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risk for scleroderma/systemic sclerosis
by querying the chromatin architecture
surrounding the risk haplotypes
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Abstract

Background: Genetic variants in the human leukocyte antigen (HLA) locus contribute to the risk for developing
scleroderma/systemic sclerosis (SSc). However, there are other replicated loci that also contribute to genetic risk for
SSc, and it is unknown whether genetic risk in these non-HLA loci acts primarily on the vasculature, immune system,
fibroblasts, or other relevant cell types. We used the Cistrome database to investigate the epigenetic landscapes sur-
rounding 11 replicated SSc associated loci to determine whether SNPs in these loci may affect regulatory elements
and whether they are likely to impact a specific cell type.

Methods: We mapped 11 replicated SNPs to haplotypes and sought to determine whether there was significant
enrichment for H3K27ac and H3K4me1 marks, epigenetic signatures of enhancer function, on these haplotypes. We
queried pathologically relevant cell types: B cells, endothelial cells, fibroblasts, monocytes, and T cells. We then identi-
fied the topologically associated domains (TADs) that encompass the SSc risk haplotypes in primary T cells to identify
the full range of genes that may be influenced by SSc causal SNPs. We used gene ontology analyses of the genes
within the TADs to gain insight into immunologic functions that might be affected by SSc causal SNPs.

Results: The SSc-associated haplotypes were enriched (p value <0.01) for H3K4me1/H3K27ac marks in monocytes.
Enrichment of one of the two histone marks was found in B cells, fibroblasts, and T cells. No enrichment was identified
in endothelial cells. Ontological analyses of genes within the TADs encompassing the risk haplotypes showed enrich-
ment for regulation of transcription, protein binding, activation of T lymphocytes, and proliferation of immune cells.

Conclusions: The 11 non-HLA SSc risk haplotypes queried are highly enriched for H3K4me1/H3K27ac-marked regu-
latory elements in a broad range of immune cells and fibroblasts. Furthermore, in immune cells, the risk haplotypes
belong to larger chromatin structures encompassing genes that regulate a wide array of immune processes associ-
ated with SSc pathogenesis. Though importance of the vasculature in the pathobiology of SSc is widely accepted, we
were unable to find evidence for genetic influences on endothelial cell function in these regions.
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Background

Scleroderma, or systemic sclerosis (SSc), is a spectrum
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trointestinal tract [1], and is accompanied by distinct
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patterns of autoantibody production [2]. SSc is fre-
quently accompanied by clinically-prominent vascular
manifestations such as Raynaud’s phenomenon [3, 4],
as well as prominent signs of microvascular injury to
a broad range of tissues including the heart and lungs
[5]. These clinical manifestations, in addition to multi-
ple lines of clinical and basic research, suggest a com-
plex pathogenesis involving interactions between the
immune system, the microvasculature, and fibroblasts
[6]. The question remains as to which of these three
different features is the primary driver of the disease.
Answering this question is of considerable importance,
as it would facilitate the search for new and effective
therapies.

One way of gaining insight into whether the immune,
fibrotic, or vascular phenomena are primary in SSc
pathogenesis is to determine where genetic effects that
confer risk for the disease are exerted, i.e., vasculature,
the immune system, or fibroblasts. Genetic variants
have long thought to contribute to the risk for SSc.
For example, associations between the human leuko-
cyte antigen (HLA) locus and SSc are well recognized
[7]. Furthermore, while SSc disease prevalence is quite
low (50-300 cases per million or no more than 0.03%
of the population), the disease prevalence in siblings of
affected individuals may be as high as 2.6% [8]. Several
genome-wide association studies (GWAS) have been
performed on patients with SSc, and, predictably, the
HLA locus has been replicated as the most important
region for genetic risk in all of these studies [9-12].
While these data provide evidence that the immune
system may be a primary driver of the clinical entity
we call SSc, there are at least 11 other loci outside of
the HLA locus that have been replicated in at least 2
independent studies [8]. We therefore asked whether
there was any evidence that genetic effects at these
loci might be exerted on vascular, rather than immune
cells.

To accomplish this task, we used an approach simi-
lar to that taken in our previously-reported investi-
gations of juvenile idiopathic arthritis [13], systemic
lupus [14], and intracranial aneurysm [15]. We que-
ried the 11 replicated, non-HLA loci associated with
SSc to determine whether these loci were enriched
for regulatory elements that are generally thought to
be involved in autoimmune disease risk [16, 17], min-
ing publicly available data on a variety of related cell
types. Furthermore, we examined the broader chroma-
tin architecture surrounding the SSc risk haplotypes
to gain further insight into the mechanisms through
which variants in these 11 haplotypes might confer
disease risk.
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Methods

Defining LD blocks

We queried 11 single nucleotide polymorphisms (SNPs)
in non-HLA loci with established and replicated associa-
tions with SSc identified by GWAS and genetic fine map-
ping studies and reported in Korman et al. [8]. We then
used the SNiPA online single nucleotide polymorphism
annotator [18] (https://snipa.helmholtz-muenchen.de/
snipa3/) to define linkage disequilibrium (LD) blocks
for each of the 11 SNPs. We used the following settings:
GRCh37, 1000 Genomes Phase 3 v5, querying European
populations, and setting r* at 0.8. The smallest genomic
position was used as the start of the LD block while the
largest position was used as the end of the block. The lift-
over tool from UCSC was used to convert the positions
to GRCh38. These regions are presented in Table 1.

Identification of H3K4me1/H3K4me3/H3K27ac histone
marks within LD blocks
In the 11 risk haplotypes, we assessed the presence of
H3K4mel and H3K27ac histone marks, which typically
identify weak and strong enhancers respectively, within
the 11 risk haplotypes. We also examined H3K4me3
marks to identify promoters. We queried H3K4mel/
H3K4me3/H3K27ac ChIPseq data available from the Cis-
trome database (http://cistrome.org/db/#/) from multiple
cell types: CD19+ B lymphocytes, fibroblasts, human
umbilical vein endothelial cells (HUVECs), CD14+
monocytes, and CD4+ T lymphocytes. The Cistrome
dataset information is provided in Table 2.

We used the intersect command within the BED-
Tools software package to identify intersections between
H3K4mel/H3K4me3/H3K27ac peak data and linkage

Table 1 Positional information of the 11 scleroderma-risk single
nucleotide polymorphisms and the associated haplotypes

SNP Haplotype SNP location Locus name
rs2205960  chr1:173222336-173287411 Intergenic TNFSF4
rs10488631 chr7:128945562-129071820 Intergenic IRF5
rs11642873  chr16:85956661-85958099  Intergenic IRF8
rs2056626  chr1:167448647-167467063  Intronic CD247
153790567  chr1:67340123-67361333 Intronic IL12RB2
rs3821236  chr2:191035723-191071078  Intronic STAT4
1577583790 chr3:159907604-159976265  Intronic SCHIPT-IL12A
rs9373839  chr6:106181815-106339294  Intronic ATGS
rs5029939  chr6:137849452-137921300  Intronic TNFAIP3
151378942  chr15:74751897-74821981 Intronic CSK
152305743 chr19:18068862-18092777  Intronic IL12RB1

SNPs from Korman et al. [8] were mapped to haplotype blocks using SNiPA. SNP
location was determined using the UCSC Genome Browser

chr chromosome, rs reference SNP, SNP single nucleotide polymorphism
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Table 2 Cistrome dataset information
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Publication Cell type Cell population Factor GEO accession
Kim DE, 2017 Fibroblast Primary dermal fibroblasts H3K27ac GSM2151910
AdoueV, 2014 Fibroblast Fibroblast primary cell line H3K4mel GSM1435528
AdoueV, 2014 Fibroblast Fibroblast primary cell line H3K4me3 GSM1435529
Andersson R, Nature 2014 B Lymphocyte CD19+ H3K27ac GSM998997
Andersson R, Nature 2014 B Lymphocyte CD19+ H3K4mel GSM998994
Bernstein BE, Nat. Biotechnol 2010 B Lymphocyte CD19+ H3K4me3 GSM1027300
Andersson R, Nature 2014 T Lymphocyte CD4+4 (strain naive) H3K27ac GSM999004
Andersson R, Nature 2014 T Lymphocyte CD4+4 (strain naive) H3K4mel GSM999003
LaMere SA, Genes Immun 2016 T Lymphocyte CD4+ (strain naive) H3K4me3 GSM 1888744
ENCODE Project Consortium, Nature 2012 Endothelial Cell HUVEC H3K27ac GSM733691
ENCODE Project Consortium, Nature 2012 Endothelial Cell HUVEC H3K4me1 GSM733690
ENCODE Project Consortium, Nature 2012 Endothelial Cell HUVEC H3K4me3 GSM733673
ENCODE Project Consortium, Nature 2012 Monocyte CD14+ H3K27ac GSM1003559
ENCODE Project Consortium, Nature 2012 Monocyte CD14+ H3K4mel GSM1003535
ENCODE Project Consortium, Nature 2012 Monocyte CD14+ H3K4me3 GSM1003536

disequilibrium LD regions (haplotypes) for each cell
type, as described by Jiang et al. [19]. To determine sig-
nificance, we created 11 random regions with length
equal to the average length of the 11 LD blocks of inter-
est (59,976 bp). Using bedtools intersect, we determined
how many random regions overlapped with the peak file
for a given cell type and H3K4mel/H3K4me3/H3K27ac
enrichment. We repeated this process 1000 times to
approximate a normal distribution. We then determined
where the number of overlaps with the regions of inter-
est fell within the normal curve in order to calculate the
associated p value. Enrichment for histone post-transla-
tional modifications (H3K4mel/H3K4me3/H3K27ac)
showing a p value<0.01 was considered statistically
significant.

We also examined expression of locus genes for cell
types with significant enrichment for both enhancer
marks using primary cell RNA sequencing data. Genes
were considered expressed if they had TPM > 1 in at least
half of samples analyzed.

Identification of relevant topologically associated domains
in CD4+T cells

We next sought to identify potential gene targets of
H3K4mel/H3K27ac-marked enhancers on the SSc-asso-
ciated risk haplotypes. While enhancers may not regulate
the nearest gene, they typically regulate genes within the
same chromatin loop or topologically associated domain
(TAD) [20-22]. We used previously published CTCE-
HiChIP data from primary CD4+ T cells to identify
CTCF loop anchors within the SSc risk haplotypes [23].
Although these data were generated in pediatric samples,
they provide detailed view of 3D chromatin structures in

a relevant primary human cell. HiChIP loops were con-
verted into paired end BED files; only loops supported by
two or more reads were retained. If an LD block did not
contain a CTCF loop anchor, it was considered inactive
in CD4+ T cells and excluded. If an LD block did con-
tain a CTCF loop anchor as identified on ChIPseq per-
formed on the same samples, we determined all genomic
regions that physically interacted with the block. We then
identified any regions that interacted with those anchors,
and continued this process until all regions demonstrat-
ing close physical proximity with the LD block were
identified. Further, we used bedtools merge to merge
all anchors with a maximum gap between anchors of
1 MB to define positions for the associated TADs. Fig-
ure 1 illustrates an example of CTCF loops and binding
surrounding TNFAIP3 locus. Next, we used the UCSC
genome browser to identify genes within the TADs of the
11 replicated SSc-associated risk haplotypes. We deter-
mined whether these genes were expressed in healthy
control CD4+ cells at level of TPM>1 in at least 50%
of samples. Only genes found to be expressed in CD4-+
were used for ontological analyses.

Due to lack of primary cell data, we took a different
approach to identify TADs in monocytes. We used the
publicly available Juicebox software [24] to identify TADs
in THP-1 monocytes using data from Phanstiel et al. [25].
We applied the balanced normalization to each Hi-C
map to correct for any experimental bias, per author’s
recommendation [24]. We used a 5 KB resolution to
visualize chromatin loops when identifying SSc TADs.
We loaded RefSeq genes via the 1D annotation panel to
determine which genes were encompassed within the
TAD. We used the straight edge tool to precisely locate



Poppenberg et al. BMC Med Genomics (2021) 14:114

Page 4 of 12

127000000 128000000 129000000 130000000 131000000 132000000 133000000 134000000 135000000 136000000 137000000 138000000 139000000 140000000 141000000
SSc Haplotypes 1
plotyp 0.0

HC ATAC

4
]J......l-n.---—--LI s

0.27
HC CTCF binding

0.
HC CTCF loops

q22.32 q22.33

0.01 (R TN I.JA..H s | l I\ I_L_II‘AJLL lod o AJ.llu l.“.l_]l L lL.Ll I|1JI|L
1.43
HC RNA J
ol, da a vk PR . oL J Pt ]
RefSeq genes |lrRMT11 socAs LamA2 PHEE sMLR1l ARG1ImMoxD1 M EvAs4Hll sekiiresiLH PoE7e H-Hl pEx7MoLical PerPl ECT2L ll MIR3668 |
| MIRs695 Céorfs8 | LAvA2 PHHEE erB41L2 BHoR2a4| sTx7H  Evasbill seki1| HBsSILH MTFR2 | NHEG1 ! TNFAIP3 | CCDC28A MIR4465 |
| picenpw  PTPRK M4 ARHGAP18 H  EPB41L2 lH ENPP1H TAARS| EvA4iHl saki | MIR3s62 ! MTFR2 | IL20RA B TNFAIP3|  EcT2Lfl
| leenew  PTPRK KR TMEM244 | EPB41L2 CTGFITAARS|  MGC34034 1 ALDH8A1 lAHI1 Bl BCLAF1 | 1L20RA B TNFAIP3 RePst K
| lcEnPw LameTLs @ AkaP7 TAAR8| TCF21| ALDHgA1 | BCLAF1 | IL20RAl  KkiAA1244 B HECAH
| lcEnPW L3MBTL3 AKAP7 TAARS | TCF21|  ALDH8A1 BCLAF1 | IL20RA peovi | Repst H
IHINT3 RNF146 | sampa ki AkaP7 i TAAR3! TBPL1 | HesiL| map7 I HesP2|  Txune
RSPO3 SAMD3 ARG1 TAAR2| TBPL1 MYB MAP7 NHsL1 B ciTeD2 |
RNF146 | samD3 mep23l  TAAR2| stceat2 fl mysl mAP7 IH NHsL1 B ciTeD2|
RNF146 | TMEM200A H MED23 TAART | HMGA1P7 | mysl MAP7 BHLOC100130476 HFLJ46906 |
RNF146 | TMEM200A H MED23 | VNN I saki | mysl MAP7 MIR3145 !  CITED2|
RNF146 1 TMEM200A | mep23 VNN3! LINCo1010 H  myBl MAP7 IH Loc100507462 fl
RNF146 | TMEM200A | enprz H VNN3! LINCO1010 H  MYBI map7 H Repst K
RNF146 | epB41L2 - LINCO1013 § VNN2| LINCo1010 H mYBI map7 H Rrepst K
RNF146 | EPB41L2 VNN2 LINCototo B myBI mapP7 IH ABRACL |
RNF146 | CTAGES| VNN2 | AHit 8 map7 B iENGR1 | LOC645434 |
RNF146 1 VNN2! AHIY MAP3K5 LOC100132735 H
ECHDC1 VNN21 AHI R sLcasD3 |
ECHDC1 steiei | LINC00271 P IL22RA2
ECHDC1 RPS12| IL22RA2 |
ECHDC1 SNORD101 | IL22rA2 |
ecHpci fl SNORD100 |
KIAA0408 | SNORA33 |
THEMIS HH LINC00326 |
THEMIS HH
THEMIS HH

01 H - S T I T ki llull]lAll .LJJl \ 10 AL‘uLlﬁlﬂ.ﬂ il (,].. LII “LJLII.J'LJJL@‘ ..U‘lllw

q23.2

9233 q24.1

chré

Fig. 1 WashU genome browser visualization of chromatin loops within primary CD44-T cells surrounding TNFAIP3 locus. Yellow highlight at top
indicates merged loops that form TAD. Next track shows the haplotype encompassed by the TAD, followed by ATACseq and RNAseq data from
healthy CD4+ T cells. Refseq track shows all genes within the region. Last tracks illustrate HiChIP loops for healthy controls

the haplotype and then to identify the exact chromo-
somal positions of the TAD as displayed in the informa-
tion pane. As TADs are defined visually, which may differ
from user to user, we verified our analyses by querying
monocyte CTCF ChIP-seq data downloaded from Cis-
trome under accession number GSM1003508 (Liftover
tool was used to convert TAD coordinates from Juicebox
from hgl9 to hg38 to match CTCF data) to assure that
the identified TADs had the predicted CTCF anchors on
each side. Figure 2 shows an example of the landscape
around TNFAIP3; the upper portion depicts the TAD
defined in Juicebox and the lower browser window shows
the CTCF peaks along with the TAD boundaries. The
TADs with CTCF peaks at the boundaries were consid-
ered to be true TADs, and the genes encompasses within
the TAD were recorded. CTCF peaks within the TAD
structure represent subloops. As done with T cells, genes
with expression level of TPM > 1 in at least 50% of healthy
monocyte samples were used for ontological analyses.

Identification of ontologies and functions of genes

within TADs

We performed gene ontology enrichment analysis on
expressed genes within TADs in CD4+ T cells com-
pared against a background of all protein coding genes,
obtained from biomart ensembl, using the public Gene
Ontology enRIchment anaLysis and visuaLizAtion tool
(GORILLA) [26]. We further used Reduce Visualize Gene

Ontology (REVIGO) tool to reduce ontologies based on
semantic similarity measures [27]. To better understand
potential mechanisms associated with these potential
target genes, we used Ingenuity Pathway Analysis (IPA)
to identify top disease and biological functions [28].
Functions with a Benjamini—Hochberg p value <0.01 that
corresponded to 5 or more input genes were reported.

Results
H3K27ac and H3K4me1 enrichment within the SSc LD
blocks
We used Cistrome H3K27ac and H3K4mel ChIPseq
data to query the SSc-associated LD blocks to determine
whether the disease-associated haplotypes are enriched
(compared to randomly-selected regions of the genome)
for these functional marks in pathologically relevant
cell populations. We also queried presence of H3K4me3
marks. Table 3 reports the presence or absence of
H3K27ac, H3K4mel, and H3K4me3 marks in the 11 LD
blocks of interest for all cell types. These marks can be
visualized as individual tracks for the cells queried in the
UCSC Genome Browser. For example, Fig. 3 depicts the
chromatin landscape surrounding rs5029939 in which
we can see histone marks present within the haplotype.
Landscape figures for other loci are provided in Addi-
tional file 1.

While both H3K4mel/H3K27ac marks were found
in the majority of LD blocks for all cell types, only
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monocytes showed significant enrichment by empiri-
cal p-value calculation for both epigenetic marks
(p=0.003 for H3K27ac, p=0.004 for H3K4mel) com-
pared to the background. It is important to note that
H3K4me3 marks were also significantly enriched
within the haplotypes in monocytes (p=0.010), and
this enrichment may reflect genetic influences on

promoters in these cells. We found that 10 of 11 locus
genes (excluding SCHIP-IL12A) were expressed in
monocytes when querying publicly available RNA
sequencing data (GSE147608, n=11). We also identi-
fied significant enrichment for H3K27ac marks (but
not H3K4mel) in B cells (p =0.003) and CD4+ T cells
(p=0.007), and significant enrichment for H3K4mel
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histone tracks. Beneath that, the two rows of black vertical lines depict
ription factor ChIP clusters of 340 factors from ENCODE. SNPedia SNPs are

(but not H3K27ac) marks in fibroblasts (p=0.008).
Neither mark was enriched in HUVECs.

Ontological analysis of genes within TADs of CD4+ T cells
H3K4mel/H3K27ac histone marks identify regions that
have a strong likelihood of exhibiting enhancer function.
However, enhancers do not always regulate the most
proximal gene (in terms of linear genomic distance). Gas-
perini et al. [22] have shown that >70% of genes regulated
by enhancers lie within the same TAD as the enhancers,
and that regulatory effects outside the TAD are generally
weaker than those within the TAD.

First, we examined T cells using HiChIP-defined TADs
from CD4+ primary cell data. CTCF loop anchors were
not present in 4 of the SSc-associated haplotypes. For
the haplotypes in which CTCF anchors were present, we
identified a total of 854 genes. Of those genes, 502 were
expressed in CD4+ T cells of healthy individuals. We
then identified 41 associated biological processes, includ-
ing regulation of transcription, protein transport, and
regulation of metabolic process. A reduced list of these

terms generated using REVIGO is presented as a treemap
in Fig. 4a. Next, we surveyed molecular functions and
found 21 significant functions associated with the genes
expressed within the relevant CD4+ T cells TADs.
These functions included transcription regulator activ-
ity, DNA binding, protein binding. Additional file 2 pre-
sents the full list of GORILLA results. We further used
IPA to examine top diseases and biological functions for
the refined set of genes that were expressed in CD4+ T
cells. We used a Benjamini—-Hochberg p value <0.01 and
the requirement that at least five of the input genes were
assigned to the annotation to identify significant terms.
There were 92 annotations reported, including activation
of T lymphocytes, proliferation of immune cells, tran-
scription of RNA, and binding of DNA. See Additional
file 3 for full significant results from IPA.

Next, we investigated the ontologies associated with
genes expressed within monocyte TADs. All 11 TADs
defined visually in Juicebox also had CTCF peaks
present at those boundaries and encompassed 113
genes, of which 59 genes were expressed in healthy
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Fig. 4 REVIGO treemaps of biological processes associated with expressed genes within CD4+ and monocyte TADs surrounding SSc loci. a
Reduced biological processes for genes expressed within CD4+ TADs. b Reduced biological processed for genes expressed within monocyte TADs

monocytes. These genes associated with 19 biological  Full lists for associated biological processes and molec-
processes, predominantly focused on cytokine produc-  ular functions are provided in Additional file 2. Using
tion and signaling. The reduced terms identified by IPA, we identified 43 significant disease and biological
REVIGO are presented in a treemap in Fig. 4b. Only  functions, including activation of lymphocytes, sys-
one molecular function, RNA polymerase II core pro- temic lupus erythematosus, and cytotoxicity of cells.
moter sequence-specific DNA binding, was identified. =~ The full list is presented in Additional file 3.
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Discussion

It is becoming increasingly clear that, for most complex
genetic traits, including autoimmune diseases, genetic
risk is largely exerted on regulatory elements that con-
trol gene expression rather than on the protein-coding
sequences of relevant genes [16, 29]. These regulatory
regions, and their most likely target genes, can be iden-
tified based on specific features of the surrounding
chromatin. Although these features are not prima facie
evidence that the region of interest has regulatory func-
tion [21], they can be useful guides to assess probable
genetic mechanisms. Therefore, in this study we used the
broader chromatin architecture encompassing the estab-
lished and replicated SSc haplotypes as a means of inves-
tigating the mechanisms through which genetic variants
might confer disease risk.

Using ChIPseq data accessed through the Cistrome
database, we queried H3K27ac/H3K4mel enrichment
in 11 replicated SSc risk haplotypes in multiple patho-
logically relevant cell types: B cells, fibroblasts, HUVECs,
monocytes, and T cells. We found evidence for genetic
influences on regulatory regions in immune cells, par-
ticularly monocytes (enriched for both H3K27ac and
H3K4mel) and fibroblasts (enriched for H3K4mel,
which typically marks poised rather than active enhanc-
ers), and CD4+ T cells (enriched for H3K27ac, a marker
for active enhancers). However, we found no evidence
that genetic risk operates on the vasculature, as neither
epigenetic mark was significantly enriched in HUVEC
compared with genome background. Furthermore, exam-
ining expressed genes found in the TADs that encompass
the SSc risk haplotypes using primary CD4+ data, we
identified multiple expression related cellular processes
(e.g., regulation of gene expression, regulation of tran-
scription by RNA polymerase II, protein transport).

Examining the IPA-annotated disease and biologi-
cal functions in CD4+ T cells, we found proliferation
of immune cells and activation of T lymphocytes were
among the significant, further corroborating the patho-
logic relevance of these analyses. Additional refinement
of these data, for example, by performing gene expression
experiments in a well-characterized and genotyped pop-
ulation, may be a promising way to identify previously
unsuspected targets of therapy for SSc. We also note that
cancer is one of the most significant disease categories
that emerged from the IPA analysis of the genes in CD4+
T cells TADs. There is an increased risk of malignancy
in patients with SSc and some suggest that SSc is related
to an immune response against cancer [30]. Gene pro-
filing by Dolcino et al. also reflected an oncogenic gene
signature [31]. We note 38 of the genes found expressed
in T cells TADs encompassing the scleroderma associ-
ated SNPs were also found to be differentially expressed

Page 9 of 12

in Dolcino’s study [31], including BSG, FCER2, GPA33,
MAP2K7, SCAMP2, and TSPAN33.

It is interesting that neither H3K4mel nor H3K27ac
is enriched in the SSc haplotypes in HUVECs, given the
abundant evidence that the microvasculature is the pri-
mary target of injury in this disease. One of first clinical
signs of SSc is Raynaud’s phenomenon, the loss of normal
regulation of cutaneous vessels, which affects thermoreg-
ulation. The areas most afflicted by impaired thermoreg-
ulation, predominantly the extremities, are also the
regions with most progressed skin fibrosis [5]. Raynaud’s
phenomenon is thought to result from endothelial injury.
Another clinical sign of SSc is abnormal capillary struc-
ture, which reflects microvascular damage that may be
due to both neovascularization and loss of vasculariza-
tion due to impaired blood flow [32]. Following micro-
vascular injury, as the disease progresses, there is further
involvement of endothelium and blood vessels within
multiple organs (heart, lungs, kidneys, and GI tract),
resulting in tissue ischemia, fibrosis, and organ failure [5].
Vascular remodeling and subsequent tissue fibrosis are
the next stages in pathogenesis, which further suggests
that the vasculature is the main target in SSc. However,
our data do not allow us to conclude that genetic influ-
ences are the primary driver of these well-documented
vascular phenomena in SSc.

A novel finding in this study is the implication of
monocytes, which were highly enriched for H3K4mel/
H3K27ac marks within the SSc risk haplotypes. It is
known that monocytes are among the infiltrates fol-
lowing endothelial injury in SSc [33]. Monocytes can
produce fibroblasts [34], which are critical in the pro-
gressive fibrosis indicative of scleroderma, and can dif-
ferentiate into macrophages, an important cell in tissue
homeostasis and inflammation [35]. Both cell types have
reported abnormalities in scleroderma [36, 37]. It has
also been suggested that there is a profibrotic phenotype
expressed by circulating monocytes in SSc patients [38].
Monocytes have been associated with fibrotic disease;
for instance, elevated monocyte count has been reported
as a biomarker for poor outcome [39, 40]. We also found
H3K4me3 marks to be enriched on the SSc haplotypes
in monocytes, which, as we noted previously, may reflect
genetic influences on active promoters in these cells.
There is a clear need to further study monocytes and
how potential genetic risk is conferred through these
cells in SSc. More detailed maps of chromatin architec-
ture in monocytes are clearly needed. The emergence of
genomic technologies such as Cleavage Under Targets
and Release Using Nuclease (CUT&RUN [41]), which
allow DNA-protein interactions to be profiled on as few
as 100,000 cells, now make the generation of such maps
technically feasible.
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We note several limitations in this study. The first
concerns our assessment of genetic influences on vas-
cular function using data from HUVEC, which are an
imperfect model. It is possible that if we were to exam-
ine endothelial cells from other tissues (e.g., dermal
microvascular endothelial cells), we might obtain other
results. Unfortunately, we were unable to find ChIPseq
data from these cells on public databases. A second lim-
itation is the fact that we focused our analyses on a lim-
ited number of risk loci, i.e., only those that have been
rigorously replicated in a European population. A total
of 34 regions have been identified in different studies
in a broad range of populations [6], and we may there-
fore be underestimating genetic influences on immune
cells, fibroblasts, or the endothelium, or overlooking
genetic influences that may be exerted in non-Euro-
pean populations. We expanded our analysis to include
these additional regions (33 regions studied as 1 failed
to map) and found no significant enrichment in these
regions (p <0.01) for the functional marks that we que-
ried. We note, however, that H3K27ac in monocytes,
and H3K4mel and H3K4me3 in HUVECs did achieve
p values <0.05. See expanded table in Additional file 4.
This difference in results from testing done with the 11
validated regions is expected as the added SNPs have
not been confirmed by an independent study and some
will likely fail in future validation studies. These find-
ings illustrate the importance of being cautious regard-
ing conclusions about genetic mechanisms based on
regions that have not been validated.

Finally, we note that our investigations into TAD struc-
ture and the genes in CD4+ T cells within them were
generated from pediatric samples. There may be small
differences between our findings and what would be seen
in adult CD4+ T cells, although recently published data
demonstrate considerable conservation of the broader
chromatin architecture across immune cells and immune
cells lines [42].

Conclusions

The 11 replicated, non-HLA risk haplotypes for SSc are
highly enriched for H3K4mel/H3K27ac-marked regula-
tory elements in a broad range of immune cells and fibro-
blasts. Furthermore, in CD4+ T cells, the risk haplotypes
are parts of larger chromatin structures that include mul-
tiple genes that regulate a broad spectrum of immune
processes relevant to SSc pathobiology. We were unable
to find evidence for genetic influences on endothelial cell
function, although replication of additional putative risk
loci may reveal pathologically relevant genetic influences
on these cells.
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