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Abstract

Systemic lupus erythematosus (SLE, lupus) is a chronic autoimmune disease characterized by loss 

of peripheral tolerance to nuclear self-antigens. It is increasingly recognized that aberrant T cell 

metabolism is a critical mediator of SLE immunopathology. Hypoxia inducible factor 1α (HIF-lα) 

is a key transcription factor that regulates T cell metabolism in response to immune stimuli. T cell 

activation induces HIF-1α expression and transcriptional activation of HIF-responsive genes. 

HypoxamiRs are a group of microRNAs sensitive to HIF-1α transcriptional regulation that 

function to fine-tune the HIF-driven transcriptional program. The ‘master’ hypoxamiR, miR-210 is 

transcriptionally regulated by HIF-1α and negatively regulates HIF-1α activity. Although a key 

role for HIF-1α in has been described in a number of autoimmune and inflammatory diseases and 

abnormal microRNA expression profiles correlate with poor clinical outcome in a number of 

rheumatologic diseases, the expression and function of HIF-1α and miR-210 in lupus remains 

largely uncharacterized. Here we report HIF-1α and miR-210 differential and lineage-specific 

expression in systemic lupus erythematosus. We show that HIF-1α mRNA and protein is 

overexpressed in human lupus CD4+ cells but not in CD8+ or CD19+ cells. RORγt, was 

upregulated in human lupus lymphocytes while FoxP3 expression remained unchanged. We show 

that miR-210 expression in lupus-prone mice correlates with disease activity and is robustly and 

selectively upregulated in CD4+ cells from both human lupus patients and lupus-prone mice. Our 

results suggest that abnormal HIF-1α and miR-210 expression contributes to SLE immune 

pathology and that HIF-1α/miR-210 may represent a novel and important regulatory axis in SLE.
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Introduction

Systemic lupus erythematosus (SLE) is a chronic autoimmune disease characterized by loss 

of tolerance to nuclear components leading to accumulation of autoantibodies, immune 

complex formation and possible end-organ damage (Tsokos, 2011). It is increasingly 

recognized that abnormal T cells are critical mediators of SLE immunopathology (Moulton 

and Tsokos, 2015). Autoreactive T cells from both human lupus patients and lupus-prone 

mice present multiple abnormalities including a number of metabolic disturbances (Morel, 

2017; Perl, 2016). The importance of T cell metabolism in the etiology of SLE 

immunopathology is illustrated by studies in lupus-prone mice demonstrating that 

normalization of aberrant metabolic programs reverses autoimmune phenotypes (Yin et al., 

2015; Yin et al., 2016).

Hypoxia inducible factor la (HIF-1α) is a key transcription factor that regulates cellular 

metabolism in response to oxygen stress (Semenza, 2009; G. L. Wang et al., 1995). Studies 

in T cells have shown that while the primary function of HIF-1α is detection and response to 

oxygen tension, a number of other mechanisms can induce HIF-1α activity under normoxic 

conditions, allowing T cells to utilize the HIF-1α axis in response to immune stimuli 

(Palazon et al., 2014). T cell receptor (TCR) ligation induces HIF-1α expression and 

subsequent transcriptional activation of HIF-responsive genes influence T cell function and 

lineage differentiation (McNamee et al., 2013). HIF-1α regulates development of 

Tregulatory (Treg) and Thelper17 (Th17) cells by direct transcriptional activation of RORγt 

expression and suppression of FoxP3 transcriptional activity (Dang et al., 2011; Shi et al., 

2011).

MicroRNAs (miRNAs) are a class of endogenous non-coding RNAs that exert a regulatory 

influence on almost every aspect of cellular biology (Bartel, 2018). Several miRNAs 

sensitive to HIF-1α transcriptional regulation, collectively termed ‘hypoxamiRs’, have been 

identified (Kulshreshtha et al., 2007). MiR-210 has emerged as the ‘master hypoxamir’ due 

to its unique status as the only miRNA whose expression is consistently and robustly 

induced by HIF-1α activity (Ivan and Huang, 2014). Although aberrant miRNA expression 

profiles correlate with poor clinical outcome in a number of rheumatologic diseases 

(Esteller, 2011), the expression and function of miR-210 in lupus remains largely 

uncharacterized.

Here we report HIF-1α and miR-210 differential and lineage-specific expression in systemic 

lupus erythematosus. We purified peripheral lymphocyte subsets from lupus-prone mice and 

showed that miR-210 is overexpressed specifically in the CD4+T cell lineage and positively 

correlates with disease activity. We purified peripheral lymphocyte subsets from SLE 

patients and detected overexpression of both HIF-1α and miR-210 in CD4+ T cells but not 

in CD8+ or CD19+ cells. We showed that RORγt is up-regulated in human lupus peripheral 
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lymphocytes and positively correlates with HIF-1α overexpression. Taken together, our 

results suggest that abnormal HIF-1α and miR-210 expression may contribute to SLE 

immune dysregulation and that HIF-1α/miR-210 may represent a novel and important 

regulatory pathway in SLE.

Methods

Human subjects

Subject peripheral blood samples were collected with prior written informed consent and in 

accordance with the ethical standards of the Institutional Review Boards (IRB) at Thomas 

Jefferson University, Philadelphia, PA (TJU IRB Control #15D.243). Candidate subjects 

were identified by evaluation of patient medical records by a qualified Rheumatologist in 

full compliance with all Federal and institutional HIPAA regulations.

Animals

Breeder pairs of B6.Sle123 (Sle123) (Morel et al., 2000) mice were a kind gift from Dr. 

Laurence Morel at the University of Florida (Gainesville, FL). The lupus-prone Sle123 
strain is a spontaneous lupus model that develops an autoimmune phenotype beginning at 

approximately two months of age (no/mild disease activity) progressing to advanced disease 

activity by 8 months of age (Morel et al., 2000). C57BL/6 (B6, WT) mice were purchased 

from The Jackson Laboratory (Bar Harbor, ME). Colonies were bred and maintained in an 

Institutional Animal Care and Use Committee (IACUC) approved facility at the University 

of Pennsylvania (Philadelphia, PA). All animal care and experimental procedures were 

conducted with prior approval by the IACUC at the University of Pennsylvania.

Purification of murine splenic lymphocytes

Speen tissue was harvested from euthanized animals and placed immediately into dishes 

containing ice-cold cell separation buffer (1X DPBS, 0.5% BSA, 1 mM EDTA). Single-cell 

lymphocyte suspensions were prepared by mechanical tissue disruption through a 70 υm 

nylon filter followed by red blood cell lysis with RBC Lysis Buffer (eBioscience, San Diego, 

CA) according to the manufacturer's instructions. Cells were collected by centrifugation at 

300 RCF for 10 minutes and washed 3X with an appropriate volume of FACS buffer.

Purification of murine lymphocyte subsets

Murine single-cell lymphocyte suspensions were prepared as described above. Cells were 

suspended at 1 x 107 cells/mL in cell separation buffer (1X DPBS, 0.1% BSA, 2 mM EDTA) 

and incubated with 2.5 μg/mL Mouse Fc Block (BD Pharmingen) for 10 minutes at room 

temperature. Cells were then stained with the following fluorophore-conjugated antibodies 

against cell surface markers CD3ε, CD4, CD8, CD19 and CD45R. Antibody details 

provided in Supplementary Methods. Lymphocyte populations were separated on a BD 

FACS Aria cytometer (Becton Dickinson, Franklin Lakes, NJ) on the basis of cell surface 

marker expression.

Garchow et al. Page 3

Mol Immunol. Author manuscript; available in PMC 2022 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Purification of human peripheral blood mononuclear cells

Human subject peripheral blood samples were drawn into BD Vacutainer lithium heparin 

blood collection tubes (Becton Dickinson, Franklin Lakes, NJ) and stored upright at room 

temperature until processed not more than 2 hours post-collection. Peripheral blood 

mononuclear cells (PBMCs) were isolated under sterile conditions using Leucosep cell 

separation tubes (Greiner Bio-One, Monroe, NC) prepared with Ficoll-Paque Plus (GE 

Healthcare, Piscataway, NJ) density gradient solution according to the manufacturer's 

instructions. Briefly, peripheral blood was diluted 2X with room tempearture HBSS 

(Corning, Manassas, VA), decanted into prepared Leucosep cell separation tubes and 

centrifuged at 800 RCF for 20 minutes at room temperature. Buffy coats were removed and 

washed 3X with ice-cold HBSS. PBMC’s were either used directly or further separated into 

distinct subsets. If used directly, purity was evaluated by flow cytometry on the basis of 

forward/side light scatter. Representative plots are provided in Supplementary Methods.

Purification of human lymphocyte subsets

PBMC’s were isolated from human subject peripheral blood as described above. Cells were 

suspended at 1 x 107 cells/mL in separation buffer (1X DPBS, 0.1% BSA, 2 mM EDTA) and 

incubated with 2.5 μg/mL Human Fc Block (BD Pharmingen) for 10 minutes at room 

temperature. Cells were incubated with 10 ug/mL biotinylated primary antibody for 10 

minutes at 4 °C, washed with 2 volumes of separation buffer then incubated with Dynabeads 

Biotin Binder magnetic beads (Life Technologies, Carlsbad, CA) following the 

manufacturer's instructions. Bead-bound cells were captured with a magnet, washed twice 

with ice-cold PBS and aliquoted for downstream applications. Primary antibody details 

provided in Supplementary Methods. Purity of the separations was evaluated by flow 

cytometry. Antibodies used and representative plots are provided in Supplementary 

Methods.

Total RNA purification

Cells were collected by centrifugation and lysed in an appropriate volume of Trizol tri-

reagent (Invitrogen, Carlsbad, CA). RNA was isolated using Direct-zol Trizol RNA 

MiniPrep Plus kit components following the manufacturer's instructions (Zymo Research, 

Irvine, CA). Genomic DNA contamination was reduced by on-column DNase I digestion 

(Thermo Fisher Scientific, USA). RNA purity was determined by evaluating 260/280 nm 

and 260/230 nm absorbtion ratios. RNA preparations with 260/280 nm ratios > 1.9 and 

260/230 nm ratios > 2.0 were considered pure.

Total protein purification

Cells were collected by centrifugation and resuspended in an appropriate volume of RIPA 

buffer (Cell Signaling Technology, Danvers, MA) supplemented with 1 mM PMSF 

(Millipore Sigma, USA). Cells were lysed by repetitive pipetting and incubated in ice for at 

least 5 minutes. Crude extracts were centrifuged at 14,000 RCF for 10 minutes at 4 °C and 

the supernatants used for subsequent immunoblotting experiments.
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Reverse transcription PCR

For gene expression assays, 100 ng total RNA was reverse-transcribed into cDNA using 

Superscript III reverse transcription kit components following the manufacturer's 

instructions (Invitrogen, Carlsbad, CA) except that reactions were primed with a cocktail of 

oligo(dT)20 (50 μM) and random hexamers (50 ng/μL). cDNA was recovered using DNA 

Clean & Concentrator kit components in a final elution volume of 10 μL (Zymo Research, 

Irvine, CA). 2 μL eluent was used as input DNA in subsequent quantitative real-time PCR 

experiments. For miR-210 expression, RNA templates were reverse-transcribed using High-

Capacity cDNA Reverse Transcription Kits (Applied Biosystems, Foster City, CA). 

Reactions were primed using Taqman miR-210 or U6 snRNA reverse-transcription primers 

(Applied Biosystems, Foster City, CA). Primer details provided in Supplemental Methods. 

Reverse-transcription products were diluted 1:20 and 5 μL used as input DNA in subsequent 

quantitative real-time PCR experiments. For both gene and miRNA expression experiments, 

no-reverse-transcriptase control (NRT) reactions were included for each RNA template.

Quantitative real-time PCR

Quantitative real-time PCR (qPCR) reactions were ran in triplicate on either Applied 

Biosystems 7500 or StepOnePlus real-time PCR systems (Applied Biosystems, Foster City, 

CA). Each 20 μL gene expression qPCR reaction contained the following components: 1X 

PowerUp SYBR Green master mix (Applied Biosystems, Foster City, CA), 400 nM 

KiCqStart SYBR Green gene assay primers (Sigma-Aldrich, St. Louis, MO) and 2 μL 

reverse-transcription product prepared as described above. Primer sequences provided in 

Supplemental Methods. Each 20 μL microRNA qPCR reaction contained the following 

components: 1X TaqMan Fast Advanced Master Mix, 1X Taqman real-time assay primers 

(Applied Biosystems, Foster City, CA) and 5 μL 1:20-diluted reverse-transcription product. 

Assay details provided in Supplemental Methods. Baseline-adjusted quantification cycle 

(Cq) values were determined using instrument software with automatic threshold enabled.

Immunoblotting

Total protein was resolved on NuPAGE 4-12% bis-tris polyacrylamide mini gels (Invitrogen, 

Carlsbad, CA) with MOPS-SDS running buffer. Proteins were transferred to nitrocellulose 

membranes and stained with either HIF-1α or β-actin primary antibodies (Cell Signaling 

Technology, Danvers, MA). Antibody details provided in Supplemental Methods. 

Immunostained membranes were probed with horseradish peroxidase-conjugated secondary 

antibody and detected by incubation with enhanced chemiluminescent reagent (Pierce 

Biotechnology, Rockford, IL). Membranes were imaged on an iBright CL750 imaging 

system (Invitrogen, Carlsbad, CA).

Northern blotting

Total RNA was resolved on 15% urea-polyacrylamide gels, transferred to nitrocellulose 

membranes and hybridized with radiolabelled DNA probes complementary to the mature 

miR-210-3p sequence. Small-nucleolar RNA 429 (sno429), previously verified to be not 

regulated in the Sle123 model, served as a loading control. Probe sequences provided in 

Supplemental Methods.
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Determination of differential expression

For quantitative PCR, differential gene expression was determined using the 2(-ΔΔCT) 

method as described by Livak and Schmittgen (Livak and Schmittgen, 2001). For Northern 

blot analysis, exposed blots were imaged on a Storm 840 phosphorimager and the resulting 

bands quantified using the ImageJ image processing software program (National Institutes 

of Health and the Laboratory for Optical and Computational Instrumentation). Briefly, 

regions of equal area were drawn around bands of interest. The measured image integrated 

density within each region was used to evaluate differential expression. For Western blot 

analyses, membranes were imaged on an iBright CL750 imaging system (Invitrogen, 

Carlsbad, CA) and the resulting bands quantified as described for Northern blot analysis.

Statistical analysis

Statistical analyses were performed using the R Foundation for Statistical Computing 

software package. Mean, error and significance values were determined using an unpaired 

Student's t test assuming equal variation. p-values < 0.05 were considered significant.

Results

MiR-210 expression in lupus-prone Sle123 mice is disease-dependent and lineage-specific

Splenic lymphocytes were harvested from lupus-prone female Sle123 mice with mild or 

advanced lupus-like disease and assayed for miR-210 expression by Northern blotting. As 

shown in Figure 1A, miR-210 expression in lymphocytes from mice with advanced disease 

was 2.3 ± 0.2-fold higher than in lymphocytes from mice with mild disease suggesting that 

miR-210 expression in Sle123 lymphocytes positively associates with disease activity. To 

determine if miR-210 expression in these mice may be lineage-specific, we purified CD4+, 

CD8+ and CD19+ lymphocyte subsets from lupus-prone female Sle123 mice with mild or 

advanced lupus-like disease and from age- and gender-matched C57BL/6 (WT) mice by 

flow cytometry and quantified miR-210 expression by quantitative real-time PCR (qPCR). 

As shown in Figure 1B, miR-210 was only moderately up-regulated in CD4+ and CD8+ cells 

from Sle123 mice with mild disease compared to WT controls (2.2 ± 0.01-fold and 1.5 ± 

0.03-fold respectively). MiR-210 expression in CD19+ cells from Slel23 mice with mild 

disease was similar to WT controls. In contrast, miR-210 was robustly up-regulated in CD4+ 

cells from Sle123 mice with advanced disease (359 ± 36.5-fold) but only moderately up-

regulated in CD8+ (2.5 ± 0.08-fold) and CD19+ cells (2.3 ± 0.06-fold) suggesting that 

miR-210 is predominantly expressed by the CD4+ T cell lineage. Our Northern blot 

experiments (Figure 1A) suggest that miR-210 expression in Sle123 lymphocytes associates 

with disease activity. As shown in Figure 1B, miR-210 expression in CD4+ cells from mice 

with advanced lupus-like disease was 165.2 ± 16.8-fold greater than miR-210 expression in 

CD4+ cells from mice with mild disease. In contrast, miR-210 was only moderately up-

regulated in CD8+ and CD19+ cells from mice with advanced disease (1.6 ± 0.04-fold and 

2.4 ± 0.08-fold respectively) compared to miR-210 expression in CD8+ and CD19+ cells 

from mice with mild disease. Our results show that miR-210 is overexpressed in lupus-prone 

Sle123 lymphocytes and suggests that miR-210 overexpression in these mice is disease-

dependent and specific to the CD4+ T cell lineage.
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HIF-1α and miR-210 are up-regulated in human lupus and expressed mainly by CD4+ T 
cells

We purified peripheral blood mononuclear cells (PBMC) from lupus patients and quantified 

HIF-1α and miR-210 expression levels by qPCR. As shown in Figure 1C, we measured 

overexpression of both HIF-1α (5.3 ± 0.56-fold ) and miR-210 (43.4 ± 1.3-fold) in human 

lupus PBMCs compared to healthy controls. We then asked if HIF-1α or miR-210 may be 

expressed by distinct lymphocyte lineages in human lupus. We purified CD4+, CD8+ and 

CD19+ lymphocytes from lupus patients and healthy control subjects and quantified HIF-1α 
and miR-210 expression by qPCR. We measured robust and statistically significant up-

regulation of HIF-1α (Figure 1D) and miR-210 (Figure 1E) in the CD4+ lineage (7.2 ± 1.6-

fold and 46.2 ± 1.8-fold respectively) compared to HIF-1α and miR-210 expression in 

control subject CD4+ cells. In contrast, HIF-1α and miR-210 expression in human lupus 

CD8+ and CD19+ cells was not significantly different from controls. HIF-1α and miR-210 

expression in CD4+ cells was similar to HIF-1α and miR-210 expression in lupus patient 

PBMC’s suggesting that HIF-1α and miR-210 are expressed mainly by the CD4+ T cell 

lineage in human lupus. To confirm HIF-1α differential expression at the protein level, we 

purified CD4+ cells from lupus patients with active disease and healthy control subjects and 

subjected protein lysates to Western blot analysis for HIF-1α expression. As shown in 

Figure 1F, HIF-1α protein levels were significantly elevated in CD4+ cells from lupus 

patients compared to control subjects. Taken together, our results show that HIF-1α and 

miR-210 are overexpressed in human lupus and that the majority of HIF-1α and miR-210 

activity is contained in the CD4+ T cell compartment.

RORγt is up-regulated in human lupus and associates with HIF-1γ activity

RORγt is a direct transcriptional target for HIF-1α. Having shown HIF-1α overexpression 

in lupus peripheral lymphocytes (Figure 1C), we asked if RORγt is also overexpressed. 

Peripheral lymphocytes were purified from lupus patients and healthy controls and assayed 

for FoxP3 and RORγt expression by qPCR. As shown in Figure 1G, we detected a 

significant 4.6 ± 0.49-fold up-regulation of RORγt mRNA levels that positively correlated 

with HIF-1α expression in these cells. In contrast, FoxP3 expression did not significantly 

differ between lupus and control cells. These data support the hypothesis that HIF-1γ 
overexpression in human lupus CD4+ cells may influence the Treg/Th17 cell ratio by 

transcriptional up-regulation of RORγt.

Discussion

It is increasingly appreciated that cellular metabolism profoundly influences effector T cell 

differentiation and function. T cell activation and clonal expansion triggers extensive cellular 

metabolic reprogramming characterized by a transition from oxidative to glycolytic 

metabolism (Pearce, 2010). In SLE, autoreactive T cells display a sustained activated 

phenotype due to a lowered threshold of activation and persistent stimulation by 

autoantigens (La Cava, 2009). T cells from both lupus-prone mice and human lupus patients 

present a hyperactive metabolic profile characterized by increased rates of both glycolysis 

and oxidative phosphorylation (Vukelic et al., 2020). The importance of T cell metabolism 

in the etiology of SLE immunopathology is illustrated by metabolic studies in lupus-prone 
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mice. Inhibition of Glut1 in MRL/lpr T cells ameliorates disease activity (Jacobs et al., 

2008) and normalization of the hyperactive metabolic phenotype in the Sle123 model 

reverses autoimmune phenotypes (Yin et al., 2015; Yin et al., 2016).

Regulation of T cell metabolism is the primary function of the transcription factor HIF-1α 
under both oxygen-dependent and -independent conditions (Del Rey et al., 2017). Elevated 

HIF-1α levels strongly associate with increased disease activity in a variety of autoimmune 

and inflammatory diseases with diverse pathologies, including rheumatoid arthritis (Ivan and 

Huang, 2014), type 1 diabetes mellitus (Loukovaara et al., 2014), multiple sclerosis 

(Graumann et al., 2003), and inflammatory bowel disease (Mimouna et al., 2011). Dang et. 
al. showed that HIF-1α-deficient mice are strongly resistant to induction of experimental 

autoimmune encephalitis (Dang et al., 2011), Kojima et. al. report development of an 

autoimmune phenotype in Hif1α–/– → Rag2–/– chimeric mice (Kojima et al., 2002) and 

recently, Zhao et.al reported that RNAi silencing of HIF-1α reduced development of an 

autoimmune phenotype in MRL/lpr mice (W. Zhao et al., 2018). Taken together, these 

reports suggest that inappropriate HIF-1α expression contributes to the development of 

autoimmune immunopathology.

In the current study, we measured a 7-fold HIF-1α up-regulation in human lupus CD4+ T 

cells (Figure 1D) that was statistically different from controls and paralleled HIF-1α up-

regulation in lupus PBMCs (Figure 1C). In contrast, HIF-1α expression in CD8+ and CD19+ 

cells was similar to controls (Figures 1B and 1E). These data suggest that the majority of 

HIF-1α activity is contained in the CD4 T cell lineage. None of the lupus subjects had active 

infection, hypoxia due to chronic lung disease or was an active smoker, suggesting that 

HIF-1α overexpression in these subjects may be ascribed to chronic activation of 

autoreactive T cells. Lupus patients with moderate-to-severe disease or those unresponsive 

to conventional therapeutics are often prescribed one or more non-specific 

immunosuppressive medications (Tsokos, 2011). Although effective in many cases, these 

medications can cause undesirable side-effects and increased risk of infection or other 

complications. In the context of the above discussion, our results suggest that achieving or 

maintaining “normal” HIF-1α expression in lupus patients may be a novel therapeutic 

strategy.

MicroRNAs exert a regulatory influence on numerous aspects of cellular biology (Bartel, 

2009, 2018). MiR-210 is the only miRNA consistently and robustly up-regulated by HIF-1α 
(Ivan and Huang, 2014). HIF-1α binds a highly conserved hypoxia-responsive element 

(HRE) on the proximal miR-210 promoter and mutation of this site completely abolishes the 

responsiveness of the miR-210 promoter to HIF-1α (X. Huang et al., 2009; H. Wang et al., 

2014). HIF-1α is also a direct regulatory target of miR-210. MiR-210 regulates HIF-1α 
expression at both the protein and transcript levels via a non-canonical miR-210 target site in 

the HIF-1α mRNA 3’ UTR (H. Wang et al., 2014). The miR-210 host gene coding sequence 

is highly conserved across species suggesting an important functional role for miR-210 and 

its regulatory targets (Ivan and Huang, 2014).

Inappropriate miRNA expression profiles characterize many human diseases (Esteller, 2011) 

including SLE (de Yebenes et al., 2008; Garchow et al., 2011; Gururajan et al., 2010; Zan et 
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al., 2014). MiR-210 expression has been well characterized in diseases with an hypoxic 

signature (Bavelloni et al., 2017) and in a number of autoimmune and inflammatory 

diseases. Zhao, et al. reports miR-210 overexpression in CD4+ T cells from psoriasis 

vulgaris patients and showed that miR-210 influences the immunosuppressive functions of 

Treg cells by targeting FOXP3 (M. Zhao et al., 2014). Wu et.al show that miR-210 induces 

Th17 and Th1 cell differentiation and inhibits Th2 differentiation in psoriasis by repression 

of STAT6 and LYN activity (Wu et al., 2018). Zheng, et al. detected elevated serum miR-210 

levels in Graves’ disease patients (Zheng et al., 2018) and Chen, et al. reports significantly 

increased miR- 210 expression in placenta from women with preeclampsia (Chen et al., 

2019). In contrast, the expression and function of miR-210 in lupus has been largely 

unexplored.

In the current study, we show that miR-210 is overexpressed in lupus-prone mouse 

lymphocytes (Figure 1B) and positively associates with increased disease activity (Figure 

1A). We detected robust miR-210 overexpression in lupus patient PBMC’s (Figure 1C) 

consistent with Huang et al., who report miR-210 overexpression in lupus patient PBMC’s 

(Q. Huang et al., 2018). In a large-scale miRNA-Seq experiment, Kuchen, et. al. profiled 

miRNA expression patterns during lymphopoiesis and in several non-lymphoid tissues 

(Kuchen et al., 2010). The authors found that miR-210 was one of 49 miRNAs preferentially 

upregulated in lymphocytes and that miR-210 up-regulation was exclusive to CD4+ T cells. 

Consistent with this report, we measured robust miR-210 up-regulation in CD4+ T cells 

from both lupus-prone mice (Figure 1B) and in human lupus (Figure 1E) but only modest 

miR-210 up-regulation in CD8+ and CD19+ cells. We detected similar miR-210 expression 

levels in human lupus CD4+ T cells and PBMC’s suggesting that the majority of miR-210 

activity is contained in the CD4 T cell compartment. MiR-210 expression human lupus 

correlated with HIF-1α expression at both the mRNA (Figure 1D) and protein levels (Figure 

1F) supporting the hypothesis of HIF-1α transcriptional regulation of miR-210 expression.

FoxP3 and RORγt are the master transcription factors that define the Tregulatory (Treg) and 

Thelper17 (Th17) cell lineages respectively. RORgt regulates the development of Th17 cells 

which secrete IL-17, an inflammatory cytokine that promotes development of autoimmunity 

(McGeachy et al., 2019; Park et al., 2005; Rutz et al., 2013). Absolute numbers of IL-17+ 

cells and IL-17 levels are elevated in several autoimmune diseases including SLE (Wong et 

al., 2008) although a positive correlation between increased IL-17 levels and SLE disease 

activity has not been firmly established. In contrast, Tregs help maintain self-tolerance by 

suppressing the activity of autoreactive lymphocytes, however, the function of Tregs in SLE 

remains controversial (Li et al., 2019).

HIF-1α promotes Th17 differentiation in vitro and in experimental autoimmune 

encephalomyelitis (EAE) by direct transcriptional activation of RORγt expression and 

suppression of FoxP3 transcriptional activity (Dang et al., 2011; Shi et al., 2011; H. Wang et 

al., 2014). We consistently detected robust RORγt up-regulation in human lupus PBMCs 

that positively correlated with HIF-1α overexpression (Figure 1F). In contrast, FoxP3 

expression was not significantly different from controls (Figure 1F). These data suggest that 

increased HIF-1α activity in lupus T cells may promote Th17 differentiation and inhibit 

Treg development in lupus.
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In summary, our results suggest that a HIF-1α/miR-210 regulatory pathway may play an 

important and previously unrecognized role in lupus immunopathology. Dissection of 

HIF-1α/miR-210 and HIF-1α/miR-210-regulated pathways may represent a novel and 

productive direction for future etiological studies in lupus.
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Highlights

• A key role for HIF-1α in has been described in a number of autoimmune and 

inflammatory diseases with diverse pathologies but remains unexplored in 

SLE.

• MiR-210 expression in lupus-prone mice associates with disease activity and 

is robustly and selectively upregulated in the CD4+ T cell lineage.

• HIF-1α and miR-210 are over-expressed in human SLE patient peripheral 

lymphocytes and positively associate with RORγt and IL-17 expression.

• Results suggest that HIF-1α/miR-210 may represent a novel and and 

previously unrecognized regulatory axis in lupus.
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Figure 1. 
(A) MiR-210 expression in lymphocytes from lupus-prone mice is disease-dependent. 
Total RNA was purified from splenic lymphocytes isolated from lupus-prone female Sle123 
mice with no/mild or advanced disease and subjected to urea PAGE Northern blot analysis 

for miR-210 expression. MiR-210 expression was detected with radio-labeled anti-sense 

DNA probes specific for the mature mmu-miR-210-3p species. Differential loading was 

detected using radio-labeled anti-sense DNA probes specific for small-nucleolar RNA 429 

(mmu-sno429), previously verified to be not regulated in the Sle123 model. Exposed blots 

were imaged on a Storm 840 phosphorimager and the resulting bands quantified using the 

ImageJ software program as described in Materials and Methods. Bar heights represent 

mean relative expression and error bars represent mean relative expression ± SEM of three 

independent biological replicates. *p < 0.05, n = 3. (B) MiR-210 expression in 
lymphocytes from lupus-prone mice is lineage-specific. Splenic lymphocytes were 

harvested from lupus-prone female Sle123 mice with no/mild or advanced disease activity 

and purified into CD4+, CD8+ and CD19+ subsets by flow cytometry. Total RNA was 

purified from each subset and assayed for miR-210 expression by qPCR as described in 

Materials and Methods. Expression of small-nucleolar RNA 429 (mmu-sno429), previously 

verified to be not regulated in the Sle123 model, served as the loading control. Bar heights 
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represent mean relative expression and error bars represent mean relative expression ± SEM 

of three independent biological replicates. **p < 0.01 and ***p < 0.001, n = 3. (C) HIF-1α 
is up-regulated in human lupus and expressed mainly by CD4+ T cells. Peripheral 

lymphocytes were isolated from lupus patients with active disease and from healthy control 

subjects and separated into CD4+, CD8+ and CD19+ subsets as described in Materials and 

Methods. Total RNA was purified from each subset and assayed for HIF-1α expression by 

qPCR. Bar heights represent mean relative HIF-1α expression. For control subjects, error 

bars represent mean relative expression ± SEM of four independent biological replicates (n 

= 4). For lupus patients, error bars represent mean relative expression ± SEM of six 

independent biological replicates (n = 6). *** p < 0.001. (D) MiR-210 is up-regulated in 
human lupus and expressed mainly by CD4+ T cells. Peripheral lymphocytes were 

isolated from lupus patients with active disease and from healthy control subjects and 

separated into CD4+, CD8+ and CD19+ subsets as described in Materials and Methods. Total 

RNA was purified from each subset and assayed for miR-210 expression by qPCR. Bar 

heights represent mean relative miR-210 expression. For control subjects, error bars 

represent mean relative expression ± SEM of four independent biological replicates (n = 4). 

For lupus patients, error bars represent mean relative expression ± SEM of six independent 

biological replicates (n = 6). ** p < 0.01 and *** p < 0.001. (E) FoxP3 and RORγt 
expression associate with HIF-1α and miR-210 overexpression in human lupus 
peripheral lymphocytes. Peripheral lymphocytes were isolated from lupus patients with 

active disease and healthy subjects and assayed for HIF-1α, miR-210, FoxP3 and RORγt 

expression by qPCR as described in Materials and Methods. Bar heights represent mean 

relative expression and error bars represent mean relative expression ± SEM of four 

independent biological replicates. * p < 0.05 and *** p < 0.001, n = 4. (F) HIF-1α protein 
is up-regulated in human lupus CD4+ T cells. Total protein was purified from CD4+ T 

cells isolated from lupus patients with active disease and healthy subjects and subjected to 

Western blot analysis for HIF-1α protein expression as described in Materials and Methods.
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