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Deletion mapping of regulatory elements for GATA3 in T cells reveals a
distal enhancer involved in allergic diseases
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To map regulatory elements for
GATA3, we deleted genome
sequences in human T cells. We
discovered a regulatory sequence 1
Mb downstream of GATA3 that
contains variants associated with
allergic disease, demonstrating
how deletions can identify
regulatory sequences and help
interpret hits from genome-wide
association studies.
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Deletion mapping of regulatory elements
for GATA3 in T cells reveals a distal
enhancer involved in allergic diseases

Hsiuyi V. Chen,1.6.10,* Michael H. Lorenzini, 210 Shanna N. Lavalle,.10 Karthyayani Sajeev,!:3
Ariana Fonseca,! Patrick C. Fiaux,1%7 Arko Sen,! Ishika Luthra,!8 Aaron J. Ho,! Aaron R. Chen,!?
Karthik Guruvayurappan,'.3> Carolyn O’Connor,> and Graham McVicker!*

Summary

GATA3 is essential for T cell differentiation and is surrounded by genome-wide association study (GWAS) hits for immune traits. Interpre-
tation of these GWAS hits is challenging because gene expression quantitative trait locus (eQTL) studies lack power to detect variants with
small effects on gene expression in specific cell types and the genome region containing GATA3 contains dozens of potential regulatory
sequences. To map regulatory sequences for GATA3, we performed a high-throughput tiling deletion screen of a 2 Mb genome region in
Jurkat T cells. This revealed 23 candidate regulatory sequences, all but one of which is within the same topological-associating domain
(TAD) as GATA3. We then performed a lower-throughput deletion screen to precisely map regulatory sequences in primary T helper 2
(Th2) cells. We tested 25 sequences with ~100 bp deletions and validated five of the strongest hits with independent deletion experiments.
Additionally, we fine-mapped GWAS hits for allergic diseases in a distal regulatory element, 1 Mb downstream of GATA3, and identified 14
candidate causal variants. Small deletions spanning the candidate variant rs725861 decreased GATA3 levels in Th2 cells, and luciferase re-
porter assays showed regulatory differences between its two alleles, suggesting a causal mechanism for this variant in allergic diseases. Our
study demonstrates the power of integrating GWAS signals with deletion mapping and identifies critical regulatory sequences for GATA3.

T cells orchestrate adaptive immune responses by differenti-
ating into distinct subsets of effector and regulatory T cells.
The GATAS3 transcription factor (TF) is central to this process
and participates in the differentiation of virtually all T cell
subsets. For example, high expression of GATA3 drives T
helper 2 (Th2) cell differentiation,’ maintains the identity
of regulatory T (Treg) cells,”* and disrupts differentiation
of T helper 1 and T helper 9 cells.** Genome-wide associa-
tion studies (GWASs) have uncovered many genetic vari-
ants near to GATA3 (within 1 Mb) that are significantly asso-
ciated with immune-related traits, including rheumatoid
arthritis,” multiple sclerosis,® type 1 diabetes,” asthma,
and allergic diseases.'”'! The risk variants for these traits
are non-coding and may affect GATA3 expression, however
their interpretation is challenging because we lack a deep
understanding of GATA3's cis-regulatory landscape. Because
of the high density of GWAS hits near GATA3 and its cell-
type-specific regulation, the GATA3 locus is an excellent
model system for interpreting trait-associated human ge-
netic variation. Here, we integrate functional genomic
data with CRISPR-mediated genome deletions to identify
regulatory elements for GATA3 and to illuminate the func-
tion of genetic variants associated with allergic diseases.

To confirm that human T cells are an appropriate model
for studying GATA3 regulation, we profiled GATA3 expres-
sion by using a published dataset of sorted immune cells.'?
GATA3 expression is absent in B cells and monocytes, is
moderate in naive CD4" T cells, and is highest in memory
Treg cells and Th2 cells, consistent with its established role
in Th2 cell differentiation and maintenance' ' (Figures 1A
and 1B). Therefore, we decided to focus our study on the
regulation of GATA3 in T cells.

To select an informative genome region for our study, we
surveyed trait-associated genetic variation surrounding
GATA3 on chromosome 10. We examined lead single-
nucleotide polymorphisms (SNPs) from the GWAS
catalog,'” classifying them into three categories based on
immune traits that potentially involve T cell dysfunction:
autoimmune and allergic diseases, leukemia and lym-
phoma, and blood cell traits (Figure 1C). The lead SNPs
for these trait categories are distributed across a 2 Mb
region surrounding GATA3. Lead SNPs for allergic and
autoimmune diseases are located predominantly at
GATA3 and downstream with a major cluster 1 Mb away.
Most lead SNPs associated with leukemia and lymphoma
fall in the gene body of GATA3. Finally, lead SNPs for blood
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Figure 1. Overview of GATA3 expression, chromatin accessibility, and nearby trait associations

(A) GATA3 expression in transcripts-per-million (TPM) in different immune cells from the database of immune cell expression (DICE).
Boxplots summarize expression distributions across samples. Center lines, hinges, and whiskers indicate the median, interquartile range,
and min/max points within 1.5 times the interquartile range, respectively'”

(B) Differentiation of naive CD4™ T cells into effector and regulatory T cells; shading indicates GATA3 expression level.

(C) Lead single-nucleotide polymorphisms (SNPs) from the GWAS catalog in a 2.3 Mb window around GATA3. Lead SNPs belonging in
three categories (autoimmune or allergic diseases, leukemia or lymphoma, and blood cells) are indicated below.

(D) Chromatin accessibility surrounding GATA3 in immune cells and Jurkat T cells from published ATAC-seq datasets.'*'*

(E) Chromatin contact map of the region surrounding GATA3 from published Hi-C data from CD4 " T cells that were activated for 48 h.'°
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cell traits are scattered across the entire region. The varied
locations of lead SNPs for different traits suggest that many
different regulatory sequences may be involved in the
different trait categories. We therefore considered this 2
Mb region around GATA3 for our investigation.

Given that active regulatory sequences may physically
contact their target genes and are typically in open chro-
matin, we next determined the locations of topological-
associating domains (TADs) and chromatin accessibility
at this 2 Mb region. We examined published data from
Hi-C performed in activated CD4" T cells'® and from the
assay for transposase accessible chromatin sequencing
(ATAC-seq) performed in sorted immune cell subsets and
the Jurkat T cell line.'*'> These data reveal that GATA3 is
located near the boundary of a large (~1.3 Mb) TAD that
extends downstream of the gene (Figures 1C-1E).
Throughout this TAD are dozens of accessible chromatin
regions that could be considered candidate regulatory ele-
ments (Figure 1D), which motivates further functional
testing of this region to determine which sequences con-
trol GATA3 expression.

To seek further evidence that this region contains regula-
tory sequences and variants that affect GATA3 expression,
we asked whether lead SNPs for several immune traits
are associated with the expression of GATA3, using data
from gene expression quantitative trait locus (eQTL)
studies.'”'®!? However, the eQTL data provide only weak
evidence that GWAS hits affect GATA3 expression in T cells
(Table S1). Specifically, out of seven GWAS traits and 13
cell types examined, there were only three nominally signif-
icant associations with p values between 0.01 and 0.04
(Table S1). One plausible explanation for the lack of eQTL as-
sociations is that power to detect eQTLs is limited by the
modest effects of common variants on gene expression
and by the relatively small sample sizes of eQTL studies in
the relevant cell type (T cells).?’

We reasoned that genomic deletions could determine
which sequences regulate GATA3 expression and could
overcome some of the limitations of eQTL studies. Dele-
tions can directly test the effect of sequences on GATA3
expression (overcoming ambiguity caused by linkage
disequilibrium) and are more likely to have large effects
on gene expression than common variants used in eQTL
studies. We therefore performed a paired-guide tiling dele-
tion CRISPR-Cas9 screen®'”? to discover regulatory se-
quences that control GATA3 expression in T cells. With suf-
ficient deletion efficiency, paired-guide screens can perturb
larger genome regions more effectively than single guide
screens or base-editor screens, which have previously
been used to screen for regulatory elements.”* *® Deletion
mapping is complementary to regulatory mapping with
CRISPR interference or CRISPR activation?’* and differs
in that it tests the effect of deleting a sequence rather
than the effect of epigenetic silencing or activation of a
sequence.

To screen for regulatory sequences, we designed 14,769
pairs of single guide RNAs (sgRNAs) to tile across a 2 Mb

genome region centered on GATA3. The guide pairs were
designed to target genome sites separated by a median dis-
tance of 1,043 bp, with a median step size of 96 bp, such
that each base in the screened region would be covered
by a median of 8 intended deletions (Figure S1 and
Table S4). We note, however, that as a result of variation
in guide efficiency and non-homologous end-joining,
paired guides generate not only deletions spanning the
two target sites but also small insertions/deletions (indels)
at each of the target sites.”*** To estimate the deletion ef-
ficiency of our system, we performed paired-guide dele-
tions of three 1-2 kb sequences in the 2 Mb survey region
in Jurkat T cells and measured dropout of the targeted re-
gions by quantitative PCR (qPCR) (Figure S2). We esti-
mated the spanning deletion efficiency to be 20%-25%
and account for this in our analysis described below.

We performed our paired guide screen in Jurkat T cells.
While Jurkat is a leukemia cell line, it is a useful model sys-
tem because the chromatin landscape surrounding GATA3
resembles that of primary T cells (Figures 1D and S3) and it
has been previously used to discover disease-relevant T cell
regulatory elements.’” We synthesized an oligo pool en-
coding sgRNA guide pairs, cloned these into an spCas9 len-
tiviral vector, and then generated and transduced this len-
tiviral library into Jurkat T cells (Figure 2A). We performed
antibiotic selection to enrich for cells with viral genome
integration and flow sorted them into pools based on
GATA3 levels by fluorescence-activated cell sorting
(Figure S4). Finally, we performed deep sequencing of the
sgRNA pairs in each pool (Figure 2A and Table S6). We con-
ducted four biological replicates of the screen, sorting the
first two replicates into three pools and the second two rep-
licates into seven pools (Figure 2B).

To determine the effect of guide RNA pairs on GATA3
levels, we estimated the proportion of sgRNA pair counts
in each pool and compared the frequency of sgRNA pairs
targeting GATA3 exons to that of non-targeting control
sgRNAs (NTCs) included in the screening library. As ex-
pected, sgRNA pairs targeting GATA3 exons are depleted
in the high pools and enriched in the low pools
(Figure 2C). In contrast, sgRNAs targeting sequences
outside of the gene are only slightly enriched in the low
pool compared to NTCs, suggesting that a relatively small
fraction of the sgRNAs targets regulatory sequences for the
gene (Figure S5). These results indicate that the replicates
are consistent and that the sgRNA counts from our screen
can be used to detect sequences that affect GATA3 levels.

To discover sequences that affect GATA3 levels, we
jointly analyzed the screen data across all of the pools
and replicates by using RELICS.?” RELICS is designed to
discover functional sequences (FSs) from tiling CRISPR
screens and includes features for modeling programmed
deletions. RELICS can also leverage data from multiple
pools to detect FSs with smaller effect sizes. RELICS has
been extensively validated on experimental data and out-
performs other tiling CRISPR screen analysis methods.*”
When running RELICS, we used an area of effect model
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Figure 2. Tiling deletion screen for GATA3 regulatory elements

(A) Schematic of CRISPR-Cas9 tiling deletion screen performed in Jurkat T cells.

(B) Four biological replicates of the screen were performed, and cells were sorted into three or seven pools based on GATA3 levels.

(C) Guide pairs targeting GATA3 exons are depleted in low pools and enriched in high pools compared to non-targeting control guides.
Plots for each replicate show the log2 ratio of the estimated guide pair proportions in each pool. Proportions were estimated by
maximum likelihood by RELICS. Whiskers are 95% confidence intervals estimated from 1,000 bootstrap iterations.

(D) Area of effect model used by the RELICS analysis, which allows for indels at each guide RNA target site and lower-frequency spanning
deletions between target sites.

(E) Functional sequences (FSs) predicted by RELICS and colored according to distance to the closest H3K27ac ChIP-seq peak for Jurkat
cells, activated induced T regulatory cells (iTregs), activated Th2 cells, and activated Th1 cells from published studies.*>*° The R1+R3 and
R2+R4 rows show distances to FSs predicted from running RELICS on half of the four replicates.

(F) Genome tracks across the 2 Mb screened region showing protein-coding genes, scores, and FSs obtained by running RELICS on all
replicates or half of the replicates (R1+R3 or R2+R4) from the tiling deletion screen and H3K27ac ChIP-seq data from Jurkat cells in frag-
ments per kilobase per million mapped reads (FPKM). RELICS scores are log likelihood ratios computed for individual 100 bp windows.
RELICS allows FSs to span multiple 100 bp windows and, for this reason, there is not a perfect correspondence between the significant FSs
and the highest-scoring 100 bp windows.
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that assumes a spanning deletion efficiency of 25% to ac-
count for the variable mutation events generated by non-
homologous end-joining (Figure 2D).

In total, RELICS predicted 23 FSs that affect GATA3 levels
in Jurkat cells, under a log likelihood ratio threshold of 6
(p = Se—4 by likelihood ratio test) (Figures 2E, 2F, and
S6). These FSs are distributed asymmetrically; all but one
are located within the TAD that contains GATA3. Most
(18/23 = 78%) of the FSs are located within 0.5 Mb of
GATA3, and 14/23 (61%) of them overlap with or are
near to (within 5 kb) peaks of histone H3 lysine 27 acetyla-
tion (H3K27ac) in Jurkat cells or primary T cells (Figure 2E).
To quantify the enrichment of FS overlaps with H3K27ac
peaks within the GATA3 TAD, we performed permutations
in which we shifted the genome locations of FSs 100,000
times and observed significant enrichments within Jurkat
cells, induced T regulatory cells (iTregs), and activated
Th1 cells (p = 0.046, p = 0.034, and p = 0.0076 by permu-
tation test) (Figure S7). To evaluate concordance between
replicates, we also ran RELICS separately on two groups
of replicates: R1+R3 and R2+R4 (Figures 2E and 2F). The
overlap between ESs predicted from each of these groups
was highly significant (p = 0.0003 by genome perturba-
tions). In summary, our deletion screen revealed 23
distinct FSs that may contain regulatory elements for
GATA3 in Jurkat cells.

While the high-throughput deletion screen described
above illuminates the regulatory landscape of GATA3, a
limitation is that it was performed in the Jurkat cell line,
which is less physiologically relevant to human traits
than primary T cells. In addition, the low efficiency of de-
letions and the possibility of larger deletion events®®*’
reduce the resolution and accuracy of the FSs identified
from the screen (the mean size of our predicted FSs is
1,267 bp). To address these limitations and to identify
more precise genomic regions that affect GATA3 levels in
primary cells, we performed a secondary lower-throughput
screen by introducing ~100 bp CRISPR deletions into pri-
mary Th2-polarized human T cells. We selected Th2 cells
for this secondary screen because GATA3 expression is
highest in Th2 cells (Figure 1A).

As candidate sequences for the secondary screen, we
selected 25 sequences that were marked with varying
levels of H3K27ac, accessible chromatin, and evolu-
tionary sequence conservation and that were near to
or overlapping FSs from the high-throughput screen
(Figures 3A, 3B, and S9). We named each sequence tar-
geted for deletion in the secondary screen with the
name of the nearest FS and a unique number. For
example, deletions near FS10 were named FS10-1,
FS10-2, FS10-3, and FS10-4. As a negative control, we
targeted a “safe harbor” (SH) sequence downstream
of GATA3 with no predicted regulatory function
(Figures S9A and S9B), and as a positive control, we tar-
geted a GATA3 exon with a single sgRNA. We designed
sgRNA pairs to introduce small deletions of these se-
quences and transfected them as Cas9 ribonucleoprotein

complexes into Th2 cells***! (Figure 3C). We verified the
products generated by each deletion experiment by using
Sanger sequencing and tracking of indels by decomposi-
tion (TIDE) (Figure S9C and Table $8).*?

For 9/25 of the deleted sequences in the secondary
screen, GATA3 levels were reduced by at least 20% on
both days compared to the SH deletion (Figure 3E). From
these, five deletions were selected for further validation
(FS1-1, FS6-5, FS10-3, FS19-3, and FS23-5). We performed
six replicate experiments for each of these candidate se-
quences, where each replicate consisted of an independent
Th2 polarization and CRISPR deletion. Deletion effi-
ciencies were estimated to be 50%-100% by TIDE
(Figure S9D and Table S8). Deletions of all five regions
significantly decreased GATA3 levels at 3 days after trans-
fection as did deletions of three of the regions (FS1-1,
FS19-3, and FS23-5) at 4 days after transfection (Figure 3F).

We examined FS1-1 in more detail because deletion of
this sequence reduced GATA3 levels by 28% (log2 MFI
ratio = —0.478) at day 3 after transfection in Th2 cells
(Figures 3D-3F) and this sequence is directly within FS1,
the top-ranked prediction from the high-throughput Ju-
rkat screen. FS1-1 is located within the third intron of
GATA3 and overlaps strong peaks of H3K27ac and chro-
matin accessibility (Figure 3B). Given the overlap with
H3K27ac and chromatin accessibility, FS1 most likely acts
as an enhancer, although because of its location within
an intron, it could also be a splicing regulatory element.

We next examined FS23 because this sequence is orthol-
ogous to a mouse genome sequence that was previously
identified as a strong enhancer for Gata3 in mouse
T cells.*? In addition, this sequence overlaps with ATAC-
seq peaks in all T cell subsets and has strong H3K27ac sig-
nals in Jurkat cells, naive CD4" T cells, and Th2 cells
(Figure 3B). In our secondary Th2 cell screen, deletions of
two conserved sequences that directly overlap FS23
(FS23-4 and FS23-5; Figure 3B,E) both reduced GATA3
levels, whereas deletions of the FS23-1, FS23-2, and
FS23-3 sequences, which are located ~30 kb downstream
and which do not overlap a predicted ES, had minimal ef-
fects on GATA3 levels (Figure 3E). Validation experiments
targeting FS23-5 confirmed that deletion of this sequence
reduces GATA3 levels by 20% (log2 MFI ratio = —0.314)
onday 3 and 9.7% (log2 MFI ratio = —0.148) on day 4 after
transfection (Figure 3F).

As a further validation, and to confirm that GATA3
mRNA abundance is the mechanism of diminished
GATA3 levels, we quantified GATA3 mRNA in FS1-1 and
FS19-3 deletion replicates by reverse transcription qPCR
(RT-gPCR). These deletions decreased GATA3 mRNA by
35%-44% (Figure 3G and Table S10). To verify that
GATA3 is the primary target gene of these regulatory se-
quences, we quantified mRNA of the next nearest gene,
TAF3, in the same total RNA samples. TAF3 mRNA expres-
sion did not significantly change, indicating that these reg-
ulatory sequences are likely to be GATAS3 specific, although
it is possible that these (or some of the other regulatory
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Figure 3. CRISPR deletions identify GATA3 regulatory sequences in primary Th2 cells

(A) Genome tracks spanning the region downstream of GATA3, where we performed targeted deletions to screen for regulatory elements
in primary Th2 cells. Tracks are genes, functional sequences (FSs) predicted by RELICS from the high-throughput Jurkat screen, regions
targeted for deletion in the secondary Th2 cell screen, and H3K27ac ChIP-seq and ATAC-seq for activated Th2 cells and Jurkat cells from
published studies.'* 3536

(B) Zoom in of genome tracks for deleted sequences FS1-1, FS19-2, FS19-3, FS23-4, and FS23-5 (see Figure S9 for SH, FS6-3, FS6-5, FS10-2,
FS10-3, and FS10-4 sequences) with additional track showing 100 vertebrate PhyloP conservation scores.

(legend continued on next page)
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sequences) affect other genes (Figure 3G). In summary, we
identified and validated five GATA3 regulatory sequences
that are active in Th2 cells, one of which is within a
GATA3 intron and four of which are within the gene desert
region downstream of the gene. A limitation of our
screening approach is that we prioritized sequences that
were near to FSs predicted from the Jurkat screen and we
therefore may have missed some Th2 cell regulatory ele-
ments that are inactive in Jurkat cells.

Deletion mapping can potentially help determine the mo-
lecular function of GWAS hits. To test thisidea, we intersected
the FSs identified by our high-throughput screen with GWAS
hits and observed that FS1 and FS14 are located within two
distinct clusters of risk variants associated with autoimmune
and allergic diseases (Figure S8). We examined the region sur-
rounding FS14, which is almost 1 Mb downstream of GATA3
and which has a high density of lead SNPs (Figure S8). This re-
gion is contained within a broad 44 kb H3K27ac domain,
which is present in Th2 cells but not in other T cell subsets,
suggesting that it may be a distal Th2 enhancer (Figure S8).
Because Th2 cells have an established role in allergic dis-
eases** and high GATA3 expression is required for differenti-
ation and maintenance of Th2 cells," we decided to (1)
analyze recent GWASs for asthma and allergic diseases
(allergic rhinitis or eczema)'” and (2) test the function of se-
quences containing risk variants in this distal region.

A single GWAS hit for asthma is situated ~1 Mb down-
stream of GATA3, and a pair of independent GWAS hits
for allergic diseases are located at ~400 kb and ~1 Mb
downstream of GATA3 (Figures 4A-4D). We named these
hits risk region 1 and risk region 2 and focused on risk re-
gion 1 because it is associated with both traits and overlaps
the large Th2 enhancer-like sequence described above. We
performed fine-mapping to identify 95% credible sets (CSs)
containing candidate causal variants by using SuSiE.*> For
asthma, we identified two CSs: CS1, which contains three
candidate causal SNPs, and CS2, which contains 11 candi-
date SNPs (Figures 4E and 4F). For allergic diseases, we iden-
tified a single CS containing the same three candidate SNPs
as CS1 (Figures 4G, 4H, and 5A). This yielded a total of 14
candidate SNPs for further study (Table S14).

We examined the worldwide allele frequencies of the
SNPs with the highest posterior inclusion probabilities
(PIPs) in CS1 and CS2. For the lead SNP in CS1,
1512413578 (g.9007290C>T [GenBank: NC_000010.11]),
the risk allele is the major allele and the protective allele

has the highest allele frequencies in populations with Eu-
ropean ancestry and the Indian subcontinent (Figure 5B).
In contrast, for the lead SNP in CS2, 15725861
(8.9021813A>G [GenBank: NC_000010.11]), the risk allele
is the minor allele and has the highest frequencies in West-
ern Africa and the Indian subcontinent (Figure 5B).
Neither of the lead SNPs directly overlap with the FS14
element identified in the Jurkat screen.

To test the function of candidate SNPs in the two CSs, we
designed pairs of guides to delete ~100 bp sequences sur-
rounding six of the 14 candidates (we were unable to
design uniquely targeting guides for the remaining candi-
dates because of the presence of repeat sequences). Out
of the six SNPs, only guide pairs targeting two of the
SNPs yielded high-efficiency deletions. These two SNPs
are the lead SNPs in the two CSs (i.e., those with the high-
est PIPs in each CS) (Figure 5C). We deleted 115 bp and
83 bp sequences surrounding rs12413578, the highest
PIP SNP in CS1, in in vitro differentiated Th2 cells. Neither
of these deletions affected GATA3 levels in Th2 cells
(Figures 5D and SE), suggesting that the sequence contain-
ing rs12413578 may not regulate GATA3 expression in pri-
mary Th2 cells in vitro. In contrast, deletion of a 37 bp
sequence surrounding rs725861, the highest PIP SNP in
CS2, decreased GATA3 levels in Th2 cells from two
different donors (Figures 5D and SE).

To test the regulatory activity of the sequences contain-
ing candidate SNPs, we transfected reporter plasmids con-
taining both alleles of six candidate SNPs into HEK293
cells and assessed their ability to drive luciferase activity
compared to an SH control sequence (Figure 5F). We per-
formed these assays in HEK293 cells because we could
obtain efficient and reproducible transfections of the re-
porter plasmids in this cell type. Sequences containing
three of the candidate SNPs showed lower luciferase activ-
ity in HEK293 cells compared to the SH control:
1s12413578, which is the lead SNP in CS1; rs144536148,
which overlaps with FS14 (g.9001864A>G [GenBank:
NC_000010.11]); and rs1444788 (g.9022157T>C [Gen-
Bank: NC_000010.11]) (Figure S5F). This may indicate
either that these candidate sequences reduce transcription
below basal levels or that the SH control sequence itself
drives a modest level of transcription when the influence
of chromatin structure is removed. The sequences contain-
ing the other three SNPs all had at least one allele with
higher luciferase activity compared to the SH control.

(C) Experimental workflow for CRISPR deletions in primary Th2 cells.

(D) Representative GATA3 fluorescence intensity from intranuclear immunostaining and flow cytometry from the Th2 cell CRISPR
screen, 3 days after transfection. (See Figures S10 and S11 for all histograms).

(E) GATA3 median fluorescence intensity (MFI) in the Th2 cell CRISPR screen, normalized to the safe harbor (SH) sample MFI. The pink
horizontal line indicates a 20% reduction in GATA3 levels compared to the SH control.

(F) GATA3 MFI in CRISPR-edited cells from six replicate Th2 polarizations, normalized to MFI of the corresponding SH replicate.

(G) Gene expression of GATA3 and TAF3 in replicate FS1-1-deleted or FS19-3-deleted cells (six biological replicates), each quantified by
two RT-qPCR assays, and normalized to expression of SH samples and reference genes GUSB and PPIA.

(E-G) Bars indicate the mean of each sample group. Whiskers are 95% confidence intervals estimated as 2 x SEM. In (G), confidence
intervals are computed from three technical replicates for each biological replicate. To compute p values, we performed two-sided paired
t tests using the log2 transformed observations and matched SH controls; *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 4.
(A) Manhattan plot for a published GWAS for asthma.'®
(B) Manhattan plot for a published GWAS of allergic diseases."’

Fine-mapping of genome-wide association study hits at the GATA3 locus

(C) Zoom-in of the GATA3 locus showing a single region of association for asthma, “risk region 1,” located ~1 Mb downstream of the

gene.

(D) Zoom-in for the GATA3 locus showing two regions of association for allergic disease downstream of GATA3: “risk region 1” and “risk

region 2.”

(E) Asthma posterior inclusion probabilities (PIPs) for variants in risk region 1 obtained by fine-mapping with SuSIE.** The two credible

sets (CSs) are indicated with red and purple.
(F) —Log10 p values for the same variants shown in (E).

(G) Allergic disease posterior inclusion probabilities (PIP) for variants in risk region 1 obtained by fine-mapping. The credible set, which is

highlighted in red contains the same variants as CS1 for asthma.
(H) —Log10 p values for the same variants shown in (G).

Most notably, sequences spanning the lead SNP for CS2,
15725861, increased luciferase activity, and the risk allele,
G, caused significantly stronger induction (2.4-fold)
than the protective allele (1.7-fold; p < 0.05 by one-way
ANOVA) (Figure SF). Because the reporter assays were car-
ried out in HEK293 cells, a limitation is that the regulatory
activity of the tested sequences may not be the same in pri-
mary T cells.

In combination, the deletion (Figure 5D) and luciferase
experiments (Figure SF) suggest that the distal sequence
containing rs725861 has enhancer activity and that risk
variants for allergic diseases and asthma located within
this sequence affect GATA3 expression. We did not test
every candidate causal SNP with deletion or luciferase as-

says, and it is possible that other candidate SNPs also affect
gene regulation. Furthermore, given the high number of
functional sequences and the two credible sets, it is
possible that there are multiple causal variants or haplo-
types that affect allergic disease and asthma risk. The
sequence containing rs725861 and other candidate SNPs
has high levels of H3K27ac that is specific to Th2 cells in
which our deletion experiments were performed
(Figure S8), and it may have a key regulatory role specific
to this cell type. However, our data do not rule out that
this sequence may have regulatory activity in other cell
types besides Th2 cells. Consistent with this, FS14 was
identified in Jurkat cells, and our reporter assays showed
regulatory activity in HEK293 cells.
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Figure 5. Candidate variants for allergic diseases and asthma in a distal Th2 enhancer

(A) Candidate causal SNPs for asthma and allergic diseases that make up credible sets (CSs) CS1 and CS2.

(B) Worldwide population allele frequencies for the SNPs with the highest PIP in each CS. Allele frequency estimates are from the 1000
Genomes Project*® and plotted with the Geography of Genetic Variants Browser.*”

(C) Genome tracks showing the locations of the candidate variants, predicted FSs, H3K27ac ChIP-seq for activated Th2 cells, and ATAC-
seq for Th2 cells. SNPs tested with CRISPR deletion or luciferase assays are indicated with gray highlights. Identifiers for the SNPs with the
highest PIPs in CS1 and CS2 (112413578 and 1s725861) are indicated with blue text.

(D) Flow cytometry results following electroporation of Cas9 ribonucleoproteins (RNPs) targeting an exon of GATA3 or small deletions span-
ning candidate SNPs 1512413578 or 15725861 in in vitro differentiated Th2 cells. Two pairs of gRNAs that differ in one gRNA were used to
delete 115 bp or 83 bp spanning rs12413578. A 37 bp sequence spanning rs725861 was deleted in Th2 cells from two different donors.
(E) Estimated percentage of cells carrying targeted deletions for samples in (D) (quantified by Tracking of Indels by Decomposition®*?).
(F) Relative luciferase activity of sequences containing candidate SNPs from CS1 and CS2 following transfection in HEK293 cells. Data
are represented as fold change to a 300 bp safe harbor (SH) control. Bars represent mean =+ SE, N = 3-5. Data were analyzed by one-way
ANOVA. Significance is indicated by *p < 0.05, **p < 0.01, ***p < 0.001.
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In response to pathogens, naive CD4" T cells become
activated and differentiate into effector and regulatory
T cell types to mount appropriate immune responses. How-
ever, dysregulated immune responses lead to autoimmune
and allergic diseases. Our results show that expression of
GATA3, a key regulator of T cell differentiation, is coordi-
nated by a pool of downstream regulatory sequences.
Furthermore, our results demonstrate the power of coarse
regulatory sequence mapping with a high-throughput
deletion screen followed by more precise mapping with
small deletions in primary cells. Sequences detected by
this approach can be remarkably useful for the interpreta-
tion of trait-associated genetic variation, and we provide
evidence that risk variants for allergic diseases affect the
function of a distal GATA3 enhancer.
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