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Cell type-specific actions of Bcl11b in early T-lineage
and group 2 innate lymphoid cells

Hiroyuki Hosokawa®@®, Maile Romero-Wolf'®, Qi Yang®®, Yasutaka Motomura®®, Ditsa Levanon®, Yoram Groner®, Kazuyo Moro**®,
Tomoaki Tanaka”#@®, and Ellen V. Rothenberg'®

The zinc finger transcription factor, Bclllb, is expressed in T cells and group 2 innate lymphoid cells (ILC2s) among
hematopoietic cells. In early T-lineage cells, Bcl11b directly binds and represses the gene encoding the E protein antagonist, Id2,
preventing pro-T cells from adopting innate-like fates. In contrast, ILC2s co-express both Bcl11b and Id2. To address this
contradiction, we have directly compared Bcll1b action mechanisms in pro-T cells and ILC2s. We found that Bcl11b binding to
regions across the genome shows distinct cell type-specific motif preferences. Bclllb occupies functionally different sites in

lineage-specific patterns and controls totally different sets of target genes in these cell types. In addition, Bcl11b bears cell
type-specific post-translational modifications and organizes different cell type-specific protein complexes. However, both
cell types use the same distal enhancer region to control timing of Bcl11b activation. Therefore, although pro-T cells and ILC2s
both need Bcl11b for optimal development and function, Bclllb works substantially differently in these two cell types.

Introduction

The zinc finger transcription factor Bclllb is shared between
only two known classes of hematopoietic cells in mice: T cells
and the type 2 subset of innate lymphoid cells (ILCs). In both,
it plays an important functional role (Avram and Califano,
2014; Califano et al., 2015; Kojo et al., 2017; Liu et al., 2010;
Longabaugh et al., 2017; Walker et al., 2015; Yu et al., 2015).
However, in the murine T cell lineage, a conspicuous part of
its role involves blocking access to natural killer-like devel-
opmental programs (Li et al., 2010a; Li et al.,, 2010b) and
specifically repressing the Id2 gene (Hosokawa et al., 2018a).
Another Bclllb repression target in early T cells (Hosokawa
et al., 2018a), Zbtbl6 (encoding PLZF), is positively required in
ILC common precursors, but is declining by the time com-
mitted ILC2 precursors activate Bclllb (Constantinides et al.,
2015; Harly et al., 2018; Seillet et al., 2016; Yu et al., 2016). In
contrast, Id2 is a factor with a continuing role in all ILCs,
which persists, stably co-expressed with Bclllb, in normal
ILC2 cells (Seillet et al., 2016; Serafini et al., 2015; Walker
et al., 2015; Wang et al., 2017; Yu et al., 2016; Zook and Kee,
2016). If Bclllb always repressed Id2, the ILC2 phenotype would
not exist. To understand how this apparent contradiction is

resolved, we have directly compared the ways Bclllb is used in
early T-lineage cells and in ILC2 cells.

Here, we document the genomic sites where Bclllb is en-
gaged in early primary pro-T cells, in a pro-T cell line, and in an
ILC2 cell line; the motif enrichments at the sites that Bclllb oc-
cupies; the interaction partners of Bclllb as determined by
proteomics of co-immune precipitated proteins; and the func-
tionally responsive target genes of Bclllb, in both the T-lineage
and ILC-lineage contexts. The results show that while many
Bclllb binding sites are shared, a large minority of the sites in
each cell type are lineage specific, and these are associated with
distinct, lineage-specific motif co-enrichment patterns and as-
sociations of Bclllb with different interacting proteins. Bclllb
interaction partners of the Runx and GATA factor families, also
shared between the cell types, are also deployed to lineage-
specific sites. The functional Bclllb target gene sets in the two
cell types are even more divergent: nearly all of the genes re-
sponding acutely to Bcll1b disruption, whether Bclllb dependent
or Bclllb repressed, are cell lineage-specific. In contrast, the
regulation of the Bclllb locus itself has similar features in T and
ILC2 cells, as shown by a common role of an early-acting distal
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enhancer element (Li et al.,, 2013; Ng et al., 2018) in heritably
enabling Bclllb expression. Thus, despite being expressed in
both, Bclllb does not exert homologous functions in ILC2 cells
and pro-T cells.

Results and discussion

Bcl11b binds to distinct regions across the genome in pro-T
and ILC2 cells

We previously reported that Bclllb directly represses Id2 ex-
pression in pro-T cells, preventing these immature T cell pre-
cursors from adopting an innate-like fate (Hosokawa et al.,
2018a). However, normal development and function of ILC2
cells depend on co-expression of both Bclllb and Id2. To address
this seeming contradiction, we tested whether Bclllb action
mechanisms might differ in early T-lineage and ILC2 cells. Bcl1lb
might bind to different sites in the two cell contexts. Alterna-
tively, because Bclllb can work either as an activator or as a
repressor, it might bind to the same sites but exert different
effects due to recruitment of different partner factors. To com-
pare the molecular mechanisms through which Belllb controls
cell type-specific gene regulation in the two contexts, we first
examined the DNA binding patterns of Bclllb across the genome
in pro-T cells with those in ILC2 cells. Because of the cell
numbers needed for chromatin immunoprecipitation (ChIP)
followed by massively parallel DNA sequencing (ChIP-seq) and
the rarity of primary ILC2 cells, we took advantage of an ILC2
cell line, ILC2/b6, which can be grown continuously in tissue
culture supplemented with IL-2, IL-7, and IL-33 (Zhang et al.,
2017). Fig. S1 A shows that the gene expression profile of ILC2/b6
cells was almost indistinguishable from that of primary ILC2
cells after stimulation for 4 h or 7 d (Shih et al., 2016; Yagi et al.,
2014). We used these cells for Bclllb ChIP-seq analysis, com-
paring the ILC2/b6 Bclllb ChIP-seq results with those from
primary double-negative (DN)2b/DN3 cells (henceforth called
“DN3”) and from a DN3-like cell line, Scid.adh.2c2.

Compared with previously identified Bclllb ChIP peaks in
primary DN2b/DN3 cells (Longabaugh et al., 2017), the data
showed a conspicuous divergence between ILC2 and DN3 Bclllb
binding sites. Many binding sites were shared, but there were
also many DN3-specific and many ILC2-specific sites (Fig. 1, A
and B; group 1 and group 2 regions, respectively). The group
1 sites included many pro-T cell specific occupancies that were
less prominent in later T-lineage cells, such as later CD4* CD8*
(double positive, DP) thymocytes and mature peripheral CD4*
T cells (Fig. 1 B; Hu et al., 2018), in agreement with the stage-
specific unique roles that we have previously demonstrated for
Bclllb around the time of lineage commitment (DN2-DN?3 stages;
Longabaugh et al., 2017). The binding profile of Bclllb in Sci-
d.adh.2¢c2 cells was intermediate between those in DN3 and DP
cells (Fig. 1 B). However, the group 2 sites were fully ILC2-
lineage specific. The pro-T and ILC2 lineage-specific sites were
also enriched for different motifs (Fig. 1 C). Whereas Runx and
ETS (E26 transformation-specific) family motifs were by far the
most enriched motifs at the DN3-specific sites (group 1), with
TCF/LEF (T-cell factor/ lymphoid enhancer-binding factor; high
mobility group) factor motifs a distant third, the most highly
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enriched motifs at ILC2-specific Bclllb binding sites were BATF-
subfamily bZIP motifs (AP-1 family “BATF” or “JunB”), beyond
the frequency of the Runx and ETS-family motifs in these cells
(group 2). Similar results were seen when Bcll1b binding sites in
ILC2/b6 cells were directly compared with those in the
Scid.adh.2c2 pro-T-like cell line (Fig. 1, D-F).

In some genetic regions, all Bclllb occupancies were cell type
specific, but in others only a few cell type-specific sites were
interspersed with other, shared-occupancy sites, as shown in the
representative genomic regions shown in Fig. 1, G-I. In primary
pro-T cells and the pro-T cell line, Bclllb bound multiple sites at
the Zbtbl6 locus, a repression target in this context, whereas it
bound no sites at this locus in ILC2/b6 cells (Fig. 1 G, magenta
rectangles; an intronic region is active in ILC precursors [Mao
et al., 2017], but not in these cells). Conversely, sites linked to
Ahr were strongly bound in the ILC2/b6 cells (Fig. 1 H, green
rectangles), but this locus completely lacked Bclllb binding in
the pro-T cell samples. Interestingly, Bclllb peaks were found in
both cell types around the Id2 locus, which is highly expressed
in ILC2 cells but repressed in pro-T cells, and these included not
only shared sites but also both ILC2-specific sites (Fig. 11, green
rectangles) and pro-T-specific sites (magenta rectangles). In
pro-T cells, Bclllb directly represses Id2, and we previously
determined that one of the Bclllb binding sites about 40 kb
downstream of the Id2 locus transcriptional start site (+40k)
mediates significant repressive activity in pro-T cells (Hosokawa
et al, 2018a). This site was bound less strongly in the
Scid.adh.2C2 cell line, where repression is leaky, than in pri-
mary pro-T cells, but it was completely unbound in ILC2/b6 cells
(Fig. 1 1). Thus, Bclllb binds to functionally different sites in
lineage-specific ways.

Bcl11b controls different sets of genes in pro-T and ILC2 cells
To compare the Bclllb-regulated target genes in pro-T and ILC2
cells, we disrupted the Bclllb gene in Scid.adh.2c2 and ILC2/b6
cells, using a multi-vector retroviral transduction strategy for
CRISPR/Cas9 mutagenesis, and determined the effects on
transcriptome expression. First, Cas9-GFP transduced cells
were sorted, and then they were transduced with retroviral
vectors with CFP (a brighter version called mTurquoise2) re-
porters that also encoded sgRNA against Bclilb or an irrelevant
(luciferase) sgRNA control (Hosokawa et al., 2018a). 3 d after
sgRNA infection, GFP*CFP* doubly infected cells were sorted
for RNA sequencing (RNA-seq) analyses. Gaps in RNA-seq
reads confirmed that the sgBclllb transduction into the cells
nicely induced biallelic deletions at the targeted sites in the
Bclitb locus in both cell types (Fig. S1 B). Expression of Id2 was
up-regulated by disruption of Bclilb in DN3 and Scid.adh.2c2
cells as expected (Hosokawa et al., 2018a; Fig. 2 A). However,
1d2 expression in ILC2/b6 cells was high and was not changed
by Bclilb disruption (Fig. 2 A). In contrast, expression of an-
other gene, Cmal, was up-regulated by loss of Bclllb in ILC2/b6
cells only, indicating that it is an ILC2-specific target of re-
pression by Bclllb (Fig. 2 A). Targets of cell type-specific ac-
tivation by Bclllb were also identified: Bclllb-dependent
expression of Hmgcs2 in pro-T cells and of Areg in ILC2 cells was
also cell type specific (Fig. 2 A).
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Figure 1. Bclllb binds distinct regions across the genome in pro-T and ILC2 cells. (A) Bcll1b ChIP-seq analyses were performed using an ILC2 cell line,
ILC2/b6. Venn diagrams show the number of Bclllb ChIP peaks in ILC2/b6 and DN3 (Longabaugh et al, 2017) cells. (B) Tag count distributions for Bclllb
binding in DN3 (Longabaugh et al., 2017), Scid.adh.2c2, DP, CD4 T (Hu et al,, 2018), and ILC2/b6 cells are shown. Each lane represents the merged tag
directories from two biological replicates. All Bcll1b binding sites identified as reproducible in the DN3 and ILC2/b6 cells were included in the analysis. (C) The
top three enriched sequence motifs of DN3-specific (top) and ILC2/b6-specific (bottom) Bclllb peaks are shown. TF family names are shown for motifs, with
specific HOMER position weight matrix names in parentheses. (D) Venn diagrams show the number of Bcl11b ChiP peaks in Scid.adh.2c2 and ILC2/b6 cells. (E)
Tag count distributions for Bclllb binding in Scid.adh.2c2 and ILC2/b6 cells are shown for reproducible Belllb sites, with each lane representing merged tag
directories of two biological replicates. (F) The top three enriched sequence motifs of Scid.adh.2c2-specific (top) and ILC2/b6-specific (bottom) Bclllb peaks
are shown. (G-1) Representative binding profiles of Bcl1lb in DN3, Scid.adh.2c2, and ILC2/b6 cells around Zbtb16 (G), Ahr (H), and Id2 (1) loci are shown. Pro-
T-specific and ILC2-specific Bclllb binding sites are labeled with magenta and green rectangles, respectively. Data are based on ChIP-seq peaks scored as
reproducible in two replicate samples (A-F). Tracks shown are representative of two independent experiments (G-I).
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Figure 2. Bclllb controls distinct sets of genes in pro-T and ILC2 cells. (A) Scid.adh.2c2 and ILC2/b6 cells were first infected with Cas9-GFP, and GFP* cells
were expanded; then they were transduced with sgBcl11b-CFP retroviruses. 3 d after second infection, GFP*CFP* cells were sorted and subjected to RNA-seq
analysis. RPKM values for Id2, Cmal, Hmgcs2, and Areg in control and Bcl11b KO DN3 (Hosokawa et al,, 2018a), Scid.adh.2c2, and ILC2/b6 cells are shown with
SD. **, P < 0.0 *, P < 0.05 by Student’s t test. (B) Venn diagrams show the number of Bclllb-dependent (log2 FC less than -1, FDR <0.05, RPKM >1 in
sgControl, top) and Bcll1b-repressed (log2 FC >1, FDR <0.05, RPKM >1in sgBcl11b, bottom) genes in Scid.ad.2c2 and ILC2/b6 cells. (C) RPKM values for /15, 1113,
14, Rora, Gfil, and I1rl1 in control and Bcl11b KO DN3, Scid.adh.2c2, and ILC2/b6 cells are shown with SD. **, P < 0.01; *, P < 0.05 by Student’s t test. Data for
A-C are based on two replicate RNA-seq samples. (D) Two replicates of binding profiles of Bcll1b in DN3, Scid.adh.2c2, and ILC2/b6 cells around Th2 cytokine
loci are shown.
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Globally, the functional impacts of Bclllb on gene expression
were more cell type specific than the binding site choices. We
defined differentially expressed genes (DEGs) after Cas9-
mediated Bclllb deletion in Scid.adh.2c2 and ILC2/b6 cells,
based on false discovery rate (FDR) <0.05, |log, fold change (FC)| >1
(ie., greater than two times increase or decrease in expression),
and average reads per kilobase million (RPKM) >1 across
samples (Table S1). Both positive and negative effects of Bclllb
deletion in Scid.adh.2c2 were more extensive than the effects in
ILC2/b6 cells, but in both cell types, 2.6-3.0 times as many
genes could be inferred to be Bclllb repressed as to be Bclllb
dependent. The overwhelming majority of DEGs in both cell
types were cell type specific in their regulation by Bclllb, even
though ILC2/b6-specific DEGs were frequently expressed in
Scid.adh.2c2 cells (>20%), and vice versa (>55%; Table S,
“RPKM values for DEGs”). Only 1 of 237 Bcll1b-dependent genes
in Scid.adh.2c2 cells was also among the 24 Bclllb-dependent
genes in ILC2/b6 cells (Fig. 2 B, top), while only 10 of 724 Bclllb-
repressed genes in Scid.adh.2c2 were also among the 70 in
ILC2/b6 cells (Fig. 2 B, bottom). This overlap in DEGs was seen
to be limited even though the acute deletion system used here
replicated many of the changes previously reported in primary
Bclilb~/~ ILC2 cells generated from in vivo steady-state knock-
out experiments (Califano et al., 2015). For example, expression
of I15, 1113, and 114 was reproducibly decreased in Bclllb-deficient
ILC2/b6 cells compared with controls (Fig. 2 C). The lineage-
specific Bclllb response of the type 2 cytokine genes was in
accord with the ILC2/b6-specific binding of Bclllb to multiple
sites around Il4, Il13, Rad50, and II5 in the type 2 cytokine gene
cluster (Fig. 2 D). In control and Bclilb-deficient ILC2/b6 cells,
expression levels of Ilirll (IL-33R) and Rora and Gfil were
comparable (Fig. 2 C), whereas Rora was up-regulated and Gfil
was down-regulated by loss of Bclllb in pro-T cells. Taken to-
gether, the data show that Bclllb binds to distinct genomic
regions and controls almost completely different activation and
repression target genes in pro-T cells and in ILC2 cells.

Cell type-specific binding profiles of Runx factors and GATA3
in pro-T and ILC2 cells

To investigate how Bclllb could exert such different actions, we
examined the binding profiles of known and likely Bclllb in-
teraction partners that might be differentially active in pro-T
and ILC2 cells. We previously reported that Runxl is one of the
most important binding partners of Bclllb in pro-T cells
(Hosokawa et al., 2018a), and Runx factors are important in ILCs
as well (Ebihara et al., 2017; Miyamoto et al., 2019). However,
ILC2 cells express less Runxl and more Runx3 than Scid.adh.2c2
(Fig. 3 A) or primary DN2b pro-T cells (not shown). If Runx3
systematically preferred different genomic sites than Runxl,
then the altered Runx3/Runxl ratio might play a role in directing
Bclllb to ILC2-specific sites. Also, GATAS3 is crucial to control
development and function of both pro-T and ILC2 cells, but is
more highly expressed in ILC2 cells (Fig. 3 A) and might thus
open up additional chromatin sites for Bclllb. Therefore, we
tested whether genomic DNA binding preferences of Runx3
versus Runxl and GATA3 could dictate Bclllb site choices in
Scid.adh.2c2 pro-T cells and ILC2/b6 cells.
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In fact, in both cell lines, Runx3 had similar site binding
profiles with Bclllb and showed the same cell-type specificity as
Bcllib (Fig. 3 B). Similar to Runxl (Hosokawa et al., 2018a),
Runx3 co-bound with Bclilb at “pro-T cell sites” in Scid.adh.2c2
cells and a highly overlapping set of sites in primary DN2b/DN3
cells, but was found at the distinct “ILC2” sites of Bclllb binding
in ILC2/b6 cells (Fig. 3 B and Fig. S1, C and D) and in recently
published data from primary lung ILC2 cells activated in vitro
(Miyamoto et al., 2019; Fig. 3 B, lane 1). Thus, Runx3 did not
define the specific ILC2 sites for binding, but followed the cell
context in its own site choice. Binding profiles of GATA3 in both
cell types clearly differed from the sites for Bclllb and Runx
family factors (Fig. S1, C and E). However, GATA3 also had pro-
T-specific and ILC2-specific binding sites across the genome,
and the ILC2-specific GATAS3 sites were enriched more than the
shared GATAS3 sites for overlap with the ILC2-specific sites for
Bclilb.

These lineage-specific shifts in site preferences for multiple
factors were associated with distinct transcription factor bind-
ing motifs. At ILC2/b6-specific Runx binding sites as at ILC2/b6-
specific Bclllb sites, the most highly enriched motif was a bZIP
motif, regardless of which Runx binding factor was precipitated
(Fig. 3, C and D), contrasting with the preferred Runx, ETS
family, and TCF/LEF motifs seen in pro-T cell-specific sites.
Whereas the GATA3 motif itself was by far the top enriched
motif in Scid.adh.2c2-specific GATA3 sites, the ILC2-specific
GATA3 binding sites also had a bZIP motif most highly en-
riched over background (Fig. 3 E).

Thus, globally, Runxl, Runx3, and Bclllb binding sites across
the genome were often coincident within a cell type, but differed
markedly between pro-T and ILC2 contexts. Examples of these
distinct patterns are illustrated for Zbtbl6é (pro-T cell-biased
binding), Hmgcs2 (pro-T cell-specific binding), and Areg (ILC2-
specific binding; Fig. 3, F-H). These results show sharp lineage-
specific binding differences both for the Runx factors, usually
co-recruited with Beclllb, and for GATAS3, often recruited inde-
pendently of Bclllb. They also indicate a likely role for a bZIP
family member in defining ILC2-specific occupancy sites of
Bclllb, Runx factors, and GATA3.

Proteomic evidence for distinct Bclllb protein interaction
partners in pro-T and ILC2 cells

Bclllb nucleates several distinct chromatin-binding complexes
in pro-T cells, including NuRD, polycomb (PRCI), Rest, and
Runx1 complexes, as we and others have shown (Cismasiu et al.,
2005; Hosokawa et al., 2018a). We hypothesized that if Bclllb
organized different complexes in pro-T and ILC2 cells, this could
be a reason why it binds to different genomic regions in pro-T
and ILC2 cells. To identify components of Bclllb-containing
complexes, ILC2/b6 cells were transduced with Myec-
Flag-tagged Bclllb for tandem affinity purification. While
forced Belllb expression is more inhibitory in these cells than in
pro-T cells, we were able to isolate tagged Bclllb complexes by
two-step affinity purification followed by SDS/PAGE and silver
staining (Fig. 4 A). Liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) analysis identified ~90 molecules with
supra-threshold enrichment from the ILC2/b6 cells, and these
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Figure 3. Distribution of Runxl, Runx3, and GATA3 binding sites across the genome in pro-T and ILC2 cells. (A) RPKM values for Runx1, Runx3, and Gata3
in Scid.adh.2c2 and ILC2/b6 cells are shown with SD. **, P < 0.01 by Student’s t test. (B) Tag count distributions for Runx3 and Bcll1b in activated primary lung
ILC2, ILC2/b6, bone marrow precursor-derived DN2b/3, and Scid.adh.2c2 cells are shown. All Bcll1b binding sites identified in the Scid.adh.2c2 and ILC2/b6
cells were included in the analysis. Note that lung ILC2 data (GEO accession no. GSE111871) were generated using a different cross-linking protocol (Miyamoto
et al, 2019). (C-E) The top three enriched sequence motifs of Scid.adh.2c2-specific (top) and ILC2/b6-specific (bottom) Runx1 (C), Runx3 (D), and GATA3 (E)
peaks are shown. (F-H) Representative binding profiles of Bclllb, Runxl, Runx3, and GATA3 in Scid.adh.2c2 and ILC2/b6 cells around Zbtb16 (F), Hmgcs2 (G),
and Areg (H) loci are shown. Data are based on two replicate RNA-seq results (A) and are based on reproducible ChIP-seq peaks in two replicate samples (B-E),
or are representative of results with replicate samples of each type generated from two independent experiments (F-H).
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had only moderate overlap with the major interaction partners
identified in the Scid.adh.2c2 cells (Table S2). As in Scid.adh.2c2
cells (Hosokawa et al., 2018a), proteins involved in transcrip-
tional regulation and chromatin remodeling appeared most en-
riched (Table S2), but statistical confidence scores (Mascot
scores; Materials and methods) showed most shared factors to
have substantially lower or sub-threshold scores in ILC2 cells
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(Fig. 4 B). Overall protein levels of major Bclllb interaction
partners in pro-T cells were lower in ILC2 cells, especially Mta2
and Runxl (Fig. 4 D), which are particularly important for both
activation and repression of Bclllb targets in pro-T cells
(Hosokawa et al., 2018a). Some ILC2-specific associations of
Bclllb were found with other proteins, e.g., Pegl0, Vim, Jak3,
and Dock2 (Table S2), and co-immunoprecipitation followed by
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immunoblotting tests of a sample of these candidate partners
supported these cell type differences (Fig. 4, C and D). Finally,
the mass spectrometry detected several cell type-specific dif-
ferences in post-translational modifications in Bclllb protein
from Scid.adh.2c2 and ILC2/b6 cells, which could contribute to
differential association preferences even when the partners
were present in both cell types (Fig. S1 F).

The bZIP family protein BATF was of great interest, because
the enrichment of its likely target motifs (Batf or JunB) around
ILC2-specific occupancy sites for Belllb, Runxl, Runx3, and
GATA3 had appeared to be the strongest feature distinguishing
the ILC2/b6 from pro-T cell transcription factor binding patterns
(Fig. 1, C and F; and Fig. 3, C-E). BATF indeed had stronger ex-
pression in ILC2/b6 cells than in Scid.adh.2c2 pro-T cells (Fig. 4
C). However, we failed to detect BATF or any ILC2-specific AP-
1 family members as direct interaction partners of the epitope-
tagged Bclllb protein in the mass spectrometry analysis in ILC2
cells (Table S2), or in co-immunoprecipitation and immuno-
blotting (Fig. 4 D). This suggests that even if Bclllb might follow
BATTF to regions where it binds on the genome, it might not form
a direct protein complex with it. Binding of Bclllb across the
genome in general occurs frequently at open chromatin sites
with active histone marks (Hosokawa et al., 2018a; Hu et al.,
2018), and such domains might commonly be established by
BATF/AP-1 family proteins in these ILC2 cells.

Shared regulation of Bcl11b expression in pro-T and ILC2 cells
by a distal enhancer region downstream of Bcl11b locus

Bcliib is expressed only in T cells and ILC2 cells among hema-
topoietic cells, with comparable or higher levels in lung ILC2
cells than in thymic DN3 pro-T cells (Fig. 5, A-C). Expression of
Bclilb is controlled by the hit-and-run licensing functions of
Notch signaling, GATA3, and TCF1, and the continuous magni-
tude control of Runxl in pro-T cells (Kueh et al., 2016). Both T
and ILC2 lineages make strong developmental use of Notch
signaling, GATA3, and TCF1 (Cherrier et al., 2018; De Obaldia
and Bhandoola, 2015; Koga et al., 2018). However, most pre-
cursors of these cells presumably diverge before T cell pre-
cursors migrate to the thymus, long before Bclilb is activated,
and it is thus unknown whether they use the same or different
genetic circuitry to activate Bclllb in the first place. Notch sig-
naling, GATA3, and TCF1 may act initially on a distal enhancer
+850 kb downstream of the Bclllb promoter to control the initial
timing of Belllb activation (Li et al., 2013; Ng et al., 2018). The
assay for transposase-accessible chromatin sequencing (ATAC-
seq) landscapes around this enhancer appear different in early
pro-T cells than in mature small intestine ILC2 (Fig. SI G;
Yoshida et al., 2019); Bclllb itself bound to this region in pro-T
but not ILC2/b6 cells; and the noncoding RNA transcript, Thy-
moD, which characterizes post-commitment T-lineage cells
(Isoda et al., 2017), was not detectable in primary mature ILC2
cells or the ILC2/b6 cell line (Fig. S1 H). However, this need not
exclude a common activation mechanism in pro-T and earlier
ILC2 precursors. The distal “major peak” enhancer accelerates
the earliest Bclllb expression in pro-T cells, working in a hit-and-
run way to increase the likelihood that an allele of Bclllb will
become activated at all (Ng et al., 2018). Thus, in a given cell
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lineage, if the percentage of cells expressing a Bclllb allele de-
pends on this distal enhancer, it can be a kind of time stamp for
an earlier regulatory state within the cell lineage.

To determine whether the same distal enhancer region is also
involved in activation of Bclllb expression in ILC2 cells, we
crossed a WT or enhancer-deleted (dEnh) allele of Bclilb (also
expressing YFP) with a WT allele (also expressing mCherry) in
mice (Fig. 5 D), and compared fresh lung ILC2 cells from these
animals (Ng et al., 2018; Fig. 5 E). Whereas both alleles were
expressed in >96% of ILC2 cells from animals with WT/WT loci,
in mice with WT/dEnh loci, ~10% of lung ILC2 cells selectively
failed to express the enhancer-disrupted allele (mCherry*YFP-;
Fig. 5 E). This phenotype mirrored the percentage of T-lineage
cells that ultimately failed to activate the enhancer-disrupted
allele, similar to the monoallelic expression frequency in
DN4 pre-T cells from the thymus (Fig. 5 F), and DP, CD4, and
CD8 mature T cells from these mice (Ng et al., 2018). The
monoallelic expression was due to a clear delay in activation
between DN2a and DN3 pro-T stages (Fig. 5 F), and the limited
permissive time window for locus activation in overall T cell
development as previously described (Ng et al.,, 2018). The
failure to activate Bclllb from a mutant distal major peak en-
hancer, although not fully penetrant, also had long-term con-
sequences for ILC2 cells. When we compared mice with
homozygous delEnh Bclilb alleles (YFP) against mice with ho-
mozygous WT alleles (YFP), as expected, ILC2 and T cells were
generated in substantial numbers in both, and these cells ex-
pressed normal levels of Bclilb-YFP per cell (Fig. 5, G and H).
However, the dEnh homozygous mice had significantly fewer
total ILC2 cells in the lung than WT mice (Fig. 5 I), a striking
difference because numbers of mature CD4 and CD8 T cells in
the spleen were normal. Thus, loss of the distal “pro-T cell”
enhancer had put about half the ILC2 cells through a develop-
mental bottleneck for which they could not compensate as well
as T cells. Therefore, despite their distinct uses of Belllb in later
mature function, both T and ILC2 cells use the same distal en-
hancer region stochastically to control timing and likelihood of
Bclllb activation in the developmental pathway.

Concluding remarks

The effector functional similarities between T and ILC2 cells and
their shared dependence on Notch, TCF1, GATA3, Bclllb, and
Runx factors can make it appear that these lineages are basically
similar except for the E protein-dependent recombination of
TCR genes. Similarly, when related cell types share requisite
transcription factors, it is tempting to assume that these factors
are working on the same targets. This would indeed be predicted
if most transcription factor activity were determined primarily
by their sequence-specific abilities to “read” the genome to lo-
cate the same optimal regulatory sites in all cells. In this work,
we have shown that despite likely sharing of the gene network
circuitry that activates the Bclllb locus, early T cells and ILC2
cells actually use Bclllb protein in markedly different ways
across the genome. This result joins others that emphasize the
conditionality of transcription factor site choice (e.g., Chronis
et al., 2017; Guertin et al., 2014; Heinz et al., 2010; Hosokawa
et al, 2018b) to raise important challenges for predictive
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Figure 5. Expression of Bcl11b in primary ILC2 cells is controlled by a distal enhancer region. (A) Flow cytometric analysis of thymocytes was performed.
Representative c-Kit/CD25 profiles in Lin~ thymocytes from Bclllb-YFP mice are shown. Results are representative of four animals. (B) Flow cytometric
analysis of lymphocytes from the lung was performed. Representative Thy1.2/Lin and T1/ST2/Scal profiles in CD45* lymphocytes from Bcl1lb-YFP mice are
shown. Results are representative of four animals. (C) Representative Bcl11b-YFP profiles in pro-T (DN3) cells (A) and lung ILC2 cells (B) from Bclllb-YFP
reporter mice are shown. Results are representative of four animals. (D) Schematic of WT and dEnh two-color Bcl1b reporter mice is shown. (E) Flow cy-
tometric analysis of lymphocytes from the lung was performed. Representative mCherry/YFP profiles in ILC2 cells from WT (left), two-color Bcl11b reporter
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mice with mCherry-WT/YFP-WT alleles (middle), or mCherry-WT/YFP-dEnh (right) are shown with the percentages of cells in each quadrant. Results are
representative of six animals. (F) Flow cytometric analysis of thymocytes was performed. Representative c-Kit/CD25 and mCherry/YFP profiles in Lin~
thymocytes from WT (top), two-color Bclllb reporter mice with mCherry-WT/YFP-WT alleles (middle), or mCherry-WT/YFP-dEnh (bottom) are shown with
the percentages of cells in each quadrant. Results are representative of six animals. (G) Schematic of WT and dEnh Bcl11b-YFP reporter alleles is shown. (H)
Representative Bclllb-YFP profiles in lung ILC2 cells from WT-YFP or dEnh-YFP reporter mice are shown. Results are representative of four animals. (1) Cell
numbers of ILC2 cells (n = 3) in the lung (left) and CD4 and CD8 T cells (n = 4) in the spleen (right) from WT or dEnh mice are shown with SD. *, P < 0.05 by

Student’s t test.

systems biology of transcriptional regulation. Here, not only
Bclllb but also the Runx factors, which it frequently accom-
panies, and GATA3, which binds mostly distinct sites, have
shown notably different patterns of genomic site choice in the
primary and immortalized pro-T cells from those in ILC2 cells. A
substantial positive influence on site choice in ILC2 cells appears
to be BATF or other bZIP family transcription factors that pro-
vide the predominant signature motif at ILC2-specific sites for
Bclllb, Runx factors, and GATA3 alike. However, sites like the
1d2 repression site used by Bclllb in pro-T cells are emptied in
ILC2s. Thus, even in two cell types that share as many regulatory
factors as pro-T cells and ILC2s, the same transcription factors
can regulate substantially different target genes.

Materials and methods

Mice

C57BL/6 (referred to as B6) mice were purchased from the
Jackson Laboratory. Bclllb-mCherry WT (backcrossed to C57BL/
6 mice 10 times), Bclllb-YFP WT (backcrossed to C57BL/6 mice
10 times), and Bclllb-YFP dEnh (backcrossed to C57BL/6 mice
six times) mice were described previously (Ng et al., 2018). All
animals were bred and maintained in the California Institute
of Technology Laboratory Animal Facility, under specific
pathogen-free conditions, and the protocol supporting animal
breeding for this work was reviewed and approved by the In-
stitute Animal Care and Use Committee of the California Insti-
tute of Technology.

Cells and cell culture

Primary DN2/3 pro-T cells were generated from bone
marrow-derived precursors by differentiation on OP9-DLI
stromal cells, exactly as previously described (Hosokawa et al.,
2018a).

Scid.adh.2¢2 cells (Dionne et al., 2005) were cultured in RPMI
1640 (Gibco) with 10% FBS (Sigma-Aldrich), sodium pyruvate
(Gibco), nonessential amino acids (Gibco), Pen-Strep-Glutamine
(Gibco), and 50 uM B-mercaptoethanol (Sigma-Aldrich).

An ILC2 cell line, ILC2/b6 (Zhang et al., 2017) was cultured in
OP9 medium (a-MEM, 20% FBS, 50 .M B-mercaptoethanol, and
Pen-Step-Glutamine) supplemented with 10 ng/ml of IL-2, IL-7,
and IL-33 (Pepro Tech Inc.).

CRISPR/Cas9-mediated deletion of Bcl11b in pro-T and ILC2/b6
cells

The method for Cas9-mediated transduction using sequential
retroviral vector infections and the vectors used were described
previously in detail (Hosokawa et al., 2018a). Briefly, Sci-
d.adh.2c2 or ILC2/b6 were infected with a retroviral vector
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encoding Cas9-IRES-GFP. 2 d after the first infection, Cas9-
introduced GFP* cells were sorted and cultured for 7 d. Then,
they were transduced with a second retrovirus, marked with a
CFP reporter, to introduce sgRNA targeting a negative control
(luciferase) or Bclib. 3 d after the second infection, GFP*CFP*
cells were sorted and subjected to RNA-seq analysis.

Flow cytometry analysis

For staining of thymocytes, surface antibodies against PECy7-
CD45, BV510-CD44, APC-c-Kit, APCe780-CD25, and a biotin-
conjugated lineage cocktail (CD4, CD8a, CD11b, CDllc, TER-119,
NK1.1, TCRB, and TCRYS) were used for staining. Lymphocytes
were isolated from the lung based on the protocol, previously
described (Moro et al., 2015). For ILC2 cells from the lung, an-
tibodies against PECy7-CD45, APCe780-Thyl.2, APC-Scal,
BV510-S1/ST2, and a biotin-conjugated lineage cocktail (CD3,
CD4, CD5, CD8a, FceR1, NK1.1, F4/80, CD1lc, Grl, CD19, and TER-
119) were used for staining. Prior to cell surface staining, cells
were treated with 2.4G2 cell supernatant. All of the cells were
analyzed using a flow cytometer, MacsQuant 10 (Miltenyi) with
FlowJo software (Tree Star).

Two-step affinity purification of Bclllb complexes from ILC2/
b6 cells

ILC2/b6 cells were infected with either Myc-Flag-Bclllb-
containing retrovirus or empty vector control (pMxs-IRES-GFP)
as described previously (Champhekar et al., 2015). 3 d after in-
fection, Myc-Flag-tagged Bclllb-infected GFP* cells were sorted
and expanded for 2 wk, then solubilized with protease inhibitor-
containing immunoprecipitation buffer (50 mM Tris-HCl, pH
7.5, 150 mM NaCl, 10% glycerol, 0.1% Tween, 1 mM EDTA,
10 mM NaF, 1 mM dithiothreitol, and a protease inhibitor
cocktail [Roche Applied Science]), lysed on ice for 30 min with
gentle shaking, and sonicated on a Misonix S-4000 sonicator
(Qsonica) for three cycles, amplitude 20 for 30 s followed by 30 s
of rest. The insoluble materials were removed by centrifugation,
and immunoprecipitation with anti-Flag M2 agarose (Sigma-
Aldrich) was performed overnight at 4°C. Immune complexes
were eluted from the agarose by 3xFlag peptide (Sigma-Aldrich),
and the eluted Bclllb complexes were subjected to a second
immunoprecipitation with anti-Myc gel (MBL). Immune com-
plexes were eluted from the gel with Myc peptide (MBL) and
separated by SDS-PAGE. The bands were excised from the gel
and subjected to a mass spectrometric analysis to identify cor-
responding proteins. The gel pieces were washed twice with
100 mM bicarbonate in acetonitrile, and the proteins were di-
gested with trypsin. After adding 0.1% formic acid to the su-
pernatant, the peptides were analyzed by LC-MS/MS with an
Advance UHPLC (Bruker) and an Orbitrap Velos Pro Mass
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Spectrometer (Thermo Fisher Scientific). The resulting MS/MS
dataset was analyzed using the Mascot software program (Ma-
trix Science). Mascot score is the probability that the observed
match is a random event (Mascot score >100 means absolute
probability <1 x 10719),

Immunoblotting
Nuclear extracts were prepared using NE-PER Nuclear and Cy-
toplasmic Extraction Reagents (Thermo Fisher Scientific). The
antibodies used for the immunoblot analyses were anti-Chd4
(A301-081A; Bethyl), anti-Mta2 (sc-9447; Santa Cruz Biotechnol-
ogy), anti-HDAC2 (ab12169; Abcam), anti-Rest (12C11-1B11; Caltech
Protein Expression Center), anti-Ringlb (A302-8694; Bethyl),
anti-LSD1 (ab17721; Abcam), anti-Runxl1 (ab23980; Abcam), anti-
Batf (sc-100974; Santa Cruz Biotechnology), anti-Bcllib (ab18465;
Abcam), anti-Vim (ab20346; Abcam), anti-PeglO (ab181249; Ab-
cam), and anti-Lamin B (sc-6217; Santa Cruz Biotechnology).
Because of the low recovery of Runx1 in co-immunoprecipitation
with Bclllb complexes from ILC2/b6 cells, independently made
antibodies against Runxl and Runx3 from the Weizmann In-
stitute (Levanon et al., 2014) were also tested for immuno-
blotting. While showing higher Runx3 in total nuclear extracts
of ILC2/b6 cells, co-immunoprecipitation results for Runxl
and Runx3 (data not shown) were similar to those shown for
Runx1 using ab23980 in Fig. 4 D.

ChIP and ChiP-seq

107 cells were fixed with 1% formaldehyde in a-MEM for 10 min
at RT (for GATA3), or with 1 mg/ml disuccinimidyl glutarate
(Thermo Fisher Scientific) in PBS for 30 min at room temper-
ature followed by an additional 10 min with addition of form-
aldehyde up to 1% (for Bclllb, Runxl, and Runx3). The reaction
was quenched by addition of 1/10 volume of 0.125 M glycine, and
the cells were washed with HBSS (Gibco). Pelleted nuclei were
dissolved in lysis buffer (0.5% SDS, 10 mM EDTA, 0.5 mM EGTA,
50 mM Tris-HCl, pH 8, and protease inhibitor cocktail) and
sonicated on a Bioruptor (Diagenode) for 18 cycles of 30 s of
sonication followed by 30 s of rest, with max power. 6 pug per 107
cells of anti-Bcll1b antibodies (a mixture of A300-383A [Bethyl],
A300-385A [Bethyl], ab18465 [Abcam], and 12120 [CST]), anti-
Runxl antibody (ab23980), anti-GATA3 (a mixture of sc-268
[Santa Cruz Biotechnology] and MAB26051 [R&D Systems]), or
anti-Runx3 antibody (Levanon et al., 2014) were each separately
prebound to Dynabeads anti-Rabbit Ig, Dynabeads anti-Mouse
Ig, or Dynabeads Protein A/G (Invitrogen) and then added in-
dividually to the diluted chromatin complexes in parallel ali-
quots. The samples were incubated overnight at 4°C and then
washed and eluted for 6 h at 65°C in ChIP elution buffer (20 mM
Tris-HCl, pH 7.5, 5 mM EDTA, 50 mM NaCl, 1% SDS, and 50 pg/
ml proteinase K). Precipitated chromatin fragments were
cleaned up using Zymo ChIP DNA Clean & Concentrator. ChIP-
seq libraries were constructed using NEBNext ChIP-Seq Library
Preparation Kit (E6240; NEB) and sequenced on Illumina Hi-
Seq2500 in single-read mode with the read length of 50 nt.
Analysis pipelines used are described below under ChIP-seq
analysis and RNA-seq analysis. All analyses are based on re-
sults from at least two biologically separate replicates.
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mRNA preparation and RNA-seq

Total RNA was isolated from samples of 1-2 x 10° cultured cells
using an RNeasy Micro Kit (Qiagen). Libraries were constructed
using NEBNext Ultra RNA Library Prep Kit for Illumina (E7530;
NEB) from ~1 pg of total RNA following the manufacturer’s
instructions. Libraries were sequenced on Illumina HiSeq2500
in single-read mode with the read length of 50 nt. Base calls
were performed with RTA 1.13.48.0 followed by conversion to
FASTQ with bcl2fastq 1.8.4 and produced ~30 million reads per
sample.

ChIP-seq analysis

Base calls were performed with RTA 1.13.48.0 followed by con-
version to FASTQ with bcl2fastq 1.8.4 and produced ~30 million
reads per sample. ChIP-seq data were mapped to the mouse
genome build NCBI37/mm9 using Bowtie (v1.L1; http://bowtie-
bio.sourceforge.net/index.shtml) with “-v 3 -k 11 -m 10 -t --best
--strata” settings, and HOMER tag directories were created with
makeTagDirectory and visualized in the UCSC Genome Browser
(http://genome.ucsc.edu; Speir et al., 2016). The NCBI37/mm9
assembly was chosen for ChIP-seq sample mapping in this study
to ease comparisons with numerous previous data tracks from
our laboratory and others. ChIP peaks were identified with
findPeaks.pl against a matched control sample using the settings
“-P.1-LP .1 -poisson .1 -style factor.” The identified peaks were
annotated to genes with the annotatePeaks.pl command against
the mm9 genomic build in the HOMER package. Peak calls were
always based on data from at least two independent biological
replicates. Peak reproducibility was determined by a HOMER
adaptation of the Irreproducibility Discovery Rate package
(Karmel, 2014) according to ENCODE guidelines (Kundaje, 2012),
as we have described previously (Ungerbick et al., 2018). Only
reproducible high-quality peaks, with a normalized peak score =
15, were considered for further analysis. Motif enrichment
analysis was performed with the findMotifsGenome.pl com-
mand in the HOMER package using a 200-bp window. Tag
density plots and heat maps were created with annotatePeaks.pl
(-hist or -hist & -ghist, respectively) in a 2,000-bp region sur-
rounding the indicated transcription factor binding peak center,
and by hierarchically clustering the tag count profiles in Clus-
ter3 (de Hoon et al., 2004) with average linkage followed by
TreeView visualization (Saldanha, 2004). Bclllb ChIP-seq data
in DN3, DP, and CD4 T cells, and Runx1 and Runx3 ChIP-seq data
in in vitro stimulated lung ILC2 cells used in this study are
previously published (Hu et al., 2018; Longabaugh et al., 2017;
Miyamoto et al., 2019; Gene Expression Omnibus [GEO] acces-
sion nos. GSE93572, GSE93572, and GSE111871, respectively).

RNA-seq analysis

RNA-sequenced reads were mapped onto the mouse genome
build NCBI37/mm9 with STAR (v2.4.0; Dobin et al., 2013) and post-
processed with RSEM (v1.2.25; http://deweylab.github.io/RSEM/; Li
and Dewey, 2011) according to the settings in the ENCODE (Ency-
clopedia of DNA Elements) Consortium long-rna-seq-pipeline
(https://github.com/ENCODE-DCC/long-rna-seq-pipeline/blob/
master/DAC/STAR_RSEM.sh) with the minor modifications
that settings “--output-genome-bam --sampling-for-bam” was
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added to rsem-calculate-expression. STAR and RSEM reference
libraries were created from genome build NCBI37/mm9 to-
gether with the Ensembl gene model file Mus_muscu-
lus.NCBIM37.66.gtf. The resulting bam-files were used to create
HOMER (Heinz et al., 2010) tag directories (makeTagDirectory
with “-keepAll” setting). For analysis of statistical significance
among DEGs, the raw gene counts were derived from each
tag directory with analyzeRepeats.pl with the “-noadj -con-
denseGenes” options followed by the getDiffExpression.pl com-
mand using EdgeR (v3.6.8; http://bioconductor.org/packages/
release/bioc/html/edgeR.html; Robinson et al., 2010). For data
visualization, RPKM-normalized reads were derived using the
analyzeRepeats.pl command with the options “-count exons -
condenseGenes -rpkm” followed by log transformation. The
normalized datasets were hierarchically clustered with “aver-
age” linkage and visualized in MatLab (clustergram). RNA-seq
data for naive primary ILC2 cells and stimulated ILC2 cells (4 h
and 7 d) were taken from previous publications (Shih et al., 2016;
Yagi et al., 2014; GEO accession nos. GSE77695 and GSE47851,
respectively).

UCSC Genome Browser BigWig visualization

BigWigs were generated from the aligned SAM or BED-file for-
mats using Samtools (Li et al., 2009), Bedtools (Quinlan and
Hall, 2010), and the UCSC genomeCoverageBed and bed-
GraphToBigWig and normalized to 1 million reads. For visuali-
zation of RNA-seq tracks, bamToBed and genomeCoverageBed
were used with the “-split” setting enabled. BigWig files were
up-loaded to the UCSC Genome Browser (http://genome.ucsc.
edu; Speir et al., 2016) for visualization.

DEGs were defined using EdgeR, typically with FDR <0.05,
[log, FC| >1, and RPKM >1 except where otherwise indicated,
based on measurements from at least two biologically indepen-
dent replicates for each sample type. The statistical significance
of differences between datasets was determined by two-sided
Student’s t test, Fisher’s exact test using Excel, or the R pack-
age. Statistical details of experiments can be found in the figure
legends.

Data availability
The GEO accession no. for all the new deep-sequencing data
reported in this paper is GSE131082.

Online supplemental material

Fig. S1 shows a characterization of ILC2/b6 compared with pri-
mary ILC2-cell transcriptomes, evidence for successful Bclilb
disruption by Cas9, a comparison of Runx factor binding pat-
terns in ILC2 and pro-T cells, a comparison of Bclllb protein
post-translational modifications in ILC2 and pro-T cells, and
comparisons of ATAC accessibilities and noncoding transcrip-
tion across the distal Bclilb superenhancer (ThymoD) region in
pro-T cells and mature ILC2 cells. Table Sl lists the expression
values and differential expression statistics for genes scored as
Bclllb repressed or Bclllb dependent in the ILC2 and pro-T cell
lines. Table S2 lists the proteins found to interact with Bclllb in
the ILC2 and pro-T cell lines, with Mascot scores and gene-
ontology (GO) term enrichments.
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