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A super enhancer controls expression and chromatin
architecture within the MHC class II locus
Parimal Majumder, Joshua T. Lee, Andrew R. Rahmberg, Gaurav Kumar, Tian Mi, Christopher D. Scharer, and Jeremy M. Boss

Super enhancers (SEs) play critical roles in cell type–specific gene regulation. The mechanisms by which such elements work
are largely unknown. Two SEs termed DR/DQ-SE and XL9-SE are situated within the human MHC class II locus between the HLA-
DRB1 and HLA-DQA1 genes and are highly enriched for disease-causing SNPs. To test the function of these elements, we used
CRISPR/Cas9 to generate a series of mutants that deleted the SE. Deletion of DR/DQ-SE resulted in reduced expression of HLA-
DRB1 and HLA-DQA1 genes. The SEs were found to interact with each other and the promoters of HLA-DRB1 and HLA-DQA1. DR/
DQ-SE also interacted with neighboring CTCF binding sites. Importantly, deletion of DR/DQ-SE reduced the local chromatin
interactions, implying that it functions as the organizer for the local three-dimensional architecture. These data provide direct
mechanisms by which an MHC-II SE contributes to expression of the locus and suggest how variation in these SEs may
contribute to human disease and altered immunity.

Introduction
The human MHC class II (MHC-II) locus is positioned in the
short arm of chromosome 6 at 6p21.31, spans ∼700 kb, and
contains a dense cluster of genes (Boss, 1997; Germain and
Margulies, 1993; Ting and Trowsdale, 2002) and pseudo-genes
(The MHC Sequencing Consortium, 1999). Within the region are
the genes encoding the α and β chains of the classic MHC-II
molecules, HLA-DR, -DQ, and -DP, which are highly polymor-
phic and responsible for the initiation of adaptive cellular and
humoral immune responses toward specific pathogens (Ting
and Trowsdale, 2002). In addition, HLA-DM and -DO are also
encoded (Sloan et al., 1995; Weber et al., 1996) and contain α and
β chains that are homologous to the classic MHC-II proteins and
function to modulate the selection of peptides for presentation
byMHC-II molecules. MHC-II, HLA-DM, and HLA-DOmolecules
are coregulated and expressed in a cell type–specific manner.
These genes are constitutively expressed in B-lymphocytes,
macrophages, and dendritic cells (Boss and Jensen, 2003; Ting
and Trowsdale, 2002) and ultimately function to select and
present antigenic peptides to CD4+ T cells. In many cells, such as
epithelial cells and fibroblasts, MHC-II genes can be induced by
IFNγ (Collins et al., 1984).

Conserved DNA sequences termed X1, X2, and Y boxes, located
in the proximal promoter region of all MHC-II genes, are es-
sential for the expression of all MHC-II genes. The X1, X2, and Y
box elements bind the regulatory factor X (RFX) complex, cAMP
response element–binding protein (CREB), and nuclear factor Y

(NF-Y), respectively (Choi et al., 2011). These factors interact
with each other to recruit a single, cell type–specific limiting
factor, the class II transactivator, CIITA. CIITA expression is
expressed in the above immune cells and is specifically induced
by IFNγ in nonimmune cell types, explaining the general
mechanism by which IFNγ controls MHC-II expression (Chang
et al., 1994). Together, this complex forms an enhanceosome
(Vilen et al., 1991) that recruits chromatin modifiers and the
general transcription machinery, leading to expression of these
genes (Choi and Boss, 2012; Choi et al., 2011). The RFX/CREB/NF-
Y/CIITA protein–DNA complex is an independent unit able to
drive the transcription of a reporter gene (Riley et al., 1995).
CIITA recruitment is essential for the placement of active
chromatin marks on promoter region nucleosomes (Beresford
and Boss, 2001; Choi and Boss, 2012; LeibundGut-Landmann
et al., 2004; Reith and Mach, 2001).

The mammalian insulator protein CCCTC binding factor
(CTCF) has been shown to demarcate and insulate regions of
regulatory activity within the genome by functioning as an en-
hancer blocker (Felsenfeld et al., 2004; West et al., 2004) or by
preventing the spread of heterochromatin into active genes
(Labrador and Corces, 2002). In vertebrates, insulator elements
are associated with the function of CTCF (Burgess-Beusse et al.,
2002; Bushey et al., 2008; Felsenfeld et al., 2004). CTCF func-
tions in part by forming the nexus of long-range chromatin
loops that organize chromatin into higher-order structures
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(Rowley and Corces, 2018). However, how such chromatin loops
coordinate gene expression is still not fully understood. Previ-
ously, we identified a series of CTCF binding regions within the
MHC-II locus (Majumder and Boss, 2010). One of these, termed
XL9, was in the intergenic region between HLA-DRB1 and HLA-
DQA1 and had potent enhancer blocking activity (Majumder
et al., 2006). Intriguingly, XL9 was found to serve as a nexus
for distant interactions with the promoter regions of the above
HLA genes (Majumder et al., 2008). The interactions were de-
pendent on the presence of both CTCF and CIITA. Depletion of
CTCF from MHC-II–expressing cells resulted in a decrease in
HLA-DRB1 and HLA-DQA1 expression, reduced histone acetyla-
tion at the promoters of the above genes, and loss of the inter-
actions with the HLA-DRB1 and HLA-DQA1 promoter regions
(Majumder et al., 2006, 2008). Overall, CTCF activity was found
to be required for expression of all MHC-II genes (Majumder
and Boss, 2010). CIITA and CTCF coimmunoprecipitated, sug-
gesting that the two factors interacted directly or indirectly
through a complex (Majumder and Boss, 2011). These ob-
servations demonstrated a role for CTCF in regulatingHLA-DRB1
and HLA-DQA1 expression and that this occurs through spatial
relationships and topological architecture of these genes.

Intriguingly, multiple human diseases have been linked to
genetic variation in the intergenic region of the human MHC-II
locus. A genome-wide study on vitiligo autoimmune disease
revealed that three single nucleotide polymorphisms (SNPs) are
present in the intergenic region of HLA-DRB1 and HLA-DQA1
genes (Cavalli et al., 2016). Another analysis in particular found
that there was a direct relationship between systemic lupus
erythematosus (SLE), SNPs located in the XL9 region, and MHC-
II gene expression (Raj et al., 2016). The levels of histone H3K27
acetylation (H3K27ac) in the HLA-DR/DQ intergenic region were
found to be strongly associated with SLE (Pelikan et al., 2018).
Additionally, a SNP correlating with Parkinson’s disease and
mapping to the first intron of HLA-DRA correlated with in-
creased expression of HLA-DRB1 HLA-DQA1 and HLA-DQB1
mRNAs (Kannarkat et al., 2015). These findings and our previ-
ous observations raise the question of how variation within XL9
and other complex regulatory elements control MHC-II ex-
pression and contribute to human diseases.

Based on bioinformatic analyses in B cells, two super en-
hancers (SEs) were identified in the intervening sequences be-
tween HLA-DRB1 and HLA-DQA1 (Hnisz et al., 2013). Although
one of these contained XL9, the other was new and not previ-
ously characterized. To investigate the functions and relation-
ship of these SEs on MHC-II gene expression, we deleted these
sequences using CRISPR/Cas9 gene editing methods. Our results
showed that deletion of the SEs directly modified expression of
the adjacent MHC-II genes. Loss of DR/DQ-SE resulted in a re-
duction in the recruitment of CIITA to the promoters, as well as
concomitant reduction in histone modifications associated with
active chromatin. Moreover, we found that each of the SEs in-
teracted with each other and with their adjacent promoter re-
gions. Importantly, the activity of DR/DQ-SE was necessary for
interactions between the MHC-II promoters, XL9, and other
CTCF binding sites within the locus. These data therefore pro-
vide evidence that DR/DQ-SE is directly responsible for

modulating the expression of the MHC-II genes and establish-
ing the architectural nexus that regulates the locus.

Results
Identification of SEs (DR/DQ-SE and XL9-SE) in the intergenic
region of HLA-DRB1 and HLA-DQA1
SEs represent the top percentage of genomic enhancer elements
based on enrichment of H3K27ac, Mediator, and lineage defining
transcription factors and are associated with increased levels of
disease-associated SNPs (Parker et al., 2013; Whyte et al., 2013).
In both primary human B cells and the GM12878 cell line, the
intergenic region between HLA-DRB1 and HLA-DQA1 was classi-
fied as an SE (Hnisz et al., 2013). Indeed, in the Burkitt lym-
phoma B cell line Raji (Epstein et al., 1966), this region is highly
enriched for H3K27ac and H3K4 monomethylation (me1) and
containsmultiple CIITA binding sites (Scharer et al., 2015; Fig. 1 A).
Based on H3K27ac enrichment, the region was subdivided into two
SEs (Hnisz et al., 2015), with the SE closest to HLA-DRB1 spanning
∼10 kb and having an average H3K27ac content 13.2-fold higher
than site 2 (background control fragment) as defined by conven-
tional chromatin immunoprecipitation (ChIP; Fig. 1 B). We termed
this element DR/DQ-SE, reflecting its intergenic location. The sec-
ond element encompasses the XL9 CTCF binding site (Majumder
et al., 2006) and was termed XL9-SE, reflecting its original de-
scription. The H3K27ac content of XL9-SE was 16.2-fold higher
relative to site 2 (Fig. 1 B). Although there is some background
signal, CTCF binding within the entire intergenic region is domi-
nated by the single site within XL9-SE. Using ChIP sequencing
(ChIP-seq), we previously identified multiple potential CIITA-
binding sites within the intergenic region (Scharer et al., 2015),
with at least one strong signal in each SE. Lastly, the density of
SNPs from the genome-wide association study (GWAS) catalog
(Buniello et al., 2019; see Materials and methods) was annotated in
500-bp bins across the genome and revealed that both DR/DQ-SE
and XL9-SE are among the top 0.1% of disease-associated genomic
loci (Fig. 1 A). Thus, both the DR/DQ-SE and XL9-SE have multiple
hallmarks of SEs and are associated with human disease risk
alleles.

CIITA controls MHC-II SE active chromatin state
To validate the ChIP-seq data and determine the role played by
CIITA in the histone modifications, a series of traditional ChIP
assays were performed using Raji cells. Raji, which express high
levels of MHC-II and its CIITA-deficient derivative RJ2.2.5
(Accolla, 1983; Steimle et al., 1993), have been used for decades as
a model, experimental B cell line to understand human MHC-II
gene regulation (Beresford and Boss, 2001; Majumder et al.,
2008; Sloan and Boss, 1988). A total of 12 loci/sites covering
the promoters of HLA-DRB1 (site 1), HLA-DQA1 (site 12), DR/DQ-
SE (sites 3–5), and XL9-SE (sites 7–9) were examined by con-
ventional ChIP. The results confirmed some of the ChIP-seq
data, with high levels of CIITA binding at sites 3 and 5 in DR/
DQ-SE and site 9 in XL9-SE, as well as the promoters ofHLA-DRB1
and HLA-DQA1 (Fig. 1 B). However, a signal for CIITA binding to
site 11, located downstream of XL9-SE, was near background and
did not support the ChIP-seq data in that region. As expected,
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only a background CIITA signal was observed in the RJ2.2.5
cell line.

H3K27ac levels corresponded to peaks from the ChIP-seq
datasets, with highest levels at the gene promoters (sites 1 and
12), the CIITA peak (site 5) in DR/DQ-SE, and at the XL9 CTCF
binding site (site 8; Fig. 1, A and B). With the exception of site 3,
H3K27ac levels were significantly reduced in the absence of
CIITA (RJ2.2.5 cells). p300 levels were also centered on pro-
moters, with some enrichment at the XL9-SE but not at the DR/
DQ-SE, suggesting a lesser role of this histone acetyltransferase
at these SEs. H3K4me1 levels, which are also enriched in SEs
(Hnisz et al., 2013), were highest at the CIITA site in DR/DQ-SE
(site 5) and at sites 7–9, encompassing the CTCF site in XL9-SE. In
both SEs, the enrichment of H3K4me1 was nearly completely
dependent on the presence of CIITA. At other expressed gene
promoters (β-actin and HLA-B), the levels of H3K27ac and
H3K4me1 in RJ2.2.5 and Raji cells were similar; thus, the noted

decreases were not due to a global change in these marks in
RJ2.2.5 cells (Fig. S1). As expected, the levels of H3K4me3 were
centered over the promoters (Ernst et al., 2011), with some en-
richment at XL9-SE. All H3K4me3 MHC-II promoter enrichment
was dependent on CIITA, as initially observed (Beresford and
Boss, 2001; Gomez et al., 2005). Thus, in B cells, the active
chromatin state of these SEs is largely dependent on the pres-
ence of CIITA.

IFNγ induces SE chromatin activity
MHC-II genes are induced by IFNγ in nonimmune cell types
through the induction and expression of CIITA (Chang et al.,
1992; Collins et al., 1984). The human epithelial cell line A-431
is highly responsive to IFNγ induction of both CIITA and MHC-II
genes (Fig. 1 C). To further determine the relationship between
the SEs and MHC-II regulation, ChIP assays assessing the levels
of H3K27Ac, H3K4me1, and H3K4me3, as well as CIITA binding,

Figure 1. Two SEs reside in the intergenic region between HLA-DRB1 and HLA-DQA1. (A) Schematic of the HLA-DR, -DQ intergenic region. CIITA, CTCF,
and H3K27ac ChIP-seq data from The ENCODE Project Consortium (2012) and Scharer et al. (2015) are plotted with respect to the HLA-DRB1 and HLA-DQA1
genes. Red bars represent the DR/DQ-SE and XL9-SE SEs. The GWAS-SNP track shows the density of disease-associated SNPs in 500-bp bins across the region.
The positions of ChIP primers (Table S1) are shown, as are regions that are deleted in the CRISPR/Cas9 mutant series. (B) Conventional ChIP-qPCR was
performed on Raji and RJ2.2.5 cell chromatin for the indicated antibodywith ChIP primer sets located at positions illustrated in A. (C) Relative fold change of the
indicated gene expression as determined by qRT-PCR of A-431 cells ± 24 h treatment with IFNγ. (D) ChIP as in B of A-431 cells ± IFNγ treatment. Experiments in
this figure were performed at least three times from independent cultures. Data represent mean ± SD, and significance was determined by Student’s t tests. *,
P ≤ 0.05.
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were performed across the DR/DQ intergenic region following
exposure of A-431 cells to IFNγ. As expected, the promoter re-
gions showed all three active marks under MHC-II–expressing
cell conditions (+IFNγ; Fig. 1 D). Additionally, both SEs showed
IFNγ-dependent induction of H3K27ac and H3K4me1 levels.
CIITA binding was observed only in IFNγ-treated cells and oc-
curred at the same locations as those observed in Raji B cells
(Fig. 1, B and D). In the absence of IFNγ, all marks were reduced,
corroborating the results from RJ2.2.5 cells and demonstrating a
role for CIITA in mediating the observed histone modification
activity. Thus, in both a constitutive and an inducible system,
the MHC-II SEs contain active histone modifications that are
associated with MHC-II gene expression and the presence of
CIITA.

DR/DQ-SE contributes to the expression of HLA-DRB1 and
HLA-DQA1
The above data suggest the hypothesis that the SEs play a critical
role in controlling MHC-II gene expression. To investigate the
mechanism, a series of deletion mutants were generated in Raji
cells using CRISPR/Cas9 genome editing technologies (Cong
et al., 2013; Mali et al., 2013). Three homozygous deletions
were created (Fig. 1 A): a 21-kb deletion (termed Δ21) encom-
passing the entire region from DR/DQ-SE through most of XL9-
SE; an 18-kb deletion (termed Δ18) that spans DR/DQ-SE but
leaves XL9-SE intact; and a 3.5-kb deletion (termed Δ3.5) that
encompasses the CTCF and CIITA sites of XL9-SE. In total, nine,
three, and six independent homozygous clones were isolated for
each of the above mutants, respectively. A heterozygous clone in
which the CRISPR/Cas9 system was used to generate a deletion
of 0.7 kb in a region that contained no active chromatin marks
(termed Δ1) was isolated and used as a control for the CRISPR/
Cas9 editing and selection process in some of the experiments.

The authenticity of the deletions was determined by genomic
PCR, with some of the clones further validated by Southern
blotting and DNA sequencing of the novel junctions created
following gene editing (Fig. S2). Because the region is extremely
polymorphic (Raj et al., 2016), validation required assigning
specific deletions to the appropriate haplotype/allele. Moreover,
because a Raji genome sequence was not publicly available, we
sequenced the Raji genome to 30× coverage and assembled a
haplotype phased diploid genomic sequence. The HLA-DR3 allele
was assigned to haplotype 1 and the HLA-DR10 allele to haplo-
type 2. For all clones analyzed by sequencing, the CRISPR/Cas9
deletions reflecting the position of the guide RNAs were similar
on both alleles, with only minor variation in the breakpoints of
some of the clones (Fig. S2).

Cultures of mutant andWT cells were started simultaneously
from liquid N2 stocks, and the surface expression levels of HLA-
DR and HLA-DQwere determined by flow cytometry. Compared
with either WT Raji or Δ1 cells, a significant reduction in both
HLA-DR and HLA-DQ expression was observed in specific Δ21
and Δ18 mutant clones (Fig. 2, A and B). Flow cytometry of all
isolated mutant clones (Fig. S3) showed variation in expression
levels; however, an overall reduction in expression of both HLA-
DR and HLA-DQ levels in Δ21 and Δ18 mutant clones was ob-
served (Fig. 2 C), arguing against clonal variation that could

result from the CRISPR/Cas9 process. Additionally, Raji and the
Δ1 clone showed near-identical levels in all experiments. These
results point to a critical role for DR/DQ-SE in regulatingMHC-II
expression. In contrast to the results observed for DR/DQ-SE,
deletion of XL9-SE (Δ3.5) did not lead to a reduction in either
HLA-DR or HLA-DQ expression (Figs. 2 and S3). This latter re-
sult could suggest that if the activity of the XL9-SE is due in part
to CTCF binding, it may predict a redundancy in the ability to
use other CTCF binding elements that are spread throughout the
locus (Majumder and Boss, 2010; Majumder et al., 2014).

To further demonstrate a role for these elements in regu-
lating these genes, mRNA levels were assessed by quantitative
RT-PCR (qRT-PCR). For these experiments, two clones from
each mutant group, which were validated by all three methods
discussed above, were chosen. Assessment of steady-state
mRNA expression showed a significant reduction in the levels
of HLA-DRB1, HLA-DQA1, and HLA-DQB1 mRNAs from either Δ21
or Δ18 but not Δ3.5 mutant clones (Fig. 3). Δ1 cells exhibited WT
(Raji) mRNA levels. Importantly, CIITA mRNA levels were
similar for each of the clones, eliminating differences in CIITA
expression as a cause of the observed effects. Moreover, no
significant reduction in HLA-DRA mRNA levels was observed,
suggesting that this gene was not influenced directly by these
SEs. To determine if other genes within the MHC-II locus were
affected by deletion of DR/DQ-SE or XL9-SE, qRT-PCR was per-
formed on RNA isolated from WT and mutant lines for 14 ad-
ditional genes located within the ∼1-Mb MHC-II locus (Fig. S4).
The results showed that the broad effect of DR/DQ-SE was re-
stricted to the immediate HLA-DR/DQ subregion of the MHC.

Deletion of DR/DQ-SE and XL9-SE impacts CD4 T cell responses
The above data raise the question as to whether the observed
changes in MHC-II expression could have an impact on immune
responses. To test this, a mixed lymphocyte reaction experiment
was performed to test alloreactivity to MHC-II antigens. Here,
CD4+ T cells were isolated from healthy subjects, labeled with
CellTrace Violet (CTV) to track proliferation, and plated with
5,000 mitomycin C–treated Raji cells or the Δ21 DR/DQ-SE mu-
tants. Cellular CTV levels were evaluated by flow cytometry
after 6 d in culture. As a measure of allogenic stimulation, cells
that divided once or more were considered CTV negative for this
assay. The results showed that CD4+ T cells divided efficiently in
response to anti-CD3/CD28 beads but not to the no-stimulation
control or to RJ2.2.5 cells, which lackMHC-II expression (Fig. 4).
CD4+ T cells also proliferated in response to WT Raji cells, as
expected. Importantly, both Δ21 mutant lines tested showed
reduced proliferation compared with Raji cells but more than
RJ2.2.5 cells. These data suggest that the changes in MHC-II
levels caused by deletion of the SEs can impact the ability of
CD4+ T cells to respond in an allogeneic setting.

Loss of DR/DQ-SE and XL9-SE SEs results in reduction of active
chromatin marks at MHC-II promoters
MHC-II promoters (Beresford and Boss, 2001; Gomez et al.,
2005) and the SEs (Fig. 1) are associated with active chromatin
modifications, including H3K27ac, H3K4me1, and H3K4me3. To
derive a mechanism by which the SEs were influencing
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HLA-DRB1 and HLA-DQA1 expression, ChIP assays were per-
formed to determine if the absence of the SEs influenced the
above histone modifications or the occupancy of CIITA at the
promoters. Chromatin isolated from Δ21 (DR/DQ-SE and XL9-SE),
Δ18 (DR/DQ-SE), and Δ3.5 (XL9-SE) mutant cells and control Raji
cells was interrogated for CIITA binding and the presence of the
above histone marks (Fig. 5). CIITA occupancy on HLA-DRB1 and
-DQA1 promoters was significantly reduced in Δ21 and Δ18 mu-
tants compared with WT Raji cells (Fig. 5 A). Although CIITA
occupancy at the HLA-DRB1 and -DQA1 promoters appeared
slightly lower in the Δ3.5 mutant, this was not statistically sig-
nificant (HLA-DRB1, P = 0.069/Δ3.5-1 and P = 0.100/Δ3.5-2; HLA-
DQA1, P = 0.103/Δ3.5-1 and P = 0.065/Δ3.5-2). These results
suggest that optimal recruitment of CIITA to the promoter re-
gions requires the DR/DQ-SE. CIITA recruitment to ChIP site 9
was also affected by the loss of DR/DQ-SE. In contrast, CIITA
occupancy levels were not affected by the loss of XL9-SE (Δ3.5).
The levels of H3K27ac were significantly reduced at the pro-
moters in all three mutants (Fig. 5 B). Reduction of H3K27ac was
also observed at sites 4 and 5 within DR/DQ-SEwhen XL9-SEwas
absent.

For all three mutants, H3K4me1 levels at the promoters were
not statistically distinct from WT cells. However, H3K4me1
levels were about half of the WT at sites 4 and 5 (DR/DQ-SE)
when XL9-SE was deleted, suggesting that XL9-SE can influence
the chromatin state of the DR/DQ-SE (Fig. 5 C). Deletion of the

DR/DQ-SE in both the Δ21 and Δ18 mutant cells exhibited lower
levels of H3K4me3 at the promoters (Fig. 5 D), potentially re-
flecting the changes in CIITA occupancy at the promoters. To-
gether, these results imply two potential mechanisms, one
involving a change in occupancy of CIITA, which was dependent
on DR/DQ-SE, and a second that may reflect a distinct role for the
SEs. Moreover, the observation that the SEs influence distal
chromatin states or CIITA occupancy suggests that interactions
between the elements may occur.

DR/DQ-SE participates in chromatin interactions in HLA-DRB1
and HLA-DQA1 loci
Higher-order chromatin organization is mediated in part
through CTCF bound to its cis-acting elements, thereby con-
necting two distantly separated DNA fragments (Corces and
Corces, 2016; Oomen et al., 2019; Rowley and Corces, 2016). In
our previous work examining both the human and murine
MHC-II loci (Choi et al., 2011; Majumder and Boss, 2010, 2011;
Majumder et al., 2008, 2014), CTCF-bound elements interacted
in a distance-dependent manner, forming long-range chromatin
loops. In a CTCF- and CIITA-dependent manner, these CTCF
elements, like XL9, also interacted with the nearby promoter
regions (Majumder and Boss, 2010; Majumder et al., 2008).
Importantly, CTCF and presumably these interactions were
critical for optimal MHC-II expression (Majumder and Boss,
2010). Considering the dependence of HLA-DR and HLA-DQ

Figure 2. Super-enhancer region deletion results in a reduction of surface HLA-DR and HLA-DQ expression. (A) Cultures of representative Δ21, Δ18, and
Δ1 mutant cell lines were stained for surface HLA-DR and HLA-DQ expression and analyzed by flow cytometry. Raji and RJ2.2.5 cells were stained as positive
and negative controls, respectively. Isotype control staining patterns for antibodies are also shown. This figure is representative of three independent ex-
periments. (B)Quantitative analysis of mean fluorescence intensity of HLA-DR and HLA-DQ from A. (C)Quantitation of mean fluorescence intensity of HLA-DR
and HLA-DQ expression obtained from three independent cultures of all homozygous mutants isolated (Fig. S2) were plotted with WT and RJ representing Raji
and RJ2.2.5 cells, respectfully. Data represent mean ± SD. One-way ANOVAwith Tukey’s post hoc test were used to assess significance. *, P ≤ 0.05; **, P ≤ 0.01.
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expression on CIITA binding to promoters, and the active
chromatin state on both SEs, we sought to determine if the SE
interacted with the promoters or each other or influenced the
CTCF interactions across the region. Thus, a quantitative chro-
matin conformation capture (3C) assay developed previously for
this system (Majumder and Boss, 2010; Majumder et al., 2008)
was employed on the Δ18 and Δ3.5 mutant cells to determine the
relationship between the SE and chromatin interactions across
the locus (Figs. 6 and 7). Raji cells were used as the WT control.
Here, following formaldehyde cross-linking, chromatin DNA
was digested with EcoRI, diluted, and religated, allowing the
formation of novel junctions between restriction fragments that
were in close spatial proximity. Because this region is poly-
morphic in Raji cells and contains some haplotype-specific EcoRI
sites (Fig. 6 A), each haplotype was analyzed. A total of 23 re-
striction fragments were assessed with the promoter containing
restriction fragments as “anchor sites.”

3C interactions between each of the HLA-DRB1 and -DQA1
promoter “anchor” regions with the XL9-SE (fragment 14) re-
capitulated previous findings in Raji cells (Majumder and Boss,
2010; Majumder et al., 2008; Fig. 6 B). This was true for both
haplotypes (Fig. 6 B, haplotype 1; Fig. S5, haplotypes 1 and 2).
Surprisingly, 3C interactions between the promoters and XL9
were absent in the Δ18 mutants, irrespective of haplotype, and
this result was confirmed in a second Δ18 clone (Fig. 6, B and C;
and Fig. S5). Furthermore, a novel 3C interaction between the
DR/DQ-SE (fragments 4 and 5) occurred with each of the pro-
moters in WT cells (Fig. 6 B). The Δ1 clone showed WT inter-
actions (Fig. S5), and non–cross-linked chromatin preparations
demonstrate the dependence of the interactions on cross-
linking. Additionally, self-ligated anchor fragments were used
to display similar restriction digestion/ligation efficiency be-
tween cross-linked and non–cross-linked species. Together,

these results revealed that DR/DQ-SE is required for chromatin
interactions between XL9-SE and the proximal MHC-II pro-
moters but that XL9-SE was not required for interactions be-
tween the promoters and DR/DQ-SE.

The above results suggest that DR/DQ-SEmight interact with
XL9-SE. To test this, 3C assays were performed across the in-
tergenic region using fragment 4 within DR/DQ-SE as an anchor
(Fig. 6 D). Robust interactions between the two SEs were ob-
served in both haplotypes, as were interactions between DR/DQ-
SE and the promoters. These data provide a potential mechanism
by which the SEs coordinate expression of these genes through
long-range looping of regulatory elements.

CTCF interactions with HLA-DRB1 and HLA-DQA1 promoter
regions are dependent on DR/DQ-SE
As mentioned above, we previously showed that multiple CTCF
sites within the MHC-II region could interact with MHC-II
promoters (Majumder and Boss, 2010). In particular, CTCF sites
C1 and C2, which reside 59 to the HLA-DRA and HLA-DQB1 genes,
respectively (Fig. 7 A), interacted with XL9 and the HLA-DRB1
and -DQA1 promoters (Majumder and Boss, 2010). Thus, while
the above results demonstrate an intriguing role for DR/DQ-SE
in regulating the local chromatin organization with XL9, the
question of whether the DR/DQ-SE also governed interactions
with other CTCF sites remained unexplored. To address this, 3C
interactions between XL9, C1, and C2 were reinvestigated. Using
XL9 as an anchor, interactions between XL9 and C1 or C2 were
confirmed in WT cells (Fig. 7 B), as were interactions between
the HLA-DRB1 and HLA-DQA1 promoters and C1 or C2 (Fig. 7, C
and D, respectively). Surprisingly, the deletion of DR/DQ-SE
(Δ18) resulted in the loss of interactions between XL9 and the
other CTCF sites (Fig. 7 B). Interactions between the HLA-DRB1
and HLA-DQA1 promoters with C1 or C2 were not affected by

Figure 3. Deletion of the SE region reduces HLA-DRB1
and HLA-DQA1 mRNA levels. RNA was isolated from two
independent isolates for each designated mutant line and
subjected to qRT-PCR for expression of the indicated MHC-
II gene or CIITA. WT represents duplicate Raji cell cultures.
Data were normalized to the percentage of 18s rRNA, and
the mean ± SD is shown. Each culture was analyzed three
independent times, and significance was determined by
two-tailed Student’s t tests between the WT and other
samples. *, P ≤ 0.05. A one-way ANOVA with Tukey’s post
hoc test gave similar P values when sample groups (WT,
Δ21, Δ18) were combined. No significant differences be-
tween samples under the bar labeled ns were observed.
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deletion of XL9-SE and may have led to an increase in the
observed cross-linking frequency between the 3C fragments
compared with the WT cells (Fig. 7, C and D). These results
demonstrate a critical role for DR/DQ-SE in the overall three-
dimensional architecture of the locus and imply that the
function of XL9-SE may be replaced to some extent by other
CTCF-bound sequences within the MHC-II locus and that, in
its absence, there is a reconfiguration of the local chromatin
architecture.

The influence of DR/DQ-SE on interactions between the HLA-
DRB1 and -DQA1 promoters and three nearby CTCF sites (C1, XL9,
and C2) was also examined. Surprisingly, deletion of DR/DQ-SE
(Δ18) resulted in a complete loss of detectable interactions be-
tween the two promoters and the neighboring CTCF sites (Fig. 7 E).
In contrast, deletion of XL9-SE (Δ3.5) did not diminish interactions
between DR/DQ-SE and C1, C2, or theHLA-DQB1 promoter (Fig. 7 F).
Thus, DR/DQ-SE is critically important in controlling the archi-
tecture of the MHC-II region, and its influence extends minimally
from HLA-DRB1 through HLA-DQB1 and the C2 CTCF site.

Discussion
In this report, we characterized two SEs, DR/DQ-SE and XL9-SE,
that reside in a highly polymorphic region of the humanMHC-II
locus, namely the 47 kb that separate the transcriptionally di-
vergent HLA-DRB1 and -DQA1 genes. Of the SEs identified in
human B cells, DR/DQ-SE was ranked first of 689 SEs in CD19+

B cells, 49th of 971 in CD20+ B cells, and 98th of 258 in the
GM12878 cell line, for degree of H3K27ac signal (Hnisz et al.,
2013). Using a cell line, Raji (Epstein et al., 1966), that has been a
hallmark line used to define the regulation of MHC-II genes, we
constructed a series of CRISPR/Cas9-mediated deletions that
removed the SEs and determined the resultant phenotypes to
assess the roles of each of the SEs. Our results demonstrate a
role for DR/DQ-SE in optimal expression of the HLA-DRB1,
HLA-DQA1, and HLA-DQB1 genes and support a model in which
both DR/DQ-SE and XL9-SE contribute to a complex three-
dimensional chromatin architecture of the region (Fig. 8).
XL9-SE supported the role of DR/DQ-SE through histone
modifications but did not influence MHC-II gene expression,
suggesting that its role may be somewhat redundant with
other CTCF-containing elements in the locus, as discussed
below. Importantly, using a modified mixed lymphocyte re-
action, we were able to demonstrate that the reduced levels of
MHC-II on the Raji cell mutants could be detected by allo-
geneic responses to CD4+ T cells. Thus, DR/DQ-SE functions to
regulate the expression of the MHC-II locus and contributes
to the control of immune responses that rely on MHC-
II–mediated antigen presentation.

We previously showed that the CTCF binding to the XL9 re-
gion and other CTCF sites located between MHC-II gene pairs
(e.g., DRA/DRB1) was critical for formation of long-distance in-
teractions between the CTCF sites (Majumder and Boss, 2010).
We also showed that the CTCF sites (C1, XL9, and C2) interacted
directly withMHC-II promoters that were within 200 kb of each
other (Majumder and Boss, 2010). These latter interactions, but
not the former, were dependent on the presence of CIITA within
the cells, and coimmunoprecipitation studies showed that the
CTCF and CIITA could interact, suggesting the formation of a
complex regulatory network or hub (Majumder et al., 2008).
Here, deletion of XL9-SE, which included the original XL9 CTCF
site and a CIITA-binding site, did not result in a loss of expres-
sion of any of the MHC-II genes. This is likely explained by the
fact that, in its absence, MHC-II promoters interacted with the
other CTCF-binding sites, suggesting that this aspect of MHC-II
gene expression has built-in redundancy that is duplicated with
every MHC-II α/β chain encoding gene set. A potential CIITA
binding site located between XL9-SE and the HLA-DQA1 pro-
moter, which was identified by ChIP-seq but not by conven-
tional ChIP in Raji cells, did not appear to play a role in any of the
above activities and was likely an artifact of the ChIP-seq
process.

Deletion of DR/DQ-SE resulted in decreased HLA-DR and
HLA-DQ expression, impacting HLA-DRB1, -DQA1, and -DQB1
mRNA levels. DR/DQ-SE interacted with the HLA-DRB1,
DQA1, and DQB1 promoter regions and controlled the ability
of XL9 to interact with the promoters. Deletion of DR/DQ-SE
also impacted the ability of XL9 to interact with the other

Figure 4. MHC mutant cells incompletely stimulate allogenic CD4
T cells to divide. Freshly isolated human CD4+ T cells were labeled with CTV
and cocultured with Raji cells, RJ2.2.5 cells, or Δ21 cells for 6 d. (A)Histograms
of CTV-labeled cells, set to observe T cells that divided at least once and lost
CTV label. Negative (Neg) control in which CD4 T cells were incubated
without stimulation. Positive (Pos) control in which CD4+ T cells were incu-
bated with anti-CD3/CD28 beads. (B) Summation of data in A. Peripheral
blood samples were isolated from five healthy subjects, and the experiment
was performed in groups of two and three. Data represent mean ± SD.
Subject samples were compared across all stimulations using a repeated
measures one-way ANOVA, with the Greenhouse–Geisser correction fol-
lowed by a Tukey’s post hoc test. *, P ≤ 0.05; **, P ≤ 0.01.

Majumder et al. Journal of Experimental Medicine 7

A super enhancer regulates MHC-II gene expression https://doi.org/10.1084/jem.20190668

https://doi.org/10.1084/jem.20190668


CTCF sites and for the C1 and C2 CTCF sites to interact with the
HLA-DRB1 and HLA-DQA1 promoters. Thus, DR/DQ-SE appears
to control the short- and long-range chromatin interactions
that shape the architecture of the human MHC-II region
(Fig. 8).

Both SEs played a role in the enrichment of the active
H3K27ac chromatin modification at MHC-II promoters and each
other. AtMHC-II gene promoters, thismark is largely dependent
on CIITA binding, as shown here and in other experiments
(Beresford and Boss, 2001; Choi et al., 2011). CIITA promoter
region binding was affected only by deletion of DR/DQ-SE, and
thus the loss of H3K27ac at promoters in Δ18 may be directly
related to the loss of that interaction. If the sole function of the
XL9-SE is to provide a CTCF binding site, compensation by the
otherMHC-II CTCF sites could explain the maintenance of CIITA
binding in Δ3.5, but not the loss of H3K27ac. This would imply
that CTCF itself or another part of XL9-SE was contributing to a
portion of the H3K27ac enrichment at the promoters. CTCF

binding sites are usually in active chromatin regions and show
extensive H3K27ac enrichment (Majumder and Boss, 2010; Ren
et al., 2017). Both SEs also influenced the H3K27ac enrichment of
each other. Previous studies that initially found interactions
between XL9 and the HLA-DRB1 and HLA-DQA1 promoters also
saw modest interactions across the intergenic region, including
with the DR/DQ-SE. These interactions were examined from the
opposite orientation and were not the focus of that study
(Majumder et al., 2008). In the context of the current findings, it
is likely that the two SEs function together with the promoter
regions to regulate expression of multiple MHC-II genes (Fig. 8).

Both SEs had CIITA sites, with the peak in DR/DQ-SE showing
the highest levels of CIITA binding by ChIP-seq. Examination of
the ChIP-seq dataset (Scharer et al., 2015) suggests that this is
one of the top 5 CIITA-binding peaks in the genome. As CIITA is
not a DNA-binding protein itself, also within the site over ChIP
primer set 5 (Fig. 1) are the requisite X1, X2, and Y box cis-
elements that serve as binding sites for RFX, CREB, and NF-Y,

Figure 5. CIITA recruitment and histone modifications are altered at MHC-II promoters following deletion of DR/DQ-SE. (A–C) Conventional ChIP-
qPCR assays for binding of CIITA or enrichment (A) of H3K27ac (B) and H3K4me1 (C) were performed on Raji (WT) or two represented isolates for each of the
mutations deleting the DR/DQ-SE (Δ18), XL9-SE (Δ3.5), or both (Δ21) regions. Positions of ChIP PCR sites 1–12 are shown in Fig. 1 A. (D) ChIP assays for
H3K4me3 were performed at the indicated promoter regions. ChIP assays were performed in triplicate from three independent cultures. X represents ChIP
assays not performed for the indicated site. Horizontal open bars represents ChIP sites deleted in the mutants assayed. Data represent mean ± SD. For A–C,
Student’s t tests were performed to determine the significance between a WT sample and a mutant sample. For D, a one-way ANOVA with Tukey’s post hoc
test was performed to assess significance. *, P ≤ 0.05.
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respectively, and make up a functional CIITA-binding platform
(Scharer et al., 2015). Years ago, CIITA was shown to be able to
interact with itself, forming multimers, leading to models in
which several CIITA molecules could be bound to a single pro-
moter region (Kretsovali et al., 2001; Linhoff et al., 2001;
Rasmussen et al., 2001; Sisk et al., 2001; Tosi et al., 2002; Wright
and Ting, 2006). With CIITA sites in each of the SEs, this would
suggest a new model in which SE activity that is mediated by
CIITA is stabilized through CIITA–CIITA interactions that are
provided through the cis-elements in the promoters and SEs. In
such a model, CIITA bound to multiple X-Y sequences across the
MHC-II locus would coordinate interactions between MHC-II
promoters as observed in the Δ21 mutations, and between pro-
moters and DR/DQ-SE. Such interactions would also be com-
bined with CTCF site interactions, especially those that are
contained within a SE region that has a CIITA-binding site like
XL9-SE (Fig. 8). Other CTCF sites within the locus may function
redundantly to the XL9-SE. Alternatively, there is the possibility
of all CTCF and SE regions within the MHC-II locus interact in a

single hub-like structure to coordinately control multiple MHC-
II genes. Support for a model in which multiple genes inter-
acting in a single hub could be extracted from the fact that the
HLA-DRB1 and HLA-DQA1 promoter regions interact in a CIITA-
dependent manner (Majumder et al., 2008) but independently
of DR/DQ-SE (Fig. 8).

Genetic variants underlying complex diseases are often fo-
cused on regulatory elements (Lowe and Reddy, 2015; Price
et al., 2015). Many autoimmune diseases are associated with
genetic variation in the HLA-DR and -DQ genes (Bogner et al.,
1992;Matzaraki et al., 2017). Although polymorphisms across the
coding regions of the HLA-DRB1 and HLA-DQA1 genes are well
documented, it is intriguing that an even greater number
appear over the SEs. As mentioned, in SLE, a clear associa-
tion of the XL9 region was observed (Raj et al., 2016), as was
an association with histone acetylation (Pelikan et al., 2018).
It is intriguing to speculate that these associations alter the
function of DR/DQ-SE in forming multiple interactions
across the region, thereby modulating the levels of MHC-II

Figure 6. DR/DQ-SE is necessary for chro-
matin looping structure between XL9 and
MHC-II promoter regions. (A) Schematic of DR/
DQ intergenic region, with detailed location and
orientation of 3C primers (Table S1) relative to
the EcoRI restriction sites (vertical lines above
and/or below reference line) for haplotypes
1 and 2. Anchor 3C primers (red) were used in all
promoter-based 3C assays specific for haplotype
1 (A1 and A2) or haplotype 2 (A3 and A4) with
each of the other 23 primers sets (black) ac-
cording to the haplotype assayed. (B) 3C assays
were conducted on Raji cells (WT) or a repre-
sentative Δ3.5 or Δ18 mutant clone. Haplotype
1 assays are shown. These data and those from a
second independent clone and haplotype 2 are
shown in Fig. S5. Blue shaded areas represent
the self-ligating restriction fragments associated
with the anchor primer and serve as an internal
control for restriction enzyme efficiency/acces-
sibility in digesting the cross-linked chromatin.
The cross-linked frequency with standard error
represents the relative amount of 3C product for
each set of interactions divided by a nonspecific
control fragment within each set of reactions.
(C) 3C assays comparing interactions between
XL9 (fragment 14) and the indicated promoters in
Raji (WT), Δ18 (two independent clones), or
Δ1 control cells. (D) 3C assays performed in Raji
cells with an anchor set to EcoRI site 4 (red ar-
rowhead) representing the DR/DQ-SE. These
data were derived from three independent
chromatin preparations. SDs are shown, and
two-tailed Student’s t tests were performed
between cross-linked (C) and non–cross-linked
(NC) samples. *, P < 0.05.
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gene expression and the efficiency and robustness of cells to
present antigens.

Materials and methods
Cell culture
The Burkitt’s lymphoma B cell line Raji (Epstein et al., 1966) was
obtained from the American Type Culture Collection (CCL-86).
The cell line RJ2.2.5 (provided by R. Accolla, University of In-
subria, Varese, Italy) is a derivative of the Raji line that does not

express MHC-II genes due to mutations within the CIITA gene
(Accolla, 1983; Riley et al., 1995; Steimle et al., 1993) Cells were
grown in RPMI 1640 supplemented with 5% FBS (Hyclone), 5%
bovine calf serum (Hyclone), 100 U/ml penicillin/streptomycin,
4.5 g/liter glucose, 1.0 mM sodium pyruvate, and 10 mMHEPES.
A-431 is an epithelial cell line that is negative for MHC-II ex-
pression (American Type Culture Collection, CRL-1555). A-431
cells were grown in DMEMwith the described supplements and
10% FBS. Where indicated, A-431 cells were treated with 500
U/ml IFNγ to induce CIITA and MHC-II gene expression as

Figure 7. The DR/DQ-SE controls CTCF-CTCF site as well as CTCF site–promoter interactions within the DR-DQ MHC II region. (A) Schematic map of
HLA-DR and HLA-DQ regions, including CTCF sites C1, XL9, and C2. The locations of the 3C primers (black arrowheads) and anchors (red arrowheads) used in
these assays are indicated. (B–F) Quantitative 3C was performed as in Fig. 6 to assess interactions between XL9, DR/DQ-SE, HLA-DRB1, -DQA1 promoters or
CTCF sites C1 and C2 in Raji cells (WT) or the indicated mutant isolate. Blue shaded boxes indicate the anchor region. C, cross-linked (solid bars); NC, non–cross-
linked samples (open bars). Data were derived from three independent chromatin preparations. SDs are shown, and two-tailed Student’s t tests were per-
formed between C and NC samples. *, P ≤ 0.05.
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previously described (Gomez et al., 2005; Majumder et al.,
2008).

CRISPR/Cas9 mutagenesis
CRISPR/Cas9-mediated deletion was employed to generate ge-
nomic deletions using two methods. First, guide sequences that
targeted SE flanking regions were designed using the CRISPR
design tool (http://crispr.mit.edu/; Table S1) and cloned into the
pX330-U6-Chimeric_BB-CBh-hSpCas9 plasmid (pX330; Addg-
ene, 42230) as previously described (Ran et al., 2013). Addi-
tionally, a two-step PCR-based strategy was used to create a U6
promoter and sgRNA cassette. For the first PCR, a U6 promoter
containing primer (59-U6-Fwd) and a reverse primer specific for
each of the targeting guide sequences (59-XX-Rev) was used in 15
rounds of PCR with the pX330 plasmid as a template. Here, XX
represents the guide targeting sequence and a portion of the
tracer RNA. The resulting product was diluted 1:200 and am-
plified for an additional 15 cycles with the 59-U6-Fwd and 59-
tracrRNA-Rev primers to generate the final PCR construct. To
generate deletions, the sgRNA PCR products, pX330 plasmid, a
70–90 bp single-stranded DNA oligonucleotide homology arm
(Table S1), and the pFLAG-GFP plasmid (Yoon et al., 2012) to
monitor transfection efficiency were cotransfected into the Raji
cells using a Nucleofector II (Lonza) according to the manu-
facturer’s protocol. The homology armwas designed to provide a
template for the novel deletion joint and enhance deletion effi-
ciency as previously described (Chen et al., 2011). After 4 d, GFP-
positive cells were single-cell sorted into 96-well dishes. 3 wk
later, each well was screened for evidence of deletion by PCR
(Table S1). For all mutant clones used for analysis, PCR

confirming deletion, sequencing of the deletion junction, and
Southern blot analyses were performed to confirm homozygous
deletion of both alleles for all mutants (Fig. S2).

Flow cytometry
Cells were harvested, washed twice with FACS buffer (PBS with
1% BSA and 2 mM EDTA), and resuspended at 107 cells per ml in
the same buffer. Cells were stained for 1 h with anti-HLA-DR
(PE; BD PharMingen, 555812) and anti-HLA-DQ (APC; Miltenyi
Biotec, 130-104-497) antibody cocktails and fixed with 1% para-
formaldehyde before analysis. Flow cytometric data were col-
lected on an LSRII (Becton Dickinson) with FACSDiva v6.2
software. Analysis of flow cytometry data was conducted with
FlowJo v9.9.5.

qRT-PCR
Total RNA was isolated using the RNeasy RNA isolation kit
(Qiagen). cDNA synthesis was performed using Superscript II
reverse transcription (Invitrogen) with 2 µg of total RNA in a
volume of 20 µl in PCR II buffer containing 5 mM MgCl2 (Ap-
plied Biosystems). After reverse transcription, cDNAwas diluted
1:200 µl with water and 3 µl used for qRT-PCR. The levels of 18s
rRNA were used in each of the experiments to normalize the
input between samples. PCR primers are listed in Table S2.

Mixed lymphocyte reactions
Human peripheral blood was obtained from five anonymous
donors through the Emory Vaccine Center on their general In-
stitutional Review Board protocol IRB00045821. Peripheral
blood mononuclear cells were separated by density gradient
centrifugation, and CD4 T cells were enriched using bead-based
magnetic columns (Miltenyi Biotec). CD4 T cells were incubated
with a 5-µM solution of CTV (Life Technologies) for 20 min at
room temperature, washed, and diluted such that 100,000 cells
were added per 100 µl in each well of a 96-well plate. Raji,
RJ2.2.5, and the mutant cell lines were treated with 50 µg/ml
mitomycin C (Sigma-Aldrich) for 20 min at 37°C, washed three
times, and diluted such that 5,000 cells were added per 100 µl in
each well of a 96-well plate. The use of mitomycin C prevented
the Raji cells and their derivatives from overgrowing the culture.
CTV-labeled CD4 T cells were cultured alone, with anti-CD3/
CD28 Dynabeads Human T-Activator (Thermo Fisher Scientific),
or with 5,000 cells from one of the Raji cell derivatives for 6 d.
Flow cytometry was performed to analyze CTV expression using
CD3-Alexa Fluor 700 (Invitrogen), CD4-PE-Cy7, CD19-APC, and
Zombie Yellow viability dye (BioLegend). Data were analyzed
using FlowJo v10. To calculate the percentage of CTV+ cells, a
gate was set for each patient sample using the unstimulated,
CTV-labeled negative control such that >99% of CD4+ T cells
were CTV positive and applied to all test samples from that
patient. Statistical analysis was performed in GraphPad Prism 6.

Whole-genome sequencing
Raji chromosomal DNA was prepared with the DNeasy Blood &
Tissue Kit (Qiagen, 69504 and 69506), and 1 µg of sonicated DNA
was sequenced using 150-bp paired-end reads on an Illumina
HiSeq X10. Sequencing reads were mapped to the hg38

Figure 8. Models of potential chromatin interactions. (A) CIITA-
dependent interactions between the two SEs with either the HLA-DRB1 or
HLA-DQA1 promoters or together in a combined interaction hub (yellow) are
illustrated. Dotted arrows signify interactions observed by 3C. (B) Interac-
tions directed by the DR/DQ-SE and CTCF sites are illustrated as single sets of
interactions or together in a combined hub. (C) Model schematic in the ab-
sence of DR/DQ-SE (open oval) showing interactions of the CIITA-bound
promoter regions.
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reference genome with BWA (Li and Durbin, 2009), and PCR
duplicates were marked with PICARD v2.6.0. Next, we applied
GATK (Genome Analysis Toolkit; McKenna et al., 2010) base
quality score recalibration, indel realignment, and duplicate
removal and performed SNP and INDEL discovery and geno-
typing using variant quality score recalibration according to
GATK Best Practices recommendations to generate haplotype
phased Raji reference genome sequences for each allele
(DePristo et al., 2011; Van der Auwera et al., 2013). Here, hap-
lotypes 1 and 2 refer to the HLA-DR3 and HLA-DR10 haplotypes
within the MHC region. The Raji genome data are available
from the National Center for Biotechnology Information Se-
quence Read Archive under accession PRJNA528941.

ChIP assay
ChIP assays were performed as described previously (Beresford
and Boss, 2001). Briefly, cells were cross-linked in 1% formal-
dehyde for 10 min, and a chromatin lysate was prepared and
sonicated to generate fragments averaging 500 bp in length.
Antibodies used included anti-H3K27Ac (Millipore Sigma, 07-
360), anti-H3K4Me1 (Millipore Sigma, 07-436), anti-H3K4Me3
(Millipore Sigma, 07-473), anti-p300 (Millipore Sigma, 05-257),
anti-CIITA (Rockland Immunochemicals, 100-401-249;
Beresford and Boss, 2001), or anti-IgG (Millipore Sigma, 12-
370). Protein G magnetic beads (Invitrogen, 2019-12-31; 15 µl/
sample) were used to isolate the chromatin–antibody com-
plexes. Following washing, the immunoprecipitated chromatin
was eluted in elution buffer (50 mM NaHCO3 and 1% SDS) and
incubated overnight at 65°C to reverse the formaldehyde-
induced cross-links. The DNA was purified and quantitated
by real-time PCR using a 5-point genomic DNA standard curve
on a CFX96 Real-Time System, C1000 Thermal Cycler (Bio-
Rad). PCR reactions contained 5% DMSO, 1× SYBR Green
(Cambrex, 50513), 0.04% gelatin, 0.3% Tween-20, 50 mM KCl,
20 mM Tris, pH 8.3, 3 mMMgCl2, 0.2 mM dNTP, and 100 nM of
each primer. Sequences for all primers used in the ChIP real-
time PCR assays are listed in Table S1.

Quantitative 3C assay
A modified 3C assay protocol was performed in this experiment
as described previously (Majumder et al., 2008; Tolhuis et al.,
2002). 107 cells were washed in cold 1× PBS buffer. Formalde-
hyde was added to cells to a final concentration of 1% and in-
cubated for 10 min at room temperature. Glycine (final
concentration, 125 mM) was added to stop the cross-linking
reaction. Nuclei were collected from the cross-linked cells, the
DNA was digested overnight at 37°C with EcoRI, and restriction
enzymes were heat inactivated. Samples were diluted 1:40 into
ligation buffer and ligated overnight with T4 DNA ligase
(20,000 NEB units) at 16°C. Proteinase K (final concentration to
200 µg/ml) was added to the ligation reactions and incubated
overnight at 65°C to reverse the cross-links and digest the
proteins. The DNA was purified by phenol/chloroform extrac-
tion and ethanol precipitation. Quantitation of the 3C products
was performed by real-time PCR using a 5-point standard curve
as described previously (Majumder et al., 2008). Standard curve
templates for the 3C products were generated in vitro by

restriction enzyme cleaving and ligation of a BAC construct
containing the region being studied (Majumder and Boss, 2010;
Majumder et al., 2008). All primer combinations (Table S1)
were tested before use in the 3C assay to determine whether
they could efficiently amplify a single-product BAC DNA stan-
dard template with >90% efficiency. Negative control restriction
fragments were chosen to be more than two restriction sites
away from the test sequence and contained within a fragment
that was <10 kb in length, as we have empirically found that
very large fragments function poorly in these assays. Data were
normalized as cross-linked frequency compared with the BAC.

Bioinformatic analysis
Scripts generating the genome plots across the DR/DQ locus
are available at https://github.com/cdschar using previously
published datasets as indicated. The genome was divided into
500-bp or 1-kb bins, the overlap of bins with GWAS disease-
associated SNPs (Buniello et al., 2019) and common SNPs from
dbSNP151 (Sherry et al., 2001) was calculated using BEDTools
(Quinlan and Hall, 2010), and GWAS SNP density was normal-
ized to the total SNPs in each bin. Fold differences in histone H3
acetylation were calculated by averaging the ChIP-qPCR per-
centage of input values (sites 3, 4, and 5 for the DR/DQ-SE; sites 7,
8, and 9 for the XL9-SE) and dividing by the ChIP value of site 2,
which represents an irrelevant site with no substantial histone
acetylation.

Online supplemental material
Fig. S1 compares the H3K27ac and H3K4me1 ChIP enrichment
between Raji and RJ2.2.5 cells for two non–MHC-II expressed
genes, β-actin and HLA-B. Fig. S2 shows the validation and ge-
nomic analyses of the CRISPR/Cas cell lines constructed and
used in the article. Fig. S3 shows flow cytometry for HLA-DR and
-DQ for all mutants constructed and is associated with Fig. 2. Fig.
S4 shows the effects of SE deletion for 14 additional genes by
qPCR. Fig. S5 shows all 3C data for both haplotypes collected for
Fig. 5, including the panels presented in Fig. 5. Table S1 lists all
primer sets used the paper.
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