, we confirmed dele-

tion of both RORA alleles by sequencing (S1A Fig in S1 File). When compared to control cell

lines carrying irrelevant renilla guide RNA, we found that deletion of RORA in THP-1 cells

made a substantial impact on their inflammatory state (Fig 1). Even in the absence of stimula-

tion we saw that expression levels of selected inflammatory cytokines were dramatically higher

in RORA-KO cells compared to THP-1 sgRenilla control cells. Exposure of knockout cells to

10 ng/ml of K12 LPS (Invivogen) further induced mRNA levels of these cytokines and the

induced levels remained significantly higher than those in the control cells at most tested time

points post-stimulation. This observation of increased inflammatory cytokine production in

cells lacking RORA supports the anti-inflammatory role of this gene.

RORA deletion drives secretion of pro-inflammatory cytokines

To determine if observed increase in mRNA levels of inflammatory cytokines results in

increased protein production, we analyzed cytokine accumulation in supernatants of differen-

tiated THP-1 sgRenilla control and RORA-deletion cell lines over 24 hour period of time. We

used Bio-Plex assay to measure levels of TNF, IL-1β, IL-18, IL-1α and IL-6 proteins before and

after stimulation with 10 ng/ml LPS. We observed that even in unstimulated cells there were

higher levels of all of the examined cytokines. Stimulation with LPS further increased secretion

of these cytokines. Therefore, our data indicate that even though RORA-deletion cells are in

the constitutively elevated inflammatory state, they are still fully capable to sense and respond

to LPS (Fig 2).

Fig 1. Cells lacking RORA have elevated inflammatory state. Deletion of RORA led to increase in basal and LPS-induced cytokine mRNA levels. A. TNF
transcript levels are elevated approximately 300 fold in differentiated knockout cells, B. IL1BmRNA were nearly 5000 fold and C. IL-6 almost 700 fold higher than

in the control cell line. 2.5×105 cells in 24-well plates were differentiated using 50 ng/ml PMA for 48 hours. Stimulation was performed after 24 hours of rest in

PMA-free media with 10 ng/ml LPS for 2, 4, 6 and 24 hours. Inflammatory cytokines expression levels were determined using qRT-PCR of RNAs isolated from cell

lysates. Graphs are representatives for at least three independent experiments. Statistical significance was calculated using ANOVA test. Stars indicate significance

of differences between control and knockout cells after post hoc Bonferroni correction.

https://doi.org/10.1371/journal.pone.0207374.g001
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Presence of IL-1β in supernatants of unstimulated cells would suggest that RORA-deletion

cells either actively secrete this cytokine or are dying and releasing abundant pro-IL-1β into

supernatants [38]. To differentiate between these two scenarios, we tested if RORA knockout

cells display higher rate of spontaneous cell death when compared to THP-1 sgRenilla control

cells. We measured LDH levels in the supernatants of deletion and control cells to assess the

extent of spontaneous and LPS induced cell death. We found that cells lacking RORA had a

similar rate of spontaneous cell death as our control cell lines (S2 Fig in S1 File). LPS stimula-

tion resulted in slight increase in cell death of RORA-mutant cells but the majority of cells

appeared to be alive.

RORA-deletion cells constitutively produce pro-IL-1β
We observed that RORA-deletion cells have substantial amounts of IL-1β in supernatants even

in the absence of stimulation (Fig 2). IL-1β production requires two signals consisting of tran-

scriptional activation and inflammasome-mediated post-translational proteolytic processing

Fig 2. Cytokine secretion by RORA knockout cells. Deletion of RORA led to increase in basal and LPS-induced cytokine secretion. A. IL-1β has the biggest

increase of approximately 2500 folds, B. IL-6 levels increases nearly 15 folds, C. TNF levels increases almost 900 folds, D. IL-1α levels increases approximately 50

folds and E. IL-18 levels increases 5 folds in deletion cells. 2.5×105 cells in 24-well plates were differentiated using 50 ng/ml PMA for 48 hours. Stimulation was

performed after 24 hours of rest in PMA-free media with 10 ng/ml LPS for 2, 4, 6 and 24 hours. Cytokines quantification was performed using multiplex cytokine

assay on the supernatant. Graphs are representatives for at least three independent experiments. Statistical analysis was calculated using ANOVA test. Stars

indicate significance of differences between control and knockout cells after post hoc Bonferroni correction.

https://doi.org/10.1371/journal.pone.0207374.g002
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of the pro-peptide. Our observation suggests that both signals could be activated in RORA-

deletion cells. As a first step we chose to test if IL-1β pro-peptide is constitutively produced by

cells lacking RORA. Western blot analysis shown in Fig 3, confirms that RORA-knockout cells,

unlike THP-1 sgRenilla control cells, produce substantial amounts of pro-IL-1β in the absence

of stimulation. Stimulation of control cells with 10 ng/ml of K12 LPS induced production of

pro-IL-1β (Fig 3A) and secretion of low levels of IL-1β into supernatants (Fig 2). On the other

hand in RORA knockouts there was no additional increase in pro-IL-1β production. It

appeared though that LPS stimulation induced proteolytic processing of pro-IL-1β as illus-

trated by appearance of the cleaved IL-1β band (Fig 3A) and secretion of large amounts of IL-

1β into supernatants (Fig 2). Western blot analysis of supernatants from control and mutant

cells incubated for 24 hours with or without 10 ng/ml LPS revealed that RORA-deletion cells

accumulate substantial amounts of pro-IL-1β (Fig 3B). In the presence of LPS we detected

some mature IL-1β in supernatants from RORA-KO cells. We also observed prominent 29

kDa band that has previously been described as caspase-1 dependent inactive form of IL-1β
[39]. 12 kDa is an apparent product of IL-1β degradation by extracellular proteases.

TREM1 is upregulated in mutant cells

RORA knockout cells spontaneously produced substantial amounts of TNF, IL-6 and IL-1β.

Production of these cytokines is characteristic of the classically activated M1 macrophages [12,

40]. Triggering Receptors Expressed on Myeloid cells (TREM1), is a cell surface receptor that

acts to amplify acute and chronic inflammation [41]. Furthermore, activation of TREM1 drives

secretion of M1 inflammatory cytokines, such as TNF, IL-1β and IL-6. It has been proposed

that increased expression of TREM1 drives the inflammatory transformation of macrophages.

We therefore chose to test if TREM1mRNA expression is altered in RORA knockout cells. We

found that TREM1 expression is significantly upregulated in mutant cells (Fig 4). Notably, the

levels of TREM1 expression were not significantly impacted by LPS stimulation, suggesting

that its expression is not modulated by the levels of secreted inflammatory cytokines due to

LPS-induced response.

Fig 3. RORA knockout cells produce IL-1β. A. Western blot analysis of total cell lysates of RORA-deletion cells reveals accumulation of pro-IL-1β even in the

absence of LPS stimulation. Pro-IL-1β was not detectable in LPS-stimulated lysates from the equivalent number of control cells and was detectable only in 10-fold

excess of lysates. PCNA and beta Tubulin were used as loading controls. B. Western blot of supernatants after 24 hours incubation with or without 10 ng/ml LPS.

RORA-deletion strains accumulate substantial amounts of pro-IL-1β in the supernatants even in the absence of LPS stimulation. Addition of LPS stimulated

secretion of some mature IL-1β from RORA-KO cells.

https://doi.org/10.1371/journal.pone.0207374.g003
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THP-1 cells lacking RORA have altered transcriptome

RORα has been proposed to play a global regulatory role in control of human immune cell

gene expression. It has been suggested that RORα binds to genomic regions near transcription

start sites of as many as 3000 genes in THP-1 cells [42]. To determine the extent of the tran-

scriptome remodeling induced by the deletion of RORA we analyzed gene expression in unsti-

mulated differentiated THP-1 cell lines by RNAseq. Sequence reads were mapped to human

transcriptome and transcript reads were aggregated for gene level differential expression analy-

sis. A total of 14190 genes were found to be expressed in the analyzed samples using >10

Counts Per Million (CPM) per sample or >15 CPM per group cutoff. Most of the mapped

genes (14 137) had reads in both control and knockout samples. 15 genes, including IL6, had

over the threshold number of reads only in knockout cells and 38 only in control lines (Fig

5A). We found that there was a relatively small set of genes, consisting of 364 transcripts, that

were differentially expressed more than 2-fold when using False Discovery Rate (FDR)

adjusted p<0.05 cutoff for significance (Fig 5B and S2 Table in S2 File) in mutant cells com-

pared to THP-1 sgRenilla control cells. Differentially expressed genes were nearly evenly split,

with 187 that were upregulated and 177 downregulated in the knockout cells (Fig 5C). In con-

trol cells IL6 and SOCS3 transcripts were nearly absent (Fig 5D), while IL1Bmessages were

quite abundant.

Gene Ontology terms describing inflammatory signaling were the most enriched by the

genes that are differentially expressed in differentiated RORA knockout THP-1 cells within

both the Biological Process (Fig 6A) and Molecular Function (Fig 6B) domains. In fact all 20 of

the top Biological Process terms describe inflammatory and cytokine/chemokine mediated

processes. The global impact of RORA deletion on inflammatory signaling was further

Fig 4. Cells lacking RORA have elevated levels of TREM1 mRNA. TREM1 was expressed at significantly higher levels in untreated RORA-deletion cells

when compared to THP-1 sgRenilla control cells. TREM1 expression was not significantly affected by treatment with LPS. 2.5×105 cells in 24-well plates were

differentiated using 50 ng/ml PMA for 48 hours. After 24 hours of rest in PMA-free media, TREM1 expression level was determined using qRT-PCR for RNAs

isolated from cell lysates. Statistical significance was calculated using ANOVA test. Stars indicate significance of differences between control and knockout

cells.

https://doi.org/10.1371/journal.pone.0207374.g004
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confirmed by the KEGG pathway enrichment analysis. It revealed that mostly inflammatory

signaling pathways are significantly impacted by the deletion of RORA (Fig 6C). In agreement

with our initial observations, cytokine-cytokine receptor interaction and TNF signaling path-

ways were among the most significantly enriched by genes upregulated in the RORA knockout.

Within the top enriched KEGG hsa04060:Cytokine-cytokine receptor interaction pathway 21

out of the 24 differentially expressed genes were upregulated in deletion cells (Fig 6D). Consis-

tent with the documented direct involvement of RORA in regulation of cellular metabolism

[26], several metabolic pathways were enriched by genes downregulated in the knockout THP-

1 macrophages (S3 Table in S2 File). Taken together our data suggests that RORα is responsi-

ble for maintenance of the inflammatory baseline in human macrophages and in its absence

cells enter the constitutive hyper-inflammatory state.

Fig 5. Deletion of RORA changes gene expression in differentiated THP-1 cells. A. Reads mapped to the human transcriptome were summarized for 35329

annotated genes. After filtering out genes with low read counts the remaining 14190 genes were used in differential expression analysis. B. Volcano plot shows

distribution of raw p-values of identified 187 genes downregulated>2 fold in RORA-/- cells (blue) and 177 2-fold upregulated genes (red). C. Heatmap of 364

identified differentially expressed genes clustered by the overall expression levels. D. Heatmap of differentially expressed genes clustered by normalized read

counts.

https://doi.org/10.1371/journal.pone.0207374.g005

RORA and inflammation in human macrophages

PLOS ONE | https://doi.org/10.1371/journal.pone.0207374 November 28, 2018 9 / 15

https://doi.org/10.1371/journal.pone.0207374.g005
https://doi.org/10.1371/journal.pone.0207374


Discussion

The main finding of our study is that RORα controls the inflammatory state of human macro-

phages. RORA deletion resulted in constitutive activation of transcription for a subset of NF-

кB regulated genes including TNF and IL1B. Furthermore, our subsequent RNAseq analysis

revealed significant changes in the transcriptome of the RORA-deletion cells that resembled

the classically activated M1 macrophages.

There is still a disagreement about how RORα impacts inflammatory signaling [15, 28, 29,

43]. Our work was designed to address some of the outstanding issues regarding RORα func-

tion. We approached this question by deleting both alleles of RORA in human monocyte-like

THP-1 cell line. Our deletion in exons 4 and 5 would result in a frameshift generating a prema-

ture stop codon at amino acid 143 (S1A Fig in S1 File). We found that deletion of RORA
resulted in elevated expression of pro-inflammatory cytokines in both undifferentiated and

differentiated mutant cells (Fig 1 and S3 Fig in S1 File). This observation supports the anti-

inflammatory function of RORα in human macrophage-like cells. Interestingly, even though

the basal expression levels of TNF, IL-1β and IL-6 are higher in mutant cells, in response to

Fig 6. Inflammatory signaling GO terms and pathways are overrepresented by genes upregulated in RORA deletion cells. A. Top 20 Biological Process GO terms

enriched among differentially expressed genes describe inflammatory signaling mediated processes. B. Similar overrepresentation of inflammation related functions

was found among the Top 20 Molecular Function GO terms. The ratio of identified differentially expressed genes to the total number of genes within each term is

shown on the x-axis. C. Top 10 KEGG pathways enriched by genes upregulated in the RORA knockout cells are all involved in mediating inflammatory signaling. D.

Barcode plot illustrating overrepresentation of upregulated (21 out of 24) differentially expressed genes in of the Cytokine-cytokine receptor interaction pathway.

Only 3 downregulated genes were represented in this pathway.

https://doi.org/10.1371/journal.pone.0207374.g006
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LPS stimulation the magnitude of induction is similar in both mutant and control cells. This

suggests that lack of RORα did not interfere with response to LPS.

TNF is one of the key early genes expressed during inflammatory response and reaches the

highest level of expression at 2 hours post-stimulation in control cells. Levels of its mRNA

expression begin to decrease at later time points. In mutant cells, TNFmRNA levels rose to

their peak at 2 hours but stayed at that level past 4 hours after LPS stimulation. This suggests

that RORA deletion cells lack means to downregulate NF-кB signaling. This hypothesis is con-

sistent with the observed pattern of IL1B expression (Fig 1) that also persists for extended

period of time.

Release of mature IL-1β is a hallmark of pyroptosis and therefore we tested if deletion cells

display high rate of spontaneous cell death. We found no significant increase in release of

LDH over 24 hours incubation of unstimulated cells. Considering the amounts of pro-IL-1β
produced by cells lacking RORA (Fig 3A), this rate of cell death will account for the presence

of pro-IL-1β in the supernatants (Fig 3B). Addition of LPS led to slight increase in cell death of

RORAmutants but the majority of cells appeared to be alive and could produce mature 17 kDa

IL-1β (Fig 3B). This observation is consistent with a recently published observation of living

macrophages being able to secrete IL-1β [44].

Our data suggests that the consequences of the absence of RORA are not limited to changes

in inflammatory cytokine expression alone. Detection of pro-inflammatory cytokines such as

IL-18 and IL-1β in the supernatant in the absence of notable differences in cell death suggests

that both transcriptional activation and post-translational processing could have been trig-

gered in mutant cells. It appears that LPS stimulation accelerates proteolytic processing of pro-

IL-1β as indicated by apparent a mature IL-1β 17 kDa band inside LPS-induced RORA dele-

tion cells (Fig 3) and dramatic increase of secreted IL-1β in supernatants (Fig 2). Our interpre-

tation is that in the absence of RORA cells are in the constitutive “primed” state and exposure

of these cells to LPS promotes inflammasome activation. Overall, these data imply that RORA
deletion leads to hyper-inflammatory state and that LPS stimulation triggers pro-IL-1β cleav-

age to produce mature form.

Cells lacking RORA produce a set of cytokines consistent with that produced by conven-

tionally activated M1 macrophages [12]. It has recently become apparent that TREM1 is one of

cell surface regulators of the cytokine production amplification [41] and it is involved in driv-

ing M1 polarization. We found TREM1 expression to be highly upregulated in deletion cells.

Interestingly, the levels of TREM1 expression were not further modified by stimulation with

LPS. This suggests a possibility that TREM1might be negatively regulated by RORA on the

transcriptional levels. While analysis of potential RORα target genes in THP-1 cells [42] did

not reveal putative binding sites in proximity of TREM1, the regulatory relationship between

RORA and TREM1 needs to be explored further.

The exact set of markers that differentiate between human M1 and M2 macrophages is a

subject of continued debate. Recently it has been suggested that high expression levels of

S100A8/S100A9 and CLEC5A can be used to define classically activated M1 human macro-

phages [45, 46]. We found that these genes are also upregulated in RORA-deletion cells (S2

Table in S2 File) further supporting our view of RORα as a molecule that defines the inflam-

matory state of human macrophages.

Macrophages are thought to express RORA1 and RORA4 isoforms [47]. Our deletions are

in exons 4 and 5 that are shared by all isoforms, therefore eliminating production of all ver-

sions of the protein. It is therefore possible that we see the effect of one of the 2 existing iso-

forms in human macrophages. In future experiments it would therefore be interesting to

establish if reintroduction of a specific RORA isoform could reverse all or some of the tran-

scriptional changes induced by RORA deletion.
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Deletion of RORA has remodeled the transcriptome of differentiated THP-1 macrophages

as illustrated by our RNAseq data (Fig 5). We found that large set of inflammatory cytokines

and chemokines were upregulated, further supporting our hypothesis that deletion of RORA
drives macrophages into classically activated M1-like state. Interestingly the anti-inflammatory

role of RORα has been attributed to its repression of the negative regulator of the cytokine sig-

naling SOCS3 [29]. Our data supports RORα involvement in control of SOCS3 expression. In

our RNAseq dataset SOCS3 was one of the most upregulated genes (log FC 5.63) in RORA-

deletion cells (Fig 5 and S2 Table in S2 File). However, it appears that in macrophages lacking

RORA, the SOCS3 anti-inflammatory function is overridden and the cells produce massive

amounts of inflammatory cytokines. In this respect our data is consistent with observations

made in sgmouse peritoneal macrophages [15].

In our study we have primarily used PMA-differentiated THP-1 monocyte-like cell line.

This widely used model resembles macrophages differentiated from circulatory monocytes

that were recruited in response to inflammatory signals. Considering the diversity of human

macrophage populations this limits the extent to which our observations can be applied to pre-

dicting behavior of primary cells. Nevertheless our data provides initial evidence of the impor-

tant role of RORα in human macrophage function.

Our work for the first time demonstrated a key role of human RORα in setting the inflam-

matory state of human macrophages. This data is consistent with original observations made

in murine macrophages from spontaneous sgmutant lines. Our data therefore provides evi-

dence that helps resolve some of the discrepancies found in the current literature. Furthermore

our work provides foundation for future studies aimed at defining function of specific RORα
isoforms.
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27. Delerive P, Monté D, Dubois G, Trottein F, Fruchart-Najib J, Mariani J, et al. The orphan nuclear recep-

tor RORα is a negative regulator of the inflammatory response. EMBO Rep. 2001; 2(1):42–8. https://

doi.org/10.1093/embo-reports/kve007 PMID: 11252722

28. Dzhagalov I, Giguere V, He YW. Lymphocyte development and function in the absence of retinoic acid-

related orphan receptor alpha. Journal of immunology (Baltimore, Md: 1950). 2004; 173(5):2952–9.

29. Sun Y, Liu CH, SanGiovanni JP, Evans LP, Tian KT, Zhang B, et al. Nuclear receptor RORalpha regu-

lates pathologic retinal angiogenesis by modulating SOCS3-dependent inflammation. Proceedings of

the National Academy of Sciences of the United States of America. 2015; 112(33):10401–6. https://doi.

org/10.1073/pnas.1504387112 PMID: 26243880

30. Liu Y, Chen Y, Zhang J, Zhang Y, Su Z. Retinoic acid receptor-related orphan receptor alpha stimulates

adipose tissue inflammation by modulating endoplasmic reticulum stress. The Journal of biological

chemistry. 2017; 292(34):13959–69. https://doi.org/10.1074/jbc.M117.782391 PMID: 28698385

31. Sanjana NE, Shalem O, Zhang F. Improved vectors and genome-wide libraries for CRISPR screening.

Nature methods. 2014; 11(8):783–4. https://doi.org/10.1038/nmeth.3047 PMID: 25075903

32. Shalem O, Sanjana NE, Hartenian E, Shi X, Scott DA, Mikkelson T, et al. Genome-scale CRISPR-Cas9

knockout screening in human cells. Science (New York, NY). 2014; 343(6166):84–7.

33. Patro R, Duggal G, Love MI, Irizarry RA, Kingsford C. Salmon provides fast and bias-aware quantifica-

tion of transcript expression. Nature methods. 2017; 14(4):417–9. https://doi.org/10.1038/nmeth.4197

PMID: 28263959

34. Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, et al. limma powers differential expression analy-

ses for RNA-sequencing and microarray studies. Nucleic Acids Res. 2015; 43(7):e47. https://doi.org/

10.1093/nar/gkv007 PMID: 25605792

35. Gu Z, Eils R, Schlesner M. Complex heatmaps reveal patterns and correlations in multidimensional

genomic data. Bioinformatics. 2016; 32(18):2847–9. https://doi.org/10.1093/bioinformatics/btw313

PMID: 27207943

RORA and inflammation in human macrophages

PLOS ONE | https://doi.org/10.1371/journal.pone.0207374 November 28, 2018 14 / 15

https://doi.org/10.1073/pnas.150246097
http://www.ncbi.nlm.nih.gov/pubmed/10900268
http://www.ncbi.nlm.nih.gov/pubmed/9510031
http://www.ncbi.nlm.nih.gov/pubmed/9851961
http://www.ncbi.nlm.nih.gov/pubmed/9520475
http://www.ncbi.nlm.nih.gov/pubmed/7916608
https://doi.org/10.1006/geno.1997.4757
https://doi.org/10.1006/geno.1997.4757
http://www.ncbi.nlm.nih.gov/pubmed/9226375
https://doi.org/10.1111/j.1600-079X.2004.00135.x
https://doi.org/10.1111/j.1600-079X.2004.00135.x
http://www.ncbi.nlm.nih.gov/pubmed/15230868
https://doi.org/10.1371/journal.pone.0070392
https://doi.org/10.1371/journal.pone.0070392
http://www.ncbi.nlm.nih.gov/pubmed/23922987
http://www.ncbi.nlm.nih.gov/pubmed/9278389
https://doi.org/10.1074/jbc.M004982200
http://www.ncbi.nlm.nih.gov/pubmed/11053433
https://doi.org/10.1002/cbin.10712
http://www.ncbi.nlm.nih.gov/pubmed/27925372
https://doi.org/10.1093/embo-reports/kve007
https://doi.org/10.1093/embo-reports/kve007
http://www.ncbi.nlm.nih.gov/pubmed/11252722
https://doi.org/10.1073/pnas.1504387112
https://doi.org/10.1073/pnas.1504387112
http://www.ncbi.nlm.nih.gov/pubmed/26243880
https://doi.org/10.1074/jbc.M117.782391
http://www.ncbi.nlm.nih.gov/pubmed/28698385
https://doi.org/10.1038/nmeth.3047
http://www.ncbi.nlm.nih.gov/pubmed/25075903
https://doi.org/10.1038/nmeth.4197
http://www.ncbi.nlm.nih.gov/pubmed/28263959
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1093/nar/gkv007
http://www.ncbi.nlm.nih.gov/pubmed/25605792
https://doi.org/10.1093/bioinformatics/btw313
http://www.ncbi.nlm.nih.gov/pubmed/27207943
https://doi.org/10.1371/journal.pone.0207374


36. Stapleton CM, Jaradat M, Dixon D, Kang HS, Kim SC, Liao G, et al. Enhanced susceptibility of stag-

gerer (RORalphasg/sg) mice to lipopolysaccharide-induced lung inflammation. American journal of

physiology Lung cellular and molecular physiology. 2005; 289(1):L144–52. https://doi.org/10.1152/

ajplung.00348.2004 PMID: 15778248

37. Bosshart H, Heinzelmann M. THP-1 cells as a model for human monocytes. Ann Transl Med. 42016. p.

438.

38. Fink SL, Cookson BT. Apoptosis, Pyroptosis, and Necrosis: Mechanistic Description of Dead and Dying

Eukaryotic Cells. Infect Immun. 732005. p. 1907–16.

39. Gardella S, Andrei C, Costigliolo S, Olcese L, Zocchi MR, Rubartelli A. Secretion of bioactive interleu-

kin-1beta by dendritic cells is modulated by interaction with antigen specific T cells. Blood. 2000; 95

(12):3809–15. PMID: 10845914

40. Martinez FO, Gordon S. The M1 and M2 paradigm of macrophage activation: time for reassessment.

F1000Prime Rep. 2014; 6:13. https://doi.org/10.12703/P6-13 PMID: 24669294

41. Ford JW, McVicar DW. TREM and TREM-like receptors in inflammation and disease. Curr Opin Immu-

nol. 2009; 21(1):38–46. https://doi.org/10.1016/j.coi.2009.01.009 PMID: 19230638

42. Gulec C, Coban N, Ozsait-Selcuk B, Sirma-Ekmekci S, Yildirim O, Erginel-Unaltuna N. Identification of

potential target genes of ROR-alpha in THP1 and HUVEC cell lines. Experimental cell research. 2017;

353(1):6–15. https://doi.org/10.1016/j.yexcr.2017.02.028 PMID: 28238834

43. Delerive P, Monte D, Dubois G, Trottein F, Fruchart-Najib J, Mariani J, et al. The orphan nuclear recep-

tor ROR alpha is a negative regulator of the inflammatory response. EMBO Rep. 2001; 2(1):42–8.

https://doi.org/10.1093/embo-reports/kve007 PMID: 11252722

44. Evavold CL, Ruan J, Tan Y, Xia S, Wu H, Kagan JC. The Pore-Forming Protein Gasdermin D Regulates

Interleukin-1 Secretion from Living Macrophages. Immunity. 2018; 48(1):35–44.e6. https://doi.org/10.

1016/j.immuni.2017.11.013 PMID: 29195811

45. Gonzalez-Dominguez E, Samaniego R, Flores-Sevilla JL, Campos-Campos SF, Gomez-Campos G,

Salas A, et al. CD163L1 and CLEC5A discriminate subsets of human resident and inflammatory macro-

phages in vivo. Journal of leukocyte biology. 2015; 98(4):453–66. https://doi.org/10.1189/jlb.3HI1114-

531R PMID: 25877931

46. Williams KC, Kim WK. Editorial: Identification of in vivo markers for human polarized macrophages: a

need that’s finally met. Journal of leukocyte biology. 98. United States2015. p. 449–50. https://doi.org/

10.1189/jlb.1CE0615-233RR PMID: 26429776

47. Zhu Y, McAvoy S, Kuhn R, Smith DI. RORA, a large common fragile site gene, is involved in cellular

stress response. Oncogene. 2006; 25(20):2901–8. https://doi.org/10.1038/sj.onc.1209314 PMID:

16462772

RORA and inflammation in human macrophages

PLOS ONE | https://doi.org/10.1371/journal.pone.0207374 November 28, 2018 15 / 15

https://doi.org/10.1152/ajplung.00348.2004
https://doi.org/10.1152/ajplung.00348.2004
http://www.ncbi.nlm.nih.gov/pubmed/15778248
http://www.ncbi.nlm.nih.gov/pubmed/10845914
https://doi.org/10.12703/P6-13
http://www.ncbi.nlm.nih.gov/pubmed/24669294
https://doi.org/10.1016/j.coi.2009.01.009
http://www.ncbi.nlm.nih.gov/pubmed/19230638
https://doi.org/10.1016/j.yexcr.2017.02.028
http://www.ncbi.nlm.nih.gov/pubmed/28238834
https://doi.org/10.1093/embo-reports/kve007
http://www.ncbi.nlm.nih.gov/pubmed/11252722
https://doi.org/10.1016/j.immuni.2017.11.013
https://doi.org/10.1016/j.immuni.2017.11.013
http://www.ncbi.nlm.nih.gov/pubmed/29195811
https://doi.org/10.1189/jlb.3HI1114-531R
https://doi.org/10.1189/jlb.3HI1114-531R
http://www.ncbi.nlm.nih.gov/pubmed/25877931
https://doi.org/10.1189/jlb.1CE0615-233RR
https://doi.org/10.1189/jlb.1CE0615-233RR
http://www.ncbi.nlm.nih.gov/pubmed/26429776
https://doi.org/10.1038/sj.onc.1209314
http://www.ncbi.nlm.nih.gov/pubmed/16462772
https://doi.org/10.1371/journal.pone.0207374

