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Abstract

Genome-wide association studies have identified numerous genetic variants conferring
autoimmune disease risk. Most of these genetic variants lie outside protein-coding genes
hampering mechanistic explorations. Numerous mRNAs are also differentially expressed in
autoimmune disease but their regulation is also unclear. The majority of the human genome is
transcribed yet its biologic significance is incompletely understood. We performed whole genome
RNA-sequencing [RNA-seq] to categorize expression of mMRNAs, known and novel long non-
coding RNAs [IncRNAs] in leukocytes from subjects with autoimmune disease and identified
annotated and novel IncRNAs differentially expressed across multiple disorders. We found that
loci transcribing novel INcRNAs were not randomly distributed across the genome but co-localized
with leukocyte transcriptional enhancers, especially super-enhancers, and near genetic variants
associated with autoimmune disease risk. We propose that alterations in enhancer function,
including IncRNA expression, produced by genetics and environment, change cellular phenotypes
contributing to disease risk and pathogenesis and represent attractive therapeutic targets.
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1. Introduction

We now appreciate that the majority of the human genome is transcribed and many new
RNA classes, such as long non-coding RNAs (IncRNAS) [1], enhancer-associated RNAs,
micro-RNAs and piwi-interacting RNAs have been identified [2-4]. Whole genome
profiling of mRNAs from a common tissue source has been employed to analyze an array of
diseases, including autoimmune diseases, and shows potential for medical application
including diagnosis, assessment of disease activity and determining or predicting response to
therapy [5]. Functions of these new RNA classes are incompletely understood and it is even
argued that pervasive transcription may represent biologic ‘noise’ [6-8]. Arguments against
the ‘noise’ hypothesis may be to ask if these RNA classes are induced or repressed by
presence of idiopathic disease, the extent to which they are regulated similarly in related
idiopathic diseases, such as autoimmune diseases [9, 10], how expression changes during
disease progression and initiation of therapies, their distributions across the genome, and
their proximity to and regulation by genetic variants associated with these diseases.

Genome-wide association studies (GWAS) have also identified numerous genetic variants
(single nucleotide polymorphisms, SNPs) that confer autoimmune disease risk. The vast
majority of these genetic polymorphisms lie outside protein-coding genes, which hampers
our understanding of how they may contribute to disease risk. An alternate possibility is that
these genetic variants may also regulate expression of these newly discovered classes of
RNAs that, in turn, may regulate expression of protein-coding genes, either in cis or trans,
and alter cellular phenotypes and disease risk [9, 11-16].

We identified annotated and novel IncRNA, as well as mRNAs, differentially expressed in
whole blood obtained from subjects with various autoimmune diseases by whole genome
RNA-sequencing (RNA-seq). We found that loci transcribing novel INcRNAs were not
randomly distributed across the genome but were localized near leukocyte transcriptional
enhancers, especially super-enhancers (SEs) compared to typical enhancers [16, 17].
Further, genomic positions of both annotated and novel IncRNA loci were near GWAS-
identified SNPs that confer risk for developing autoimmune disease. We propose that both
genetic and environmental effects may alter IncRNA expression profiles and contribute to
onset and pathogenesis of autoimmune disease and may represent attractive therapeutic
targets.

2. Materials and Methods

2.1 Subject populations

We obtained blood samples in PAXGENE tubes from age and gender matched healthy
controls (CTRL, N=8), subjects with ulcerative colitis (UC, N=6), Crohn’s disease (Cr,
N=6), irritable bowel syndrome (IBS, N=6), Celiac disease (Ce, N=6), fibromyalgia (FMS,
N=6), rheumatoid arthritis (N=6), systemic lupus erythematosus (SLE, N=3), psoriasis (Ps,
N=3), psoriatic arthritis (PsA, N=3), and Sjogren’s (Sj, N=3). Subjects with relapsing
remitting multiple sclerosis (MS, N=18) were divided into 1) subjects after a clinical event
suggestive of demyelination (clinically isolated syndrome, CIS) at the time of their blood
draw but before diagnosis of MS (MS-C, N=6), subjects at the time of diagnosis of MS but

J Autoimmun. Author manuscript; available in PMC 2018 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Aune et al.

Page 3

prior to onset of therapies (MS-N, N-6) and subjects with established MS of 1-3 years’
duration (MS-E, N=6). MS-E subjects were not on disease-modifying therapies such as
interferon-beta or Tysabri. Diagnoses were made by specialists in the field using established
criteria. Subjects with RA were divided into those on current methotrexate therapy (RA
+MTX) and those not on current methotrexate therapy (RA-MTX). All samples were
obtained with informed consent after Vanderbilt institutional review board approval.

2.2 RNA-seq Sample Preparation and Data Analysis

RNA was isolated from PAXGENE tubes using standard protocols, including DNase
digestion. Using this procedure there is <1% DNA contamination in these RNA samples.
Poly(A)+ RNAs were isolated by mixing RNA samples with poly(T) oligomers covalently
attached to magnetic beads using standard procedures. Library preparation was performed
using the Illumina Tru-Seq Stranded RNA kit. RNA sequencing was performed by the
Vanderbilt Technologies for Advanced Genomics (VANTAGE) core facilities. An Illumina
HiSeq2500 instrument was used to generate 100bp paired-end reads. Average sequencing
depth of all samples was 35 million mapped reads +/- 9 million (S.D.). RNA-seq was
performed consecutively on all samples. Quality control steps were performed at all stages
of sequencing analysis including raw data, alignment and expression quantification [18-20].
The RNA data were aligned with TopHat 2 and gene expression levels were quantified using
Cufflinks [21, 22]. Differentially expressed genes measured using Cufflinks/Cuffdiff were
expressed as FPKM (fragments per kilobase per million reads) and a cutoff of 0.5 FPKM
was employed for all RNA measurements. False discovery rate (FDR < 0.025) was used to
correct for multiple testing. De novo transcriptome assembly was performed on whole
genome RNA-sequencing data from Illumina Tru-Seq Stranded Total RNA libraries using
TopHat 2 and Cufflinks using upper quartile normalization (-N) and fragment bias correction
(-b). As a quality control step, we also compared values obtained from the upper quadrant
methods used for normalization here and values obtained from DESeq procedures [23]
across all RNA-seq samples and found that the correlation between the two methods was >
0.85. All normalization was performed the same way across the entire analysis of all RNA-
seq samples. Novel transcripts were assembled from reads prealigned to human genome 19
(GRCh37/hg19) using TopHat. Identification of novel lincRNA transcripts was
accomplished using established methodologies including getorf to analyze open reading
frames as described [6]. PhyloCSF, Coding Potential Calculator (CPC), and Coding-
Potential Assessment Tool (CPAT) were employed to remove RNAs with protein-coding
potential. The summarized pipeline for discovery of novel lincRNAs and prediction of
transcripts with protein-coding potential has been previously reported [24]. The overall
normalization and filtering processes were performed identically for all samples at the same
time.

2.3 Bin definition

Genomic locations of loci producing novel IncRNAs (> 0.5 FPKM in = 2/3 of samples from
at least one cohort) were sorted based upon chromosomal location from the p-terminus to
the g-terminus, e.g. chromosome 1, basepair 1 to chromosome 1, basepair 249,000,000, etc.
Genomic distances between each novel IncRNA producing loci were determined. Bins were
delimited if there was > 20 kb space between loci encoding a novel IncRNA.
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2.4 Statistical Analysis

1) Comparison of bin and enhancers locations—Genomic locations of super
enhancers and typical enhancers found in leukocytes subsets were obtained from published
data [17]. We wrote a program in ‘R’ to determine overlaps of these enhancers with novel
IncRNA genomic bins identified here. The starting point for determining correlations
between the IncRNA bins, enhancers for the varieties of CD cells, SNPs associated specific
diseases, and expressions levels in the INcRNA bins for a spectrum of auto-immune diseases
are four databases: (i) a list of bins that contain the IncRNA bin identifiers and their
positions on 24 chromosomes; a list of enhancers and super-enhancers for 16 CD cell types
(CD3 TE, CD3 SE, CD4 memory TE, CD4 memory SE, CD4 Naive TE, CD4 Naive SE,
CD8 memory TE, CD8 memory SE, CD14 TE, CD14 SE, CD19 TE, CD19 SE, CD20 TE,
CD20 SE, CD56 TE, CD56 SE); (iii) a GWAS catalog (hg19 version) for 25,742 SNPs
associated with 1,457 disease classes such as Cr, MS, and SLE; and a list of FPKM
expression levels in the INCRNA bins for 72 individuals having one of the auto-immune
disease considered in paper (Cr, MS, RA, Ps, SLE, UC, etc.). The first task was to establish
the correlations between the 6,431 IncRNA bins and the 107,492 enhancers for the 16 CD
cell types. This calculation was done in various ways. For a given IncRNA bin (location:
chromosome, start, stop), the bin was extended on each end by x bp, x =0, 10K, 20K, ...,
50K, and intersections (as location intervals) of the extended IncRNA bins with the enhancer
locations (chromosome, start, stop) were determined. When a non-empty intersection was
found, the IncRNA bin (and its extension) and the enhancer type (e.g., CD4 memory TE)
were recorded. With an extension of 20K bp, there were 5,378 IncRNA bins that overlapped
the enhancer locations. For each extended IncRNA bin, a count of the number of enhancer
types was tabulated. Generally speaking, for a particular IncRNA bin extension, the number
of enhancer types was 0, 1, or 2. Next, we established correlations between the IncRNA bins
and disease SNPs. The frequency of SNPs associated with a particular disease class varies.
For example, there are 165 SNPs for UC, 239 for Cr, 215 SNPs for MS, 316 for RA, 160 for
SLE, and 136 for PS + PsA. Using the same strategy as bin-enhancer correlations, INcRNA
bins were extended and SNPs were found that lay within their extensions. Then disease
specific correlations between bins and SNPs were found. The number of SNPs and their
identities (rs-identifier, hg 19 position, mapped genes) for each INcRNA bin extension was
recorded. The final correlation brings together the IncRNA bins, the enhancer locations, and
the expression data for 72 individuals each with a specific disease. Hence, for each IncCRNA
bin, we have the enhancers and SNPS near the bin, and the FPKM expressions levels for
each bin.

2) Comparison of bin and GWAS SNP locations—Genomic locations of GWAS
SNPs were obtained from the GWAS catalog [https://www.ebi.ac.uk/gwas]. We wrote a
program in ‘R’ to determine overlaps of these SNPs with novel INcRNA genomic bins
identified here. Methods for statistical calculations have been described. Next, we
established correlations between the lincRNA bins and disease SNPs. The frequency of
SNPs by disease varies. For example, there are 220 SNPs for Crohn’s Disease, 177 SNPs for
Multiple Sclerosis, 117 SNPs for Inflammatory Bowel Disease, and 163 SNPs for Ulcerative
Colitis. Using the same strategy as bin-enhancer correlations, lincRNA bins were extended
and SNPs were found that lay within their extensions. Then disease specific correlations
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between bins and SNPs were found. The number of SNPs and their identities (rs-identifier,
hg 19 position, mapped genes) for each lincRNA bin extension was recorded. The final
correlation brings together the lincRNA bins, the enhancer locations, and the expression data
for 72 individuals each with a specific disease.

3) GREAT analysis—GO enrichment for novel IncRNA bin genomic coordinates was
determined using GREAT with default settings [25]. Binomial FDR Q values are reported in
Supplementary Table 1.

4) SNP Xz analysis—First, we compared total bp present in all *bins’ or ‘bins +
extensions’ to the number of bp in the genome not contained in ‘bins’. Second, we compared
total number of GWAS identified SNPs for a given disease present in bins or bins +
extensions to the number of GWAS identified SNPs for a given disease in the genome not
contained in bins and performed x 2 analysis to determine if differences were or were not
random.

Disease  # GWAS SNPs

IBD 121
Cr 139
uc 165
Ce 88

MS 215
RA 315
SLE 160
PD 139

3.1 Expression profiles of mMRNAs, annotated IncRNAs and novel IncRNAs in idiopathic

disease

We obtained blood samples from healthy control [HC] subjects, subjects with the following
autoimmune diseases: ulcerative colitis [UC], Crohn’s [Cr], relapsing remitting multiple
sclerosis [MS], rheumatoid arthritis [RA], systemic lupus erythematosus [SLE], psoriasis
[Ps], psoriatic arthritis [PsA], and Sjogren’s Syndrome [Sj], and subjects with the following
syndromes, irritable bowel syndrome [IBS] and fibromyalgia [FMS]. The MS cohorts were
sub-divided into subjects with early disease [MS-C, after a clinical event suggestive of MS
but prior to diagnosis], at the time of diagnosis but before onset of therapy or treatment naive
[MS-N], and with established disease of 1-3-years duration and on therapies [MS-E] [26,
27]. Subject demographics are shown in Table 1. We performed whole-genome RNA-
sequencing (RNA-seq) to identify differentially expressed mRNAs, known or annotated
IncRNAS and novel IncRNAs [18-20, 22, 24]. Known mRNAs and IncRNAs were assessed
using Gencode.v17 annotation lists. Novel IncRNAs were determined via a de novo search
of RNA-seq data. We defined expressed RNAs as having RNA levels = 0.5 fragments per
kilobase per million reads [FPKM] in >67% of samples in at least one subject cohort. Using
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these criteria, we identified 12,852 expressed mMRNAs (total = 20345), 2,338 expressed
annotated IncRNAs (total = 13870), and 41,087 expressed novel INCRNAs [Fig. 1A].
Average FPKM of these mMRNAs, annotated IncRNAS, and novel IncRNAs were 33+/-81,
7+/-8, and 25+/-2237, respectively. Thus, average expression levels of all novel IncRNAs
were between that of the mMRNAs and annotated INcCRNAS but expression levels of the novel
IncRNASs exhibited much greater variability across subject cohorts than did other RNASs (see
also note S1). Sum of FPKM expression of all novel IncRNAs, known IncRNAs, and
MRNAs expressed in these samples was 1,042,398, 15,315, and 421,004, respectively. Thus,
most transcripts detected in leukocytes represented the novel IncRNA class.

Certain autoimmune diseases are associated with mild to severe lymphopenia and we
considered that this property could influence the analysis if lymphopenia altered frequency
of certain lymphoid or myeloid populations in whole blood [28, 29]. To test this, we
calculated expression levels of genes encoding standard markers of monocytes, CD14, T
cells, CD4 and CD8A, B cells, CD19, and neutrophils, CD16 or FCGR3A in the case
cohorts relative to the HC cohort. We found that expression levels of these cell surface
proteins in the case cohorts were not statistically different from the HC cohort (Table 1).

To determine differential expression of these RNA classes, we determined CASE/CTRL
average ratios, logy, X-axis and P, —logq, student’s T-test, of the difference, Y-axis [Fig. 1B,
MS-E and Supplementary Fig. 1, all cohorts]. The range of differential expression of novel
IncRNAs between CASE/CTRL cohorts was 22-210 or 4-1000-fold. In contrast, the range of
differential expression of annotated InNcRNAs and mRNAs typically did not exceed 22-23.
After correcting for false discovery rates [FDR] [30], we enumerated numbers of novel and
known IncRNAs and mRNAs. IBS, as well as several autoimmune diseases were
characterized by preferential loss of expression of novel and known IncRNAs as well as
mRNAs while SLE was characterized by preferential gain of expression of these RNA
classes [Fig. 1C and Supplementary Fig. 2]. Hierarchical clustering demonstrated a high
degree of similarity between IBS and MS-E as well as between SLE and PsA and these
patterns were conserved across RNA classes [Fig. 1D].

3.2 Genomic loci transcribing novel InNcRNAs overlap with leukocyte transcriptional

enhancers

We found that genomic loci transcribing these novel IncRNAs were not randomly distributed
across the genome but were localized in small genomic regions we refer to as ‘bins’ [Fig.
2A]. Certain ‘bins’ transcribed a high density of IncRNAs differentially expressed in
multiple disease cohorts while other ‘bins’ transcribed a high density of INCRNAs that were
not differentially expressed across multiple disease cohorts. The majority of novel IncRNAs
we detected were transcribed from these ‘bins’ and distances between ‘bins’ were large
compared to “bin’ size. When examined as bin loci rather than novel IncRNA loci, 85% of
bins were differentially expressed in at least one disease cohort compared to the HC cohort
after FDR correction (Supplementary Data File 1). These genomic ‘bins’ overlapped with
genomic leukocyte transcriptional enhancers defined by H3K27Ac marks, both typical- and
super-enhancers [17] [Fig. 2B]. Taken together, these results are consistent with the notion
that novel IncRNAs identified are enhancer-associated INCRNAs. Enhancer RNAs [eRNAS]
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represent an additional class of long non-coding RNAs sub-divided into 1-directional [1D-
eRNA] or 2-directional [2D-eRNA] RNAs according to whether or not they are transcribed
from one DNA strand or in both sense and antisense directions, respectively [31]. The 1d-
eRNAs are not easily distinguished from IncRNAs but are transcribed from transcriptional
enhancers that may be defined by epigenetic markings. Thus, novel IncRNAs described here
bear certain similarities to 1d-eRNAs

We re-analyzed RNA-seq data using bin genomic loci as the definition list to determine total
FPKM expressed by bin genomic loci and whether these bin loci also exhibited markedly
different activities in the disease cohorts compared to control cohorts. We found that many
disease cohorts were characterized by marked loss of bin activity while SLE singularly
displayed overall gain of activity [Fig. 2C]. Disease-specific differential bin activity was
observed in bins with both high and low overall FPKM [Supplementary Fig. 3]. Expression
patterns of bins were similar in IBS and MS-E as seen with the other RNA classes [Fig. 2D].
Bin activity also correlated with expression of neighboring protein-coding and IncRNA
genes spanning about 300 kb across all disease and CTRL cohorts suggesting bin activity
may determine expression of these neighboring genes [Fig 2E]. In contrast, co-expression of
protein-coding genes and INcRNA genes were most enriched when the two genes were
overlapping in the genome [Fig. 2F]. GWAS-associated single nucleotide polymorphisms
[SNPs] are enriched at enhancer loci defined by either DNase hypersensitivity [DNase HS]
or H3K27-acetylation [16, 32, 33]. Therefore, we asked if bin genomic loci also overlapped
with transcriptional enhancer loci found in hematopoietic cells defined by H3K27-
acetylation marks (19). We found that genomic bin loci as defined here were also enriched at
transcriptional enhancer loci [Fig. 2G]. Presence of these enhancers was not restricted to one
hematopoietic lineage but dispersed among several distinct lineages (Fig. 2H).

To explore the relationship between “bin’ activity and enhancers in further detail, we
identified ‘bins’ differentially expressed in the different disease cohorts after FDR correction
[Fig 3]. We segregated enhancers into super-enhancers and typical-enhancers by cell type.
Differentially expressed “bins” were further sub-divided according to whether they
contained enhancers present in 1-6 cell types, e.g. SE or TE in memory CD4 T+ cells
(CD4AMSE, CD4MTE), SE or TE in naive CD4 T+ cells (CD4NSE, CDANTE), SE or TE in
memory CD8 T+ cells (CD8MSE, CDS8MTE), SE or TE in CD14+ cells (CD14SE,
CD14TE), SE or TE in CD19+ cells (CD19SE, CD19TE), or SE or TE in CD56+ cells
(CD56SE, CD56TE). We also found that certain SE and TE were present in only one cell
type (blue in the stack plots) while others were present in multiple cell types (see color-
coding) and some were present in all cell types (white in the stack plots). A disproportionate
number of CD14SEs were present in differentially expressed ‘bins’ for each disease type
relative to SEs in the other cell types [Fig. 3A]. This was not the case for the TEs. TES
within disease-regulated ‘bins’ were present in the different cell types in similar proportions.
We also compared the total number of SEs or TEs present in the individual cell types to the
fraction of SEs or TEs found in disease-regulated ‘bins’. For example, > 50% of all
CD14SEs were present in IBS-regulated ‘bins” and > 30% of all CD14SEs were present in
MS-E-regulated ‘bins’ [Fig. 3B]. Lower proportions were observed in the other diseases but
overall the proportion of total SEs in disease-regulated ‘bins’ was much greater than the
proportion of total TEs in disease-regulated ‘bins’. Taken together, these results argue that a
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much higher proportion of SEs than TEs are present in disease-regulated ‘bins” and CD14+
cells are enriched with altered disease-regulated bins and SEs compared to other
hematopoietic cell types.

3.3 Enhancer-associated INcCRNA activity and idiopathic disease

We employed linear regression analysis to determine if differences in expression of RNA
classes observed early in disease [MS-C] were sustained later in disease [MS-N and MS-E].
Differential expression of all RNAs in MS-C was largely sustained in both MS-N and MS-E
cohorts in this cross-sectional analysis [Fig. 4A]. Results were replicated in a larger cohort
using RT-PCR [Supplementary Table 1]. Low-dose methotrexate [MTX] is an effective
therapy for RA and via multiple pathways is known to regulate expression of certain
mMRNAs and lincRNA-p21, a known IncRNA [1, 34-36]. We compared expression of novel
IncRNAs, known IncRNAs, mRNAs and bins in subjects with RA who were [RA-MTX] or
were not [RA+MTX] on current MTX therapy in a cross-sectional analysis. We found that
the majority of these RNA classes differentially expressed in the RA-MTX cohort were not
different differentially expressed in the RA+MTX cohort [Fig. 4B]. Thus, expression levels
of all classes of RNAs regulated by presence of RA were impacted or ‘corrected’ by MTX
therapy.

We determined the extent to which differential expression of known IncRNAs, mRNAs and
bin RNAs were unique to an individual disease or shared among multiple diseases. IBS
serves as an example [Fig. 4C]. The majority of RNAs differentially expressed in IBS were
also differentially expressed in other diseases and the most striking overlap was seen in MS-
E. Patterns of sharing of these different RNA classes between IBS and the different diseases
were relatively similar [also see Supplementary Table 2 for a complete comparison of all
disease cohorts and RNA classes]. ‘GREAT’ [genomic regions enrichment of annotations
tool] is a software tool that attempts to assign biological meaning to non-coding elements in
the genome by analyzing annotations of neighboring protein coding genes and we employed
this tool to explore potential functions of genomic loci that encode bin RNAs [25].
Overwhelmingly, most predominant pathways identified were those impacting functions of
innate and adaptive immunity [Supplementary Table 3]. Similar pathways were identified in
the different autoimmune diseases as well as in IBS, but not FMS.

3.4 Genomic positions of enhancer-associated RNAs and disease-specific genetic

polymorphisms
Most genetic variants (single nucleotide polymorphisms, SNPs) associated with complex
diseases identified by genome-wide association studies (GWAS) lie outside protein-coding
genes. We asked if they may be enriched in bin genomic regions identified here. To do so,
we identified the fraction of disease specific GWAS-identified SNPs near a genome bin and
asked if these SNPs were nearer a genomic bin than expected by chance. Depending upon
disease, 20-60% of disease-specific GWAS-identified SNPs were near a genomic bin (Fig.
5A). We identified one bin on chr12 with six associated IncRNAs and two SNPs associated
with risk for IBD upstream of /FNG (Fig. 5B). We next constructed a more extended
haplotype map using data from the 1000 genomes project. We identified SNPs in high
linkage disequilibrium with rs7134599 or rs1558744 and found that SNPs in high linkage
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disequilibrium with rs7134599 and rs1558744 spanned a region of 30-40 kb (Fig. 5C) [37];
average size of a haplotype block in the human genome is 30-70 kb. These results argue that
rs7134599 or rs1558744 with other SNPs within this region define a haplotype block with at
least three haplotypes in high, moderate, or low linkage equilibrium with rs7134599 and
rs1558744. Genotypes of rs7134599 and rs1558744 were associated with levels of 1L26 and
IL22 in human peripheral leukocytes but not IFNG while the genotype of an IBD associated
SNP in the IL26 intron, rs2870946, was associated with levels of IFNG, but not IL26 and
IL22 (Fig. 5D). We also measured levels of one of the bin RNAs we named IFNG-R-49 (R
for RNA, -49 as it is 49 kb upstream of IFNG) in human peripheral leukocytes and found
that IFNG-R-49 levels were also associated with rs7134599 and rs1558744 genotypes but
not rs2870946 genotype (Fig 5E). We performed linear regression analysis and found that
levels of IFNG-R-49 correlated with levels of I1L26 and 1L22, but not IFNG (Fig. 5F). We
interpret these results to suggest that rs7134599 and rs1558744 haplotypes are associated
with IFNG-R-49 levels and IFNG-R-49 levels contribute to control of 1L26 and IL22
expression levels.

Using a similar strategy as described above (Fig. 5A), we found that annotated IncRNA
genes were nearer disease-specific GWAS-identified SNPs than expected by chance (Fig.
5G). Overall, the fraction of disease-specific GWAS SNPs near bins or enhancers was
somewhat greater than the fraction of SNPs near annotated IncRNA genes. By comparison,
~3% of GWAS-identified SNPs have been mapped to protein-coding sequences [15].

4. Discussion

We performed whole genome RNA-seq using whole blood samples to identify mRNAs as
well as annotated and novel IncRNAs differentially expressed in autoimmunity. The vast
majority of novel IncRNAs we identified co-localize with leukocyte transcriptional
enhancers suggesting that these RNAs can be broadly classified as enhancer RNAs (eRNAS).
Differential expression of these RNA classes is sustained during disease progression in MS
and responds to MTX therapy in RA indicating they are biologically regulated and may be
therapeutic targets. Regulation of many eRNA clusters, as well as INCRNAs and mRNAs is
shared among multiple autoimmune diseases. Most notably, MS-E and IBS, which is usually
not considered an autoimmune disease, exhibited the highest degree of sharing. eERNA
clusters and annotated INcRNA genomic loci co-localize or are near SNPs that confer risk
for developing these diseases and we show that SNP genotypes associate with eRNA
expression. We interpret these results to indicate that genetic regulation eRNA clusters and
IncRNAs may confer disease risk. In summary, our results are consistent with a model where
differential expression of bin IncRNAs is pervasive in autoimmune diseases, as well as IBS,
and this may reflect altered enhancer function.

How altered enhancer-associated INCRNA expression arises is not clear but it should produce
altered cellular phenotypes reflected by both basal and inducible expression of mMRNAS that
generate changes in immunologic function observed in autoimmune disease. Alterations in
the epigenetic machinery at the level of transcription factor binding, corresponding
epigenetic modifications, recruitment of additional regulatory proteins and/or recruitment of
RNA polymerase Il to enhancers are some possibilities as have been described in certain
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cancers [38]. In many diseases, most notably MS-E and IBS, presence of disease is
associated with loss of expression of eRNA clusters, which does suggest certain approaches
to future investigations to explore underlying mechanisms. These patterns of shared and
unique IncRNA expression in different idiopathic diseases/syndromes may also provide an
alternative way of subgrouping diseases according to alterations in enhancer-associated
IncRNA expression that are independent of affected target tissues. Bin RNAs/enhancers that
are unique to individual diseases or shared among multiple diseases may also represent
unique targets for therapeutic intervention.

SEs (or stretch-enhancers) [10, 12] are distinguished from TEs by their breadth of epigenetic
modifications such as H3K27-Ac modifications or recruitment of histone acetyltransferases
(HATSs) and a higher level of modification. Proponents have also argued that SEs more than
TEs play important roles in determining cell-specific identity and may contribute to onset of
disease. Our results generally support this notion. Disease-specific differentially regulated
‘bins’ are enriched with SEs compared to TEs. These SEs are also enriched in CD14+ cells
compared to other hematopoietic cells.

There are also strong associations between eRNA cluster genomic loci, novel INCRNA
genomic loci and genetic variants that confer disease risk and in one locus we studied in
detail, SNP genotypes correlate with expression of eRNAs expressed within the haplotype
block as well as expression of nearby protein coding genes, /L26and /L22. It should be
possible to determine if other genetic variants that confer disease risk also regulate activity
of eRNA clusters in a similar fashion to determine if this may be a general property of these
genetic variants and identify both associated eRNA clusters and associated variations in
expression of protein-coding genes, which may lead to a broader understanding of the
genetics of complex diseases.

A limitation of our studies is that we do not really address if the eRNAs clusters produced
by leukocyte enhancers have biologic function or if simply the act of transcription alters the
epigenetic machinery to affect expression of protein-coding genes and this is a subject that is
generally debated and the two possibilities are not mutually exclusive [8]. However, the
locus transcribing the eRNA, IFNG-R-49, is associated with expression of both /L26 and
1L.22at a distance of over 100 kb, which may be more consistent with the eRNA exhibiting
biologic function rather than the act of transcription though additional studies will be
required to actually determine which eRNA clusters have functions as RNA molecules and
which do not.

A general view is that expression of annotated IncRNAs and enhancer-associated INCRNAs
may show greater cell-type specificity than expression of mMRNASs and as such may also
show greater disease specificity. Thus, analysis of these RNA classes in larger populations
may help identify biomarkers to aid in diagnosis and management of subjects with
autoimmune diseases as well as syndromes such as IBS and FMS. Further, targeting the
epigenetic machinery has begun to emerge as an attractive therapeutic strategy and if
underlying mechanisms that give rise to altered expression of annotated IncRNA and
enhancer associated IncRNAs in autoimmune disease can be identified, it should be possible
to develop targeted therapies that correct these defects and these may produce beneficial
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outcomes. This is notable when it is considered that 3-5% of the population has an
autoimmune disease and perhaps >10% has IBS or FMS [39-41]. Finally, our results support
the notion that many genetic variants that confer disease risk may alter expression of
enhancer-associated IncRNAs, which, in turn, affects expression of target protein coding
genes leading to altered cellular phenotypes.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

Changes in expression of super-enhancer-associated long noncoding RNAs are
pervasive in human autoimmune disease.

These genomic loci are in linkage with genetic variants that confer autoimmune
disease risk.
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Fig. 1.

Differential expression of RNA classes in idiopathic disease. A, Distribution of RNA
classes, novel IncRNAs, known IncRNAs, and mRNAs, determined by RNA-seq. B,

“Volcano plots’ showing differential expression of different RNA classes in MS-E compared
to CTRL. C, Numbers of over- and under-expressed novel INcRNAs, known IncRNAs. and

mRNAs in different idiopathic disease cohorts after FDR correction. D, Hierarchical

clustering of RNA classes across idiopathic disease cohorts after FDR correction.
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Fig. 2.

Novel IncRNAs are transcribed from discrete locations in the genome (‘bins’) overlapping
with known typical and super-enhancers. A, Examples of two genomic regions transcribing
a high density of novel IncRNAs (bins). Spikes indicate individual InNCRNAs. Y-axes
aremean expression of INcRNAs and X-axes are genomic positions on chrl. B, Example of
IncRNA bin differentially expressed in the indicated disease cohorts. Y axes are RPKM and
X axis is genomic position on chr2. C, Left panel: “Volcano’ plots illustrating differential bin
activity in MS-E versus CTRL. Right panel: Total numbers of under- and over-expressed
‘bins’ in different idiopathic disease cohorts relative to CTRL after FDR correction. D,
Hierarchical clustering of RNA bins across idiopathic disease cohorts after FDR correction.
E, Co-expression of bin activity and expression of neighboring IncRNA and mRNA genes.
Y-axis is the % of co-expressed genes relative to all genes within the indicated genomic
distances of a ‘bin’, X axis is genomic distances from bins. F, Correlation of co-expression
of protein-coding genes as a function of distance from a known IncRNA gene. The text box
describes overall properties of bins in the genome. G, Relationship between genomic
positions of bins and myeloid and lymphoid enhancers. Y-axis is the proportion of bins that
contain a myeloid or lymphoid enhancer defined by H3K27Ac levels. X-axis: effect of
increasing bin size by the indicated kb in both 5" and 3" directions.* = P-values determined
by X2 analysis. H, Proportion of bins that contain enhancers in the indicated lymphoid and
myeloid lineages using the bin + 20 kb extension.
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Genomic ‘bins’ are enriched with CD14 super-enhancers. (A) We determined the number of
‘bins’ differentially expressed in the indicated idiopathic diseases that contained an SE or
TE present in the indicated cell types. Numbers from 1-6 indicate if ‘bins’ contain SEs or

TEs present in one or more cell types (from ref. 23). Left column: stack plots showing

number of bins with an SE in the indicated cell types, X-axis; right column, stack plots
showing number of bins with an TE in the indicated cell types, X-axis. (B) Fraction of total
TEs or SEs present in the indicated cell types contained within a differentially expressed

‘bin’ in the indicated idiopathic diseases.
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Fig. 4.
Regulation of ‘bin’ activity. A, Differentially expressed MS-C RNA classes were determined

after FDR adjustment. Expression levels of these MS-C RNAs were compared to their
expression in MS-N and MS-E cohorts by linear regression. P values are the probability that
the regression line is non-zero. B, RNAs differentially expressed in subjects with RA who
were not on methotrexate therapy were identified by adjusting for CASE/CTRL FDR.
Expression levels of these RNAs were determined ins subjects on current methotrexate
therapy (RA+MTX) by determining RA-MTX/CTRL FDR+. Y-axis, FDR+=1, FDR-=0, X-
axis: number of discrete transcripts in each of the RNA classes C, Proportion of
differentially expressed RNAs unique to a single cohort or shared among different cohorts.
Results for IBS are shown, see also Supplements Table 2.
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Fig. 5.

Lr?CRNA bins and disease-specific genetic polymorphisms. A, Left panel: Fraction of
disease-associated SNPs identified by GWAS studies near novel IncRNA ‘bins’ per disease.
Y-axis is the fraction of total SNPs per indicated disease near a INCRNA bin and the X-axis
is the bin (0) + indicated extensions in kb from 5" and 3" ends. Right panel: P values.
~logyg determined by C2 analysis. B, Genomic positions on chr12 transcribing unique
INcRNASs (X-axis) relative to transcript level (FPKM avg. of each IncRNA in total sample
set). Positions of SNPs associated with IBD are indicated by the arrows. C Linkage
disequilibrium across the same genomic region on chr12. Y-axis: Linear regression relative
to the indicated IBD-associated SNPs. filled black circles=linear regression compared to
rs7134599, filled red circles=linear regression compared to rs1558744. Boxes indicate
haplotypes in high (upper), moderate (middle), and low (bottom) linkage disequilibrium
with the indicated SNPs. D, Association of IFNG. I1L26, and 1L22 transcript levels with
indicated genotypes. Y-axes are transcript levels in whole blood relative to GAPDH for the
given genotypes, rs 7134599 or rs1558744: A/A, N=40, A/C, N=64, G/G, N=32: rs2870946:
AJA, N=120, A/G, N=22. E, Association of IFNG-R-49 transcript levels with indicated
genotypes, Y-axes are transcript levels in whole blood relative to GAPDH for the given
genotypes, subject #s and genotypes as in (d). F, Association between IFNG-R-49 and
IFNG, IL26 and IL22 transcript levels in whole blood determined by linear regression
analysis. Indicated transcripts normalized to GAPDH, p values are probability that the
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regression line is non-zero. G, Left panel: Fraction of disease-associated SNPs identified by
GWAS studies near annotated IncRNA genes per disease. Y-axis is the fraction of total SNPs
per indicated disease near a INCRNA bin and the X-axis is the bin (0) + indicated extensions
in kb from 5" and 3" ends. Right panel: P values, —log;q determined by C2- analysis.
Dashed lines indicate P<0.05.
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