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Abstract

Background: FCGR2A binds antibody–antigen complexes to regulate the abundance of circulating and deposited complexes along with
downstream immune and autoimmune responses. Although the abundance of FCRG2A may be critical in immune-mediated diseases,
little is known about whether its surface expression is regulated through cis genomic elements and non-coding variants. In the
current study, we aimed to characterize the regulation of FCGR2A expression, the impact of genetic variation and its association with
autoimmune disease. Methods: We applied CRISPR-based interference and editing to scrutinize 1.7 Mb of open chromatin surrounding
the FCGR2A gene to identify regulatory elements. Relevant transcription factors (TFs) binding to these regions were defined through
public databases. Genetic variants affecting regulation were identified using luciferase reporter assays and were verified in a cohort of
1996 genotyped healthy individuals using flow cytometry. Results: We identified a complex proximal region and five distal enhancers
regulating FCGR2A. The proximal region split into subregions upstream and downstream of the transcription start site, was enriched
in binding of inflammation-regulated TFs, and harbored a variant associated with FCGR2A expression in primary myeloid cells. One
distal enhancer region was occupied by CCCTC-binding factor (CTCF) whose binding site was disrupted by a rare genetic variant,
altering gene expression. Conclusions: The FCGR2A gene is regulated by multiple proximal and distal genomic regions, with links to
autoimmune disease. These findings may open up novel therapeutic avenues where fine-tuning of FCGR2A levels may constitute a
part of treatment strategies for immune-mediated diseases.

Introduction
Immune complexes (ICs), composed of immunoglobulins
and antigens, are critical factors in the physiologi-
cal immune response against microbes, autoimmune
diseases and antibody-based therapeutics (1–3). In
humans, large ICs are cleared by the mononuclear
phagocytic system, whereas moderate sized and small
ICs that contain IgG bind to low-affinity Fc gamma
receptors (FCGRs) and trigger immune responses via the
activating receptors FCGR2A and FCGR3A. FCGR2A is
expressed on granulocytes, monocytes, macrophages,
dendritic cells (DCs), plasmacytoid DCs, platelets and
endothelial cells (4). Upon IC binding, the receptor is
cross-linked and phosphorylated by Srk and Syk family

kinases, initiating an intracellular signaling cascade
leading to cell activation and transcriptional induction
of chemokines and cytokines, such as interleukin 1β (IL-
1β) and tumor necrosis factor-α [TNF-α; (5)]. Moreover,
cross-linking of FCGR2A leads to phagocytosis and
degradation of ICs and subsequent cross-presentation of
antigens on major histocompatibility complex molecules
to CD4+ and CD8+ T cells (6). FCGR2A has been
functionally implicated in cardiovascular, infectious
and autoimmune diseases (7–10) and recently in the
emerging field of antibody-based cancer treatments (11).

The FCGR2A locus has been genetically associated
with both autoimmune and infectious diseases, such as
systemic lupus erythematosus (SLE), ulcerative colitis,
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Kawasaki’s disease, pneumococcal infection and sepsis
(7,8,12–14). The signal of association has been attributed
to a missense variant in exon 4 (rs1801274, c.497A > G;
NM_001375297.1), as the variant causes an amino acid
switch (p.H166R) in the binding pocket of the recep-
tor, reducing the affinity of the receptor for IgG2 (15).
However, genetically, there is a relatively low posterior
probability of the missense variant being the causal vari-
ant according to a genome-wide association study of
SLE in Europeans (16); furthermore, a trans-ethnic study
with fine mapping of the FCGR2A locus has implicated
non-coding single-nucleotide polymorphisms (SNPs) as
the source of association with SLE at this locus (17).
In addition, rheumatoid arthritis (RA) has a suggestive
association (P < 1 × 10−4) with two non-coding variants
in tight linkage disequilibrium (LD) at the FCGR2A locus
(18,19). Hence, the exact mechanism by which genetic
variants at the FCGR2A locus facilitate an autoimmune
state remains elusive.

The current understanding of how FCGR2A is regu-
lated is poorly understood. It is well established that
in the human genome, regulation of gene expression is
dependent on the interaction between distal regulatory
regions and the promoter region and, additionally, that
the enhancer regions do not always affect expression
of the closest gene but may act on more distant genes
(20). Consequently, limited analysis of open chromatin
or chromatin immunoprecipitation sequencing analy-
sis (ChIP-Seq) of histone modifications marking regu-
latory regions cannot distinguish what regions act on
what genes (21,22). Lately, several studies have success-
fully identified proximal and distal regulatory regions
of selected genes, using clustered regularly interspaced
short palindromic repeats (CRISPR) interference, a tech-
nology based on the CRISPR/Cas9 editing technique, but
with an enzymatically inactive Cas9 (dCas9) fused to
the heterochromatin-inducing Krüppel associated box
(KRAB) domain (23–25). The dCas9-KRAB complex results
in rapid histone deacetylation and tri-methylation at his-
tone 3 leucine 9 (H3K9me3) at a region targeted by single-
guide RNAs (sgRNAs), thus silencing regulatory regions
that act as enhancers of promoters (25,26). Similarly,
several studies have interrogated cis-regulatory regions
using screens based on CRISPR/Cas9 cutting (27,28). How-
ever, although CRISPR interference (CRISPRi) is an effi-
cient tool for identifying enhancer/promoter regions and
CRISPR/Cas9 cutting may delineate limited regulatory
elements, few studies have combined the use of CRISPRi
and CRISPR/Cas9 cutting and taken advantage of their
respective benefits in identifying and scrutinizing regu-
latory regions (29,30).

In this study, we hypothesized that specific genomic
elements and genetic variants regulate the expres-
sion of FCGR2A and thus modulate immunity and
impact immune-mediated diseases. We mapped the
cis regions affecting expression of FCGR2A in detail
using CRISPR/Cas9 and CRISPRi techniques and analyzed
key TFs associated with these regulatory elements. We

identified disease-associated genetic variants affecting
gene expression as well as cell surface expression of the
gene product. Collectively, our findings uncover novel
regulatory regions that alter FCGR2A expression, and
prioritize regulatory variants with a possible impact on
susceptibility to disease.

Results
FCGR2A transcription is regulated by an
extensive proximal region and five distal
enhancers interspersed between FCGR genes
FCGR2A is of critical importance for clearance of ICs
and activation of immune response (31), but little is
known about the mechanisms behind the regulation
of FCGR2A expression. We hypothesized that FCGR2A
gene expression is regulated in response to differential
concentrations of ICs. When primary monocytes were
exposed to ICs ex vivo, FCGR2A mRNA expression
increased (Supplementary Material, Fig. S1A), in line
with increased transcript levels of FCGR2A detected in
freshly isolated myeloid cells from patients with the
IC-associated diseases sepsis and SLE [Supplementary
Material, Fig. S1B and C; (32,33)]. To better understand
the regulation of FCGR2A expression, we used CRISPRi to
identify genetic regions that control FCGR2A transcript
levels. To set the boundaries for the genomic region to be
analyzed, we performed a chromosome conformation
capture (4C) analysis with the FCGR2A transcription
start site (TSS) as anchor in the myeloid leukemia
cell line U937. Interacting genomic loci were identified
within ∼400 kb (kilo bases; chr1:161 400 000–161 800 000),
consistent with the topologically associated domain
(TAD) encompassing the FCGRs observed in Hi-C data in
the K562 (erythroleukemia) and THP-1 (acute monocytic
leukemia) cell lines [(34,35); Supplementary Material, Fig.
S2]. To capture this TAD and more distant regions, we
assessed the functions of putative cis regulatory regions
in a 1.7 mega base (Mb) interval centered on FCGR2A (in
total 5 TADs).

To systematically analyze the assigned region for
regulatory effects on FCGR2A, we designed a lentiviral
library of 22 471 sgRNAs targeting all regions of open
chromatin within the defined TADs (Supplementary
Material, Fig. S3). The library was transduced into
resting monocytic U937 cells treated with doxycycline
to upregulate a stably integrated doxycycline-inducible
dCas9 fused to the transcriptional repressor KRAB. To
find sgRNAs that affect FCGR2A levels, we stained cells
using anti-FCGR2A antibody, flow-sorted cells into gates
of the highest or lowest 10% FCGR2A expression and then
sequenced sgRNAs (that were inserted into the genome)
to determine their enrichment or depletion in each
gate [see Materials and Methods and Supplementary
Material, Table S1; (25)]. We identified six regulatory
regions within the FCGR2A TAD (hereby referred to as
‘regions 1–6’; Fig. 1A; Supplementary Material, Table S2),
and one region located upstream of the FCGR2A TAD
in the CD244 gene, (Supplementary Material, Fig. S4;
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Supplementary Material, Table S2). Since the CD244
region does not physically interact with the FCGR2A
promoter region according to K562 and THP-1 Hi-C data
(Supplementary Material, Fig. S4), this region was not
further pursued in the study. Instead we focused on
the six regions within the FCGR2A TAD, located from
64 kilo bases (kb) upstream to 116 kb downstream from
the FCGR2A TSS. The most 5′ distal region was confined
to the boundary of the TAD, and the two most 3′ distal
regions localized to the 3′ end of the FCGR3A and FCGR3B
genes, respectively. FCGR2A expression is thus regulated
by multiple genomic regions interspersed among FCGR
and heat shock protein genes, in resting myeloid cells.

According to publicly available data in U937 cells and
primary human CD14+ monocytes, all six regions but
region 2 were marked by the enhancer histone signature
H3K27Ac (Fig. 1A). All regions but region 4 showed
open chromatin (based on DNase/ATAC-seq accessibility
assays) in a wide range of cell types (Supplementary
Material, Fig. S5) and regions 1, 2, 5 and 6 exhibited
increased interactions with the proximal regulatory
region (region 3) based on K562 5 kb resolution- and
THP-1 10 kb resolution Hi-C data (Fig. 1B; Supplemen-
tary Material, Fig. S3). The six regions overlapped TF
chromatin ChIP-Seq hot spots in multiple cell types
(Supplementary Material, Fig. S5); notably, regions 1 and
2 showed strong binding of CCCTC-binding factor (CTCF)
in 97 out of 99 analyzed cell types (Fig. 1C). Enrichment
analysis of the complete set of TFs with ChIP-Seq signals
in regions 1–6 revealed an association with immune
response-regulating cell surface receptor signaling path-
way, positive regulation of type I IFN production, cytokine
response and regulation of megakaryocyte, myeloid,
endothelial and DC differentiation (Supplementary
Material, Tables S3–S6). Together, the regulatory function
of regions 1–6 in myeloid cells is further supported by
existing epigenetic and topological data.

FCGR2A expression is directed by two proximal
subregions encompassing elements with both
activating and inhibitory effects and binding of
inflammation-associated TFs
Based on the CRISPRi experiments described earlier,
silencing of region 3 (an 8.8 kb region spanning from
7.2 kb 5′ of the TSS into intron 3) showed the largest
effect on FCGR2A levels (Fig. 2A and B). Because dCas9-
KRAB can induce silencing over a region of 100–1000 s
of base pairs [bps; (25,26)], we conducted a second
screen using enzymatically active Cas9 that cleaves
DNA to achieve higher resolution. We tiled 1848 gRNAs
across an extended region 3, including potentially
regulatory sequences 5′ of FCGR2A, based on H3K4me1
and H3K27Ac modifications in K562 cells and CD14+

monocytes. In addition to the expected reduction in
FCGR2A expression at targeted exons, we found sgRNA-
induced reduction in two subregions, overlapping the
highest level of chromatin accessibility in U937 cells
and CD14+ monocytes. One Subregion 5′ of the TSS

(Subregion 1, within region 3), had the strongest signal
within 40 bps of the TSS but stretching up to ∼250 bps
upstream. A second subregion (Subregion 2, within
region 3) in intron 3, had strongly scoring sgRNAs at
the 40 bps after the junction with exon 3. In addition,
in Subregion 2, ∼225–290 bps from exon 3, strongly
scoring sgRNAs increased FCGR2A expression [Figs 1
and 2A and B (gray boxes); Supplementary Material,
Table S7]. Both subregions overlapped peaks of open
chromatin in CD14+ monocytes and TF peaks in myeloid
cells (Fig. 2), and the sequences where sgRNAs reduced
FCGR2A expression showed enhancing activities using
luciferase reporters (Supplementary Material, Fig. S6),
suggesting that these two subregions are critical for
regulation of FCGR2A expression.

To identify TFs that bind at the first and second
subregions described earlier in primary myeloid cells, we
analyzed available data in the Chip-atlas database (36)
for CD14+ monocytes, macrophages, DCs as well as U937
cells. We identified three areas with TF binding. First,
overlapping Subregion 1 (5′ of the TSS), STAT1 binding
was found in resting and in IFN-γ or lipopolysaccharide
(LPS)-stimulated CD14+ monocytes; SPI1 and SREBF2
binding in macrophages and CEBPA and SMAD1 in U937
cells (Fig. 2A and B). Second, overlapping Subregion 2
(downstream of exon 3), binding of STAT1 and IRF1 in
CD14+ monocytes; ZNF366 in DCs; SPI1 (with and with-
out IFN-γ ), SREBF2 (with TNF- α), SMC1A (with IFN-γ ),
CEBPB in macrophages and CEBPA, SMAD1 and RUNX1 in
U937 cells, were found. Sequencing of the cut sites of two
selected sgRNAs validated the functional requirements
of some of these binding sites (Fig. 2, Supplementary
Material, Fig. S7). Third, at the 3′ end of intron 1, we found
binding of STAT1 in LPS-stimulated CD14+ monocytes;
and SPI1 in DCs and IFN-γ -treated macrophages. To
confirm the importance of SPI1 that recurred in multiple
regions and cell types, we targeted the SPI1 gene with
CRISPRi and indeed found reduced FCGR2A levels (1.5-
fold reduction, P = 0.0061; Supplementary Material, Table
S8). As a comparison, depletion of other TFs with a crucial
role in monocyte development, such as c-MYC, EGR1
and GATA2 (37), had minor or no effects on FCGR2A
expression (Supplementary Material, Table S8). Overall,
we found that TFs associated with Subregions 1–2 (in
CRISPRi region 3) were enriched in the IL-6-mediated
signaling pathway and regulation of immune system
processes (Supplementary Material, Tables S3, S5 and S6).
The similar enrichment in both subregions for immune-
related TFs that are induced by immunostimulatory
ligands highlights the importance of regulating FCGR2A
expression during inflammation.

FCGR2A regulatory regions harbor genetic
variants that affect gene regulation and primary
cell protein expression
Next, we wanted to investigate whether there are SNPs
that affect FCGR2A expression through modification of
its regulatory regions and that are linked to the coding
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Figure 1. Systematic mapping and characterization of FCGR2A regulatory regions. (A) CRISPRi screen results of regulatory regions in the FCGR region
affecting expression of FCGR2A, depicted as sgRNAs (blue/gray bars). A high CRISPRi score indicates depletion/reduction of FCGR2A expression (−log2
fold change). Red horizontal bars indicate windows with significant effects on FCGR2A expression (FDR < 0.05), grouped into regions 1–6. A selected
interval starting 25 kb 5′ of FCGR2A and ending in intron 3 was further analyzed with a CRISPR/Cas9 screen (sgRNAs represented by orange/gray bars).
Locations of TSS and start of intron 3 are marked by gray lines. For CRISPRi/CRISPR results, images are representative of three separate experiments,
and are overlayed with U937 ATAC-seq and H3K27Ac ChIP-Seq data (60,68) and CD14+ monocyte (CD14+ mo.) DNase-Seq and H3K27Ac ChIP-Seq
data (ENCODE). (B) Hi-C data for the FCGR region depicted in (A), with 5 kb resolution in K562 cells (34). Darker red indicates increased chromosomal
interactions. Interactions between FCGR2A distal and proximal regulatory regions are enhanced with gray lines/boxes. DHS = DNase hypersensitive
sites; ‘tRNAs’ represent multiple tRNAs. (C) CTCF ChIP-seq data for the genomic region surrounding FCGR2A, in 27 different cell types (for abbreviations:
see ENCODE). Arrows indicate locations of FCGR2A regulatory regions 1 and 2. Darker gray/black bars indicate increased binding of CTCF.
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Figure 2. Deep CRISPR/Cas9 and TF analysis of the FCGR2A proximal regulatory region. CRISPR/Cas9 screen analysis of the FCGR2A putative promoter
region, as identified by the CRISPRi screen (‘region 3’) (A), and close-up (B). Indicated in red are loci where sgRNAs have a significant effect on FCGR2A
expression in the CRISPRi screen; below, each sgRNA of the CRISPRi screen is depicted by a blue bar (20 bp), with −log2 fold change effect on FCGR2A on
the y axis. The effects on FCGR2A of the sgRNAs of the CRISPR/Cas9 screen are represented by orange and gray bars (depleting and increasing effects,
respectively). Images are representative of three separate experiments. Two non-coding regions with strong effects of sgRNAs on FCGR2A expression
are marked by gray boxes (Subregions 1–2) (B). Here, each sgRNA of the CRISPR/Cas9 screen is represented by a bar of 10-bp width to increase resolution
of image. Black boxes represent sequenced cut sites of two selected sgRNAs, resulting in reduced FCGR2A expression. The entire region is overlaid with
DNaseSeq data of CD14+ monocytes (ENCODE), ATAC-seq data of U937 cells (60) and TF ChIP-seq data from the Chip-atlas database of selected myeloid
cells. CD14+ monocytes were cultured with MCF (10 ng/ml) and showed equal results for STAT1 and IRF1 binding with or without IFN-γ (100 U/ml)
for 24 h and with or without treatment with LPS (50 ng/ml) for 3 h (STAT1) or 6 h (IRF1), except for STAT1∗/IRF1∗ (binding in LPS-treated cells only).
Macrophages were subject to different treatment regimens (SPI1: IFN-β for 6 h, IFN-γ , TNF-α + PGE2 + Pam3CSK4; SREBF2: TNF-α (10 ng/ml) for 16 h;
SMC1A: IFN-γ ; CEBPB: oxLDL (50 μg/ml), IFN-γ ) and presented equal binding of TF with or without treatment except for SPI1# (binding with IFN-γ only),
SPI1& (with and without IFN-γ ), SMC1A& (with IFN-γ ) and SREBF2& (with TNF- α).
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variant rs1801274, the SNP in FCGR2A to which the
association with several diseases has been attributed
(7,8,12–14). Eight candidate SNPs that were located in the
CRISPRi-identified regulatory regions and that were in
LD with the missense variant rs1801274 were selected for
analysis of allele-specific effects on luciferase expression
in 293T-HEK cells (Supplementary Material, Table S9).
For two of the SNPs, there was a >2-fold difference in
luciferase expression between reference and alternative
allele (Alt.), with the alternative allele reducing gene
expression for rs142120486 (P = 3.6 × 10−9) and increas-
ing expression for rs10494360 (P = 0.013; Fig. 3A–E). The
first SNP, rs142120486, is located at the center of a CTCF
binding motif in CRISPRi region 2, changing a critical G
to C (38) and causing an ∼50% decrease in luciferase
reporter expression (Fig. 3A–C; Supplementary Material,
Fig. S8). Rs142120486 is rare (minor allele frequency
[MAF] 0.026, GnomAD Europe) and in tight LD with the
coding variant rs1801274, although with a low r2 value
due to the discrepancies in MAF between the two SNPs
(r2 0.015, D′ 1.0, CEU). The second SNP, rs10494360 (MAF
0.13), is located within a DC SPI1 ChIP-Seq peak in intron
1 of FCGR2A, is also in tight LD with rs1801274 (r2 0.19,
D′ 0.94, CEU) and has previously been shown to be the
lead SNP with a suggestive association with RA [(19);
Fig. 3A, D and E; Supplementary Material, Fig. S8]. Thus,
our analysis identified two genetic variants that affect
reporter gene expression and that are in tight LD with a
coding disease-associated SNP.

To determine whether FCGR2A regulatory variants also
have an effect on FCGR2A levels on the cell surface of
primary myeloid cells, we selected the more common
of the two variants identified above (rs10494360) for a
protein quantitative trait locus (pQTL) analysis. It was
previously shown that rs1801274 is associated with
the proportion of FCGR2A/B positive ‘inflammatory’
monocytes/DCs (CD123−CD11C+CD1C−CD16+) and
CD14+CD16low monocytes, but not B cells (39), using flow
cytometry with an antibody that stains both FCGR2A
and B. Hence, we selected these cell types for pQTL
analysis, from a data set comprising PBMCs and genome-
wide genotype data from 1996 individuals. Confirming
previous results, rs1801274 was highly associated with
the percentage of FCGR2A/B positive inflammatory
monocytes/DCs and CD14+CD16low monocytes, but not B
cells (P = 2.9 × 10−133, P = 3.2 × 10−216 and P = 8.4 × 10−3,
respectively; Fig. 4A). Equally strong was the association
between rs10494360 and FCGR2A/B positive cells, where
a homozygous state of rs10494360-A was associated
with almost 100% FCGR2A/B positive inflammatory
monocytes/DCs and CD14+CD16low monocytes, but not B
cells (P = 6.5 × 10−241, P = 1.9 × 10−164 and P = 5.3 × 10−10,
respectively; Fig. 4B). Combining the two SNPs into a
diplotype increased the signal of association in inflam-
matory monocytes/DCs and CD14+CD16low monocytes
(P = 1.7 × 10−297 and P = 5.1 × 10−299; Fig. 4C). Since
FCGR2A is not expressed in B cells, whereas FCGR2B is
highly expressed in B cells and has a lower expression

in myeloid cells, we conclude from these results that the
identified variant rs10494360 contributes to variability
of FCGR2A expression.

Discussion
FCGR2A plays a central role in regulating and responding
to antibody–antigen complexes. To address the major
gap in our mechanistic understanding of how this
gene is regulated, we characterized cis elements and
autoimmunity-associated genetic variants that control
FCGR2A expression. We found one extensive proximal
genomic region (region 3) and five distal regions that
influence FCGR2A expression. The most proximal
regulatory region is comprised of two subregions, with
the intronic region likely acting as an enhancer to the
TSS-associated subregion or with both regions acting as
alternative promoters. The existence of two proximal
subregions, and repressive and enhancing effects of the
3′ subregion, suggest a complex regulatory control region
for the gene.

Our approach to identify these regions was system-
atic, combining the strong effects of CRISPRi with the
high resolution of CRISPR/Cas9 to generate a functional
map of the larger FCGR2A regulatory landscape and a
detailed analysis of proximal region elements, respec-
tively. CRISPRi is acknowledged for its efficiency in silenc-
ing small and large regulatory regions through formation
of heterochromatin (23,25,40,41), but can only achieve
a limited resolution. Using CRISPR/Cas9, we increased
resolution at target sites, while recognizing the limita-
tions of this method; including false negatives due to
variation in sgRNA efficacy, and the simultaneous effects
of indels on both transcripts and regulatory elements
in the 5′ untranslated region and nearby coding regions.
In addition to these technical limitations, we may have
also missed other modes of regulation, including: (1) gene
regulation affected by copy number variations charac-
terizing this region (42,43); (2) regulatory regions found
only in primary monocytes under certain conditions and
(3) the effects of potentially shared use of the five distal
enhancers with other genes (such as other FCGRs, ATF6
and DUSP12) on regulation of FCGR2A.

The coding variant rs1801274 in FCGR2A has been
associated with several autoimmune disorders, with
the two alleles associated with the risk of different
diseases, e.g. rs1801274-G with SLE and rs1801274-A
with Kawasaki’s disease (12–14). The rs1801274-G allele
exhibits reduced affinity and capacity to phagocytose
IgG2-containing ICs, being the leading hypothesis as to
how the FCGR2A locus is mechanistically implicated in
SLE (44). Weaknesses in this existing model include that
the difference in affinity to IgG2 is reduced in contexts
with high concentrations of IgG2 ICs or in inflammatory
milieus with reactive oxygen species (15,45) and that
genetic analyses of posterior probabilities for causal
variants in disease have pointed in the direction non-
coding variants (16,17). Here, we provide evidence
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Figure 3. Allele-specific effects on gene expression of genetic variants localized to FCGR2A regulatory regions. (A, B) rs142120486 (G/C) is located
in CRISPRi region 2 (chr1:161 456 982), at the center of a CTCF binding motif (ENCODE; JASPAR database). (C) Luciferase analysis of allele-specific
effects of rs142120486 on gene expression. (A, D) Effects of CRISPR/Cas9 screen cutting in the region around the intronic variant rs10494360 (G/A) (at
chr1:161475750, 26 bp from exon 2; CRISPRi region 3) on FCGR2A expression. Region is overlapped with TF ChIP-Seq peaks of CD14+ monocytes, dendritic
cells (DC) and macrophages (macro.) (Chip-atlas). (D) Luciferase analysis of allele-specific effects of rs10494360 on gene expression. Ref = reference allele;
Alt = alternative allele. ∗P < 0.05; ∗∗∗ P < 0.001.

of functional non-coding SNPs at the FCGR2A locus,
consistent with the principles that non-coding SNPs
can modify TF-binding motifs and thus affect cell
type-specific phenotypes and disease susceptibility
(46). In particular, we discovered that the rare variant
rs142120486 is located in the center of a CTCF motif in
one of the 5′ distal regulatory regions and that the motif-
disruptive allele reduced downstream gene expression.
This is consistent with findings that CTCF binding to
regions interspersed between enhancers and promoters,
rather than to TAD boundaries, facilitates enhancer-
promoter interactions and thereby transcriptional
activation (47). Alternatively, loss of CTCF binding may
inhibit recruitment of TFs to this particular site, leading
to reduced gene expression. Moreover, the alternative
A allele of the intronic SNP rs10494360 significantly
increased gene expression and was strongly associated
with a high proportion of FCGR2A/B positive myeloid
cells.

These SNPs have not been associated with autoim-
mune disease at a genome-wide level, although
rs10494360-A has a suggestive signal of association with
RA [P = 3.2 × 10−7; (19)], but they are in LD with the

disease-associated coding variant, with the rare alleles
linked to rs1801274-A. Subsequently, the effects of these
SNPs on FCGR2A expression are tagged to the receptor’s
affinity for IgG2 and possibly contribute to susceptibility
to autoimmune disease. An interesting hypothesis is that
differential levels of FCGR2A have distinct impacts on the
development of different autoimmune diseases. In this
model, in patients carrying rs10494360-A, inflammation
would be fueled by high levels of FCGR2A, mediating
phagocytosis and cross-presentation of autoantigens
(such as citrullinated peptides) to CD4+ T cells in RA
and cytotoxicity and phagocytosis in response to anti-
endothelial antibodies in Kawasaki’s disease (48). In
contrast, because the inflammation in SLE is partly
driven by deposition of ICs in small vessels, low FCGR2A
levels, in combination with lower affinity of FCGR2A for
IgG2-based ICs, would result in reduced removal of ICs,
thus exacerbating the inflammation and tissue damage
induced by the deposited ICs.

Finally, we observed that TFs binding to FCGR2A
regulatory regions (especially the proximal region) are
associated with pathways of acute inflammation and
induction by pathogen-associated recognition patterns
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Figure 4. FCGR2A genetic variants rs1801274 and rs10494360 are associated with rate of FCGR2A/B positive myeloid cells. Percentage of FCGR2A/B positive
B cells, inflammatory monocytes/dendritic cells (DCs) and CD14+ monocytes categorized by the genotypes of SNPs rs1801274 (A) and rs10494360 (B) and
their combined diplotypes (C), as analyzed by flow cytometry of PBMCs from 1996 individuals. Each dot represents one individual. Note, all individuals
with genotype rs1801274-G/G also had rs10494360-G/G.

and inflammatory cytokines. Many of these TFs are
up- or down-regulated by interferons [e.g. STAT1, IRF1,
RUNX1, CEBPA/B, and SREBF2, SPI1, SMAD1, ZNF366,
respectively (49)], and engagement of FCG2RA by SLE
patient-derived ICs induces IFN-α in plasmacytoid DCs
(50), suggesting that FCGR2A responds to and regulates
the interferon response that may be critical in viral
infections and autoimmunity. We also found that SPI1
(PU.1), known for motif enrichment in promoters of
genes associated with SLE and RA (51), is a strong
regulator of FCGR2A levels, with ChIP-Seq binding signals
in 4 of 6 FCGR2A regulatory regions. Combined, these
findings suggest that the TFs that control FCGR2A
expression are highly sensitive to environmental signals
of inflammation and infection and that regulation of
FCGR2A is closely associated with autoimmunity.

Our analysis of the genomic landscape of the FCGR2A
gene thus identified regulatory regions that are sen-
sitive to environmental cues and proposed regulatory
genetic variants. Together, these findings emphasize
the importance of gene–environment interactions for
immunity and the development of immune-mediated
disease.

Materials and Methods
Bulk RNA-sequencing and extraction
of single-cell RNA-seq data
To study the direct effect of ICs on FCGR2A gene
expression, CD14+CD16low monocytes were sorted
from cryopreserved peripheral blood mononuclear
cells (PBMCs), prepared using Ficoll-Paque density
gradient centrifugation of EDTA-blood samples from
27 healthy participants of the ImmVar project (52–54).
Upon thawing, cells were stained with fluorescently
labelled antibodies (Supplementary Material, Table S10)
in 1 × PBS, 0.5% BSA and 2 mm EDTA (FACS buffer)
for 30 min on ice, washed once and sorted for DAPI−

CD3−CD19−CD56−CD16− HLA–DR+CD14+ cells using
MoFlo Astrios Sorter (Beckman Coulter, Danvers, MA,
USA). CD14+ monocytes were plated on Day 0 at a density
of 50 000 cells in 50 μl of standard cell culture medium
(RPMI-1640, 10% HIFBS (both Thermo Fisher Scientific,
Waltham, MA, USA), 2 mm l-glutamine, 100 units/ml
streptomycin, 100 mg/ml penicillin) per well with two
wells per individual in non-treated 96-well-plates and
kept at 37◦C and 5% CO2, in a humified incubator.
At Day 1, latex bead-rabbit IgG ICs (Cat. no. 500 290;

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab372#supplementary-data
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Cayman Chemical, Ann Arbor, MI, USA) were added to
one well/individual at a concentration of 1:50. After 4 h,
cells were spun down, washed and resuspended in TCL
buffer (Qiagen, Hilden, Germany) with 1% β-mercapto-
ethanol and frozen until RNA was prepared using the
Smart-Seq2 protocol (55). Samples were sequenced with
Illumina NovaSeq to an average depth of 30M read pairs
of length 50 nt, which were aligned to the GENCODE
v.19 transcriptome using STAR v2.6 and quantified with
RSEM v1.2.31. The R package DESeq2 was used to find
differentially expressed genes between CD14+ sorted
cells that were stimulated with ICs and those that were
not, controlling for donor. Differences in FCGR2A mRNA
levels between IC-treated and non-treated cells were
calculated using Wald test.

FCGR2A transcript levels were analyzed in two
separate single-cell RNA-seq (scRNA-seq) data sets of
our laboratory (32,33). In the first data set, PBMCs
from healthy controls and individuals with bacterial
sepsis were single-cell RNA sequenced using 3′ v2
profiling chemistry [10X Genomics; (32)]. Transcript
levels of FCGR2A were compared between cells of
healthy and septic individuals in CD14+ monocytes,
CD16+ monocytes and CD1c+ DCs, using Wilcoxon rank
sum test. For the second data set, cells from intact
kidney biopsies from 24 patients with lupus nephritis
were sorted into 384-well plates and RNA sequenced
using a modified CEL-seq2 protocol (33,56). Differential
expression of FCGR2A between the myeloid clusters
CM0, CM1 and CM4, was analyzed using the framework
proposed by McDavid et al. (33,57).

Tissue culture
U937 cells were cultured in standard cell medium under
conditions as described earlier. 293T-HEK cells were
cultured in DMEM (VWR, Radnor, PA, USA) with 10%
HIFBS, 2 mm l-glutamine, 100 units/ml streptomycin and
100 mg/ml penicillin and were split at 80% confluence.
Only 293T-HEK cells of passage < 10 were used for all
experiments. All cell lines were acquired from the Broad
Institute stock.

Chromosome conformation capture-on-chip
sequencing (4C)
To identify chromosomal regions interacting with the
FCGR2A promoter, 4C was performed with a protocol
adapted from Rao et al. (34). In brief, 2–5 million U937 cells
were cross-linked with 1% v/v formaldehyde for 10 min
during mixing and reactions were quenched using 0.2M
glycine. After washing, cells were lysed for 15 min using
300 ul ice-cold 4C lysis buffer (10 mm Tris–HCl pH 8.0,
10 mm NaCl, 0.2% Igepal CA630) with 50 μl of protease
inhibitors (Sigma/Merch, Darmstadt, Germany, P8340).
Pelleted nuclei were washed and resuspended in 50 μl
of 0.5% sodium dodecyl sulfate (SDS) and incubated at
62◦C for 5–10 min and reactions were then quenched
using 145 μl of water and 25 μl of 10% Triton X-100
(Sigma, 93 443). Next, chromatin was digested using

DpnII and NlaIII restriction enzymes (New England
Biolabs (NEB), Ipswich, MA, USA) with the following
procedure for each enzyme: restriction enzyme was
added together with 10X NEB CutSmart and incubated
for 2 h at 37◦C with rotation. Reactions were inactivated
at 62◦C, followed by ligation using the ligation master
mix [663 μl of water, 120 μl of 10X T4 DNA ligase buffer
(NEB), 100 μl of 10% Triton X-100, 12 μl of 10 mg/ml
bovine serum albumin (100X BSA), 5 μl of 400 U/μl T4
DNA ligase (NEB)] with samples at room temperature
for 4 h with rotation. Cells were then pelleted at 2500 g
for 5 min, and the supernatant discarded, followed
by resuspension in 300 μl buffer (10 mm Tris 0.5 M
NaCl, 1% SDS) and addition of 50 μl proteinase K
with incubation at 55◦C for 30 min. The temperature
was then increased up to 68◦C overnight. Samples
were ethanol precipitated and then purified using 1X
Agencourt XP beads (Beckman Coulter). To quantify
library, quantitative real-time reverse transcriptase PCR
(qPCR) was used to amplify using anchor primers 5′

and 3′ of the FCGR2A TSS (chr1:161475247; FANTOM5)
with Nextera P5 and P7 sequencing adapters (primers:
5′:TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTTACT
GTTCTGCTGGCCGGT, 3′:GTCTCGTGGGCTCGGAGATGTG
TATAAGAGACAGTCCATTCTGCACCAAACATTCA). The
cycle number for the sample to cross threshold in the
qPCR was used to determine the number of PCR cycles for
library amplification and hence PCR was run for 23 cycles
with 100 ng 4C DNA library and NEBNEXT 2X master
mix (NEB). Samples were purified using 1X Agencourt XP
beads, resuspended in 50 μl Buffer EB, quantified using
Qubit (Thermo Fisher Scientific), quality assessed using
tape station and finally sequenced using Illumina MiSeq.

In data analysis, we identified reads derived from
ligation of distant chromatin interactions using the Bio-
conductor Basic4Cseq package. We determined regions
that contact the FCGR2A promoter (chr1:161 475 029–
161 475 562) according to enrichment of reads from
NlaIII/DpnII fragments (from 4C BAM files), focusing on
fragments within 600 kb (chr1:161 200 000–161 800 000;
GEO accession no. GSE180154).

CRISPRi and CRISPR/Cas9 screens: selection
of targets for sgRNAs
A CRISPRi screen was designed covering the FCGR2A TAD
as identified by 4C in U937 cells and two additional TADs
in each direction as identified by published data for K562
cells [Note: the K562 cell line was consistently used for
database mining throughout the study as a proxy for
myeloid cells, as it is thoroughly studied in comparison
with U937 and primary cells; for identification of TADs
and chromosomal interactions, THP-1 data at a lower
resolution were also used; (34,35,58)], in total ∼1.7 Mb
(chr1:160 641 952–162 389 706; Supplementary Material,
Fig. S3). Within the 5 TADS, sgRNAs were designed to
tile regions of open chromatin, for which DNase-seq
data were extracted for K562 and Karpas422 cell lines
[ENCODE; (59)] and assay for transposase-accessible

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab372#supplementary-data
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chromatin with high-throughput sequencing (ATAC-
seq) data were used for U937 and BJAB cell lines [GEO
accession no. GSM4055241, GSM4055235; (60)]. Regions of
open chromatin were defined as center of peak ±250 bp.

For the region ∼ 25 kb 5′ of FCGR2A including the
putative promoter region, an additional set of sgRNAs
was designed and cloned; these sgRNAs were transduced
mixed with the original larger set of sgRNAs covering
the 1.7 Mb region for the CRISPRi screen, but also used
as a separate screen of the putative promoter region,
using CRISPR/Cas9. This set of sgRNAs tiled regions
within chr1:161 450 383–161 476 919 characterized by
histone modifications associated with gene regulation
in CD14+ monocytes and K562 cells, as assessed by eye-
ball of ENCODE H3K4me1 and H3K27Ac ChIP-Seq data
(Supplementary Material, Table S7).

For the identification of TFs that affect FCGR2A
expression, sgRNAs targeting the TSS of 23 different
TFs were included in the pool of sgRNAs for the CRISPRi
screen (Supplementary Material, Tables S8 and S11). The
TFs were selected based on either published Chip-Seq
data (ENCODE) for TFs binding 5′ of or within the FCGR2A
gene in K562 cells or CD14+ monocytes, or literature
with TFs being implicated in myeloid cell processes. For
each TF transcript, the top 2–8 sgRNAs as identified by
Horlbeck et al. (61) were selected for CRISPRi.

Lastly, as negative controls, 1000 NTsgRNAs with
scrambled sequences, randomly selected from those
designed by the Weissman lab (62), were cloned as a
separate pool of sgRNAs and then transduced together
with both the pool of CRISPRi/TF sgRNAs and with the
pool of promoter sgRNAs in the CRISPR/Cas9 screen.

CRISPRi and CRISPR/Cas9 screens: sgRNA design
and cloning
For the selected regions, we generated a list of all possible
sgRNAs flanked by an NGG (protospaces adjacent motif).
Since a large part of the FCGR TAD is characterized by a
segmental duplication with extensive sequence homol-
ogy (63), two perfect sgRNA matches were allowed within
the target 1.7 Mb region, whereas no perfect matches
were allowed in the rest of the genome, with an off-
target score limit at 20. sgRNAs were designed to allow
GC content between 15% and 85%, with maximum 10 Gs
total, whereas sgRNAs with 6 homopolymers of G, C or
A or 5 of T and sgRNAs ending with 4 Ts were removed.
For cloning into sgOpti vectors, we added a guanine (‘G’)
to the beginning of the sgRNA sequence unless there was
already a ‘G’.

In total 22 663 targeting sgRNAs were included in the
CRISPRi screen (including TF sgRNAs) and 1446 targeting
sgRNAs were designed for the promoter CRISPR/Cas9
screen, in addition to the 1000 non-targeting sgRNAs
(NTsgRNAs) (Supplementary Material, Table S11). PCR
handles were added to the designed sgRNA sequences
and the sgRNA library was ordered from Custom-
Array (Bothell, WA, USA). sgRNAs were cloned into

and expressed from sgOpti vectors [modified pLenti-
sgRNA (Addgene #71 409)], as previously described (25).
Briefly, the pools of sgRNA (CRISPRi screen, CRISPR/Cas9
promoter screen, NTsgRNAs) were PCR amplified using
primers adding homology arms for Gibson Assembly (25)
and purified using 1X Agencourt XP beads. The sgOpti
vectors were digested using BsmBI restriction enzyme
(NEB) according to the manufacturer’s instructions.
sgRNAs and vectors were assembled in a Gibson
reaction (NEB) using 70 ng of amplified sgRNAs and
500 ng of vector; assembled vectors were purified with
1X Agencourt XP beads, eluted into 15 μl H2O and
the entire samples were electroporated into Endura
competent cells (Lucigen, Middleton, WI, USA). Cells were
expanded in liquid culture over night after which the
plasmid libraries were prepared using Endotoxin-free
Plasmid Maxiprep Kit (Qiagen) and concentrations were
measured using Qubit.

dCas9 and Cas9 constructs and expression
For CRISPRi experiments, we used doxycycline (dox)-
inducible KRAB-dCas9 constructs with IRES-BFP cas-
settes and dox-inducible dCas9 U937 and K562 cell
lines were established as previously described (25). After
lenti-virus cell transduction of constructs, cells were
single-cell sorted (fluorescently activated cell sorting,
FACS) for BFP positivity using MoFlo Astrios Sorter
and a few selected clones were expanded. Subsequent
experiments were performed on the expanded single-
cell clones with cells resorted in bulk for dox-inducible
BFP+ every 3 weeks. For stable Cas9 expression we
used the Lenti-Cas9-2A-blast plasmid (addgene #73 310)
where the blasticidin resistance gene was replaced by
BFP. U937 cells were transduced with the Cas9 construct
using lenti-virus and were sorted for BFP+ cells in bulk,
using SP6800 Spectral Cell Analyzer (Sony Biotechnology,
Bothell, WA, USA).

Lentivirus production
HEK293-T cells were seeded in 6-well-plates at a den-
sity of 700 000 cells/well in antibiotic-free cell medium,
the day before transfection. Cells were transfected with
500 ng pCMV-R8.74psPAX2 vector, 50 ng VSV-g vector
and 500 ng transfer plasmid per well, using TransIT-LT1
(Mirus Bio, Madison, WI, USA) and Optimem (Invitro-
gen, Waltham, MA, USA). For screen experiments, virus
production was performed in 10 cm petri dishes, with
the amounts of cells and vectors scaled accordingly. Cell
medium was exchanged at 24 h post transfection for
cell medium containing 20% HIFBS. Viral supernatants
were harvested at 48 and 72 h post transfection and were
centrifuged at 1200 g for 10 min to remove cell debris.

Pooled CRISPRi and CRISPR/Cas9 screens
FCGR2A is mainly expressed in myeloid cells, hence the
myeloid leukemia cell line U937 was selected for CRISPRi
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and CRISPR/Cas9 analysis. In total, three biological repli-
cates were run for each of the CRISPRi and promoter
CRISPR/Cas9 screens.

U937 cells carrying either dCas9-KRAB or Cas9 were
transduced with pooled gRNA virus at a multiplicity of
infection of 0.3 with a coverage of 1000 cells/sgRNA for
the CRISPRi screens and ∼11 900 cells/sgRNA for the pro-
moter screen as previously described (64). Twenty-four
hours post transduction, cells were split and henceforth
cultured in cell medium with 1 μg/ml puromycin, for the
selection of successfully transduced cells. Days 2–6 post
transduction, cells were split when needed but always
kept at a minimum of 1000 and 11 900 cells/gRNA for the
CRISPRi and promoter CRISPR/Cas9 screens, respectively.
At Day 6, for cells carrying dCas9-KRAB, doxycycline
was added to the cell medium at a concentration of
1 μg/ml and cells were cultured for another 5 days before
they were harvested. Cas9-expressing cells that had been
transduced with the pools of promoter sgRNAs and NTs-
gRNAs were harvested at Days 9–14.

Cells were harvested by centrifugation and washed
once with 1× PBS. After harvest, 60 million cells/repli-
cate were resuspended in FACS buffer and stained for
FCGR2A in two separate tubes of 30 million cells each,
treated as two technological replicates of the analysis.
For staining, Fab fragments of the anti-FCGR2A anti-
body IV.3 (‘IV.3-Fab’; Stem cell technologies, Vancouver,
Canada) were prepared for increased specificity, using
Pierce Fab preparation kit (Thermo Scientific) according
the manufacturer’s instructions and were used at a dilu-
tion of 1:10 in the cell-rich samples. Cells were stained on
ice for 30 minutes, after which the samples were diluted
using FACS buffer, centrifuged and resuspended in FACS
buffer for staining with secondary PE-conjugated F(ab’)2

anti-Fab (goat anti-mouse; Jackson Immuno Research,
Ely, UK) for 30 min on ice. After centrifugation, cells were
resuspended at a concentration of 20 million cells/ml
in FACS buffer and sorted immediately, with the second
technological replicate kept on ice in dark while sorting
the first replicate.

Cells were sorted using MoFlo Astrios Sorter into 1×
PBS with 50% HIFBS. BFP+ single cells were selected by
gating for main cell population according to forward/side
scatter, singlets and BFP expression. The BFP+ cells were
sorted into two bins at the extremes of PE intensity
(lowest and highest, respectively; Supplementary Mate-
rial, Tables S7 and S11), each comprising 10–12% of all
cells (absolute no. of sorted cells/bins varied between
400 000 and 1 300 000), and one bin of non-gated BFP+
cells (‘bulk’; no. of cells 150 000–1 000 000). After sorting,
cells were spun down, supernatant was removed and cell
pellets were stored at −80 until further analysis.

DNA was prepared from cell pellets using DNeasy
Blood and Tissue kit (Qiagen) and Proteinase K from
NEB with samples eluted in 250 μl H2O and DNA con-
centrations were measured using Qubit. Samples were
divided into 4–8 reactions/sample depending on amount
of DNA and were PCR amplified using indexed sgRNA

sequencing library primers containing Illumina adap-
tors (25) and Q5 High Fidelity DNA polymerase (NEB)
for 28 cycles. All reactions were verified by running 1
ul/reaction on 2% E-gel EX agarose gels (Thermo Fisher
Scientific). PCR reactions were pooled into a total of 3–
4 samples, which were purified by running the entire
samples on 2% E-gel EX agarose gels followed by gel
extraction of the corresponding bands and gel purifi-
cation using Zymoclean Gel DNA recovery kit (Zymo
Research, Irvine, CA, USA). Samples were pooled into one,
diluted to a concentration of 0.55 ng/μl and sequenced
using Illumina HiSeq2500 and index primers to an aver-
age depth of 500 reads/sgRNA. Sequences were aligned
to the sgRNA libraries using Bowtie (65), only allowing
perfect matches.

CRISPRi score
We identified regions where CRISPRi targeting sig-
nificantly affected FCGR2A expression as previously
described (25). The relative enrichment, or score, of each
sgRNA to cell bins sorted based on FCGR2A expression
was calculated as the log2 fold-change between the high
and low bin for each sgRNA, per replicate. A ‘CRISPRi
score’ was calculated as the mean score of each sgRNA
from two separate replicates. To identify significant
regions of sgRNAs affecting FCGR2A expression, we
compared the CRISPRi scores of 20 consecutive sgRNAs
using a sliding window approach, to the scores of
NTsgRNAs using T-test. Significant regions were defined
as those with Benjamini-Hochberg FDR of < 0.05. For the
identification of ‘significant regions’, only sgRNAs with
maximum one perfect match in the target region were
included. The CRISPRi scores reported in text and figures
represent the average of two replicates, normalized to
scores of NTsgRNAs (Supplementary Material, Table S1).

For the CRISPRi screen of 23 TFs, 18 out of the 23 TFs
had sufficient read counts/sgRNA from all sorted bins.
The average log2 scores of the mean of the sgRNAs for
each TF from two separate replicates were compared
with those of 1000 NTsgRNAs, using Student’s t-test
(Supplementary Material, Table S8).

For the CRISPR/Cas9 promoter screen, the effect of
each sgRNA on FCGR2A expression was calculated as the
mean score of two replicates.

Screen validation using individual sgRNAs
One or several sgRNAs for each of the six loci iden-
tified as significantly affecting FCGR2A expression in
the U937 CRISPRi screen were selected for validation
based on their physical locations and CRISPRi scores,
along with three NTsgRNAs from the screen. sgRNA were
cloned into sgOpti vectors and packaged into lentivirus as
previously described (66). U937 cells (100 000 cells/well)
carrying dCas9 or Cas9 were infected in 96-well-plates
using spinoculation at 37◦C, 1200 g for 30 min with a
virus to cell medium ratio of 1:3 and 8 μg/ml poly-
brene, in a total of 100 μl. Cell medium was changed,
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cells split, puromycin selection initiated and doxycy-
cline induction of dCas9 performed as described earlier.
dCas9 cells were harvested at Days 5–8 after addition of
doxycycline whereas Cas9 cells were harvested at Day
8 after puromycin addition. Cells were stained using
IV.3-Fab (1:10) and secondary PE-conjugated F(ab′)2 anti-
Fab (1:100) as described earlier and FCGR2A expression
was analyzed in BFP+ singlet cells using flow cytometry
(CytoFLEX, Beckman Coulter). FCGR2A expression levels
and percentage of positive cells were analyzed in relation
to negative control sgRNAs. All sgRNAs were analyzed
in three biological replicates from which the average of
median MFI and percentage of positive cells were cal-
culated for each sgRNA, confirming CRISPRi regulatory
regions using CRISPRi and in one case CRISPR/Cas9 (Sup-
plementary Material, Table S12; Supplementary Material,
Fig. S9). Individual sgRNAs targeting subregions of region
3 from the CRISPR/Cas9 screen were similarly validated
using CRISPR/Cas9. When testing individual sgRNAs that
increased FCGR2A expression in the screen, we found
that some cells increased and others reduced FCGR2A
expression, likely due to variability in the length and
type of CRISPR-induced genome edits (Supplementary
Material, Fig. S7).

Sequence analysis of sgRNA cut sites
The regulatory region of FCGR2A intron 3 was analyzed
using next-generation sequencing of induced indels after
sgRNAs-targeted Cas9 cutting of this region. U937 cells
expressing Cas9 were infected with three selected sgR-
NAs (Supplementary Material, Table S13) in separate
wells. After puromycin selection, cells were FACS sorted
for regular, increased and decreased FCGR2A expression,
respectively, as compared with NTsgRNA-infected cells,
using SP6800 Spectral Cell Analyzer. DNA was prepared
using DNeasy Blood and Tissue Kit (Qiagen) and regions
of interest were PCR amplified for 35 cycles using spe-
cific primers (Supplementary Material, Table S13) and Q5
high fidelity DNA polymerase (NEB). Amplicons were size
verified on 2% E-gel EX agarose gels, purified using 1X
Agencourt XP beads and concentrations was measured
using Qubit. Amplicons were ultra-deep sequenced and
mutations were called at Center for Computational and
Integrative Biology, Massachusetts General Hospital and
indels were analyzed using CRISPResso2 [crispresso2.
pinellolab.org; (67)].

Luciferase assay of FCGR2A promoter regions
and genetic variation
The two putative promoter regions of FCGR2A as identi-
fied by the CRISPR/Cas9 screen (spanning ∼ 200 bp’s 5′

of the TSS and ∼ 400 bp’s starting at splice donor site
of intron 3, respectively) were analyzed for effects on
expression using luciferase assay. DNA oligos encom-
passing 450 bp’s, centered on each promoter region were
produced with 20 bp Gibson arms at each end, using
BioXP (Codex DNA Inc., San Diego, CA, USA; Supplemen-
tary Material, Table S9). The 5′ TSS fragment and intron
3 fragment were cloned into firefly luciferase reporter

vectors (Promega) without promoter and with a minimal
promoter, respectively. Ligation of promoter fragments
with vectors was performed using Gibson assembly (NEB)
according to the manufacturer’s protocol.

Eight candidate SNPs, located in or in the vicinity
of FCGR2A were analyzed for allele-specific effects on
gene expression, also using luciferase assay. The SNPs
were selected based on their tight LD with the disease-
associated variant rs1801274 (D′ > 0.8) and that they were
located in regulatory regions as identified by the CRISPRi
screen (regions 2, 3, 5), overlapping with TF ChIP-Seq
peaks and most of them were reported as splice- or
expression QTLs (ENCODE, GTex; Supplementary Mate-
rial, Table S9). DNA oligos encompassing 450 bp’s cen-
tered on the SNPs (with reference allele) were produced
and cloned into firefly luciferase reporter vectors with a
minimal promoter as described earlier.

To achieve vectors carrying the opposite allele of each
of the eight SNPs, the vectors were mutated using Q5
site-directed mutagenesis according to the instructions
of the manufacturer (NEB). Promoter and SNP luciferase
plasmids were cloned using Top 10 competent E. Coli
(Invitrogen) and subsequently prepared using Qiagen
Plasmid Plus 96 Miniprep Kit; concentrations were
measured using Qubit and sequences were confirmed
using Sanger sequencing (Genewiz, South Plainfield,
NJ, USA). As myeloid cells are notoriously hard to
transfect, 293T-HEK cells were transfected with each
vector in quadruplets and co-transfected with Renilla
luciferase control vectors (Promega, Madison, WI, USA)
for normalization. The ratio between firefly and renilla
luciferase was normalized to that of vector without
insert. Each vector, or pair of vectors for SNP alleles,
were analyzed in a minimum of two biological replicates
with the results calculated as average of normalized
values of the replicates. SNPs with a ≥2-fold difference
in expression levels between the two alleles were
considered to have an allele-specific effect on expression,
statistically analyzed using Student’s t-test, as were the
differences in expression levels between vectors with
promoter inserts versus vectors without inserts.

Intersection of CRISPRi and CRISPR/Cas9 data
with epigenetic data and in silico TF analysis
U937 ATAC-seq data were produced in laboratory [see
above; (60)] and U937 H3K27Ac ChIP-Seq data were
collected from NCBI Gene Expression Omnibus (GEO
accession no. GSE111293, (68). CD14+ monocyte DNase-
Seq and H3K27Ac ChIP-Seq data were collected from
ENCODE.

The complete set of unique TFs shown to bind to any
of the six CRISPRi regulatory regions in any cell type
through ChIP-Seq analysis (ENCODE) was downloaded
and analyzed for gene ontology (GO) enrichment (the
Gene Ontology Resource, GOR), as compared with a refer-
ence set of 1639 known/likely TFs (http://humantfs.ccbr.
utoronto.ca/download.php; Supplementary Material,
Tables S4–S6) (69). The six loci were analyzed together
and separately.
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https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab372#supplementary-data
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The CRISPR/Cas9 screen identified gene regulatory
subregions spanning from ∼ 200 bp’s 5′ of the FCGR2A
TSS up to ∼ 400 bp’s into intron 3. TF ChIP-Seq data
of primary cell types CD14+ monocytes, macrophages
and DCs and of U937 cell line were extracted for this
complete region using published data accessible in
ChIP-atlas (36). Identified TF’s (Fig. 2) were analyzed for
GO enrichment as described earlier. TF binding motifs
within the CRISPR/Cas9-cut sequenced regions were
identified by comparison with consensus TF motifs
according to JASPAR (70), MotifMap (71), transcription
factor affinity prediction [TRAP; (72)] and for ZNF366 a
study by Norskov Sondergaard et al. (73).

pQTL analysis of FCGR2A SNPs
in selected PBMCs
SNP-dependent regulation of FCGR2 expression on
inflammatory monocytes/DCs (CD123−CD11c+CD1c−CD
16+), monocytes (CD14+CD16low) and B cells (CD19+CD
20+) was assessed as described by Roederer et al. (39).
Cryopreserved PBMCs from 1996 individuals enrolled in
the TwinsUK (n = 1237) and VRC (n = 759) cohort for which
GWAS data were available were treated with FC block and
stained with a 28-color B cell/DC panel and analyzed
on a FACSymphony as described (74). FCGR2A/B were
stained using antibody clone FUN-2, non-selective for
FCGR2A/B. Sample processing and data acquisition and
pre-processing was performed as described elsewhere
(Liechti et al., manuscript in preparation). Data anal-
ysis included R-implementation of FlowAI to exclude
irregular events (75) and subsequent manual gating
using FlowJo 10.7.1 (BD Biosciences, Franklin Lakes, NJ,
USA; Supplementary Material, Fig. S10). The association
between percentage of FCGR2A/B positive cells and
genotypes/diplotypes of rs1801274 and rs10494360
were calculated using one-way analysis of variance.
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