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Abstract

Adaptive immunity relies on specialized effector functions elicited by lymphocytes, yet how
antigen recognition activates appropriate effector responses through non-specific signaling
intermediates is unclear. Here, we examined the role of chromatin priming in specifying the
functional outputs of effector T cells and found that most of the cis-regulatory landscape active
in effector T cells was poised early in development, prior to the expression of the T cell
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antigen receptor. We identified two principal mechanisms underpinning this poised landscape:

the recruitment of the nucleosome remodeler mSWI/SNF by the transcription factors RUNX1 and
PU.1 to establish chromatin accessibility at T effector loci; and a ‘relay’” whereby the transcription
factor BCL11B succeeded PU.1 to maintain occupancy of the chromatin remodeling complex
mSWI/SNF together with RUNX1, after PU.1 silencing during lineage commitment. These
mechanisms define modes by which T cells acquire the potential to elicit specialized effector
functions early in their ontogeny and underscore the importance of integrating extrinsic cues to the
developmentally specified intrinsic program.

T cells sense diverse stimuli and elicit specific effector functions to coordinate the adaptive
immune responsel 2. This coordination is dependent on the T cell antigen receptor (TCR),
but how specific information sensed by the TCR is transduced to activate T cell-specific
effector programs remains to be clearly defined. A common view to explain the specificity
of the effector T cell program postulates an instructive role for the antigen receptor,
supported by the impact of TCR signal strength on the phenotypic outcomes of T cell
differentiation® 4 ® and the changes in epigenomic states following TCR triggering® 7 8.

However, this receptor-centric view is not sufficient to explain how the same signaling
pathways triggered by the TCR activate fundamentally different effector programs in other
immune cell types® 10, nor is it consistent with the results of ‘receptor-switch’ experiments
in which a neuronal muscarinic subtype-1 receptor elicited T cell-specific effector activity
in response to its agonist carbachol in T cells without surface TCRL. Furthermore, the
large overlap between TCR-induced and B cell antigen receptor (BCR)-induced chromatin
accessibilityl? suggests the epigenomic remodeling that follows antigen receptor triggering
directs shared features of lymphocyte activation!3. Together these findings suggest the
potential to elicit T cell effector functions might be specified prior to antigen receptor
signaling and underscore the importance of a developmentally preconditioned program that
constrains the range of genomic sites that can be targeted by signaling pathways4 15, The
extent of this preconditioning, when it is first established in development and how it is
propagated through T cell maturation is largely unknown.

In this study, we traced the chromatin accessibility profiles distinctive to effector T cells
back through T cell development and found that the majority of T effector loci became
accessible prior to antigen receptor expression. We identified the transcription factor
RUNX1 and the chromatin remodeling complex mSWI/SNF as determinants that were
necessary but insufficient to establish and maintain accessibility at T cell effector loci.

We found that cooperativity between RUNX1 and the transcription factor PU.1 facilitated
mSWI/SNF localization at T effector loci in thymic immigrants. We further defined a ‘relay
whereby the transcription factor BCL11B succeeded PU.1 to maintain RUNX1-mSWI/SNF
occupancy at T effector loci and propagate chromatin accessibility at these sites. Taken
together, these results define the molecular mechanisms by which T cells acquire the
potential to elicit specialized effector functions early in their ontogeny.

Nat Immunol. Author manuscript; available in PMC 2024 May 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gamble et al.

RESULTS

Page 3

Accessibility at many T effector loci precedes TCR expression

To determine when and how T cells acquire the potential to elicit lineage-specific effector
activity, we first defined “T effector loci’ (hereafter Tegg loci) by profiling chromatin
accessibility landscapes of differentiated CD8" T cells (terminal KLRG1*CD127"LCMV-
d7-specific effector T cells (Tggg cells), long-lived CD44*CD62L*LCMV-d180-specific
central memory T cells (Tcp cells), lung intravenous~CD44 influenza-d35-specific resident
memory T cells (Trp cells), in vitro CD3e/CD28 Ab-treated Tgrg cells) and CD4* T

cells (1L-12/1L-4-Ab-treated Tl cells, IL-4/IFN-y-Ab-treated T2 cells, IL-17A-GFP*
Tw17 cells from ileum or inflamed brain/spinal cord, CXCR5*SLAM!/int T, cells) using
published ATAC-seq6 (assay for transposase-accessible chromatin) datasets!’: 18 19. 20,

21: excluding accessible regions that overlapped those in published ATAC-seq profiles?2

of activated B cells (72h post-lipopolysaccharide/IL-4 treatment) to remove constitutively
accessible peaks and those encoding general features of lymphocyte activationl2; and
clustering the remaining peaks into a non-overlapping set representing the unique landscapes
of each Tgeg cell subtype (Fig. 1a). To link these landscapes to distinctive functional
responses, we profiled the transcriptomes of each Tggg cell using RNA-seq datasets from
the same samples used to generate the ATAC-seq datal’- 18: 19,20, 21, 23 \\je clustered

the transcriptomes (Extended Data Fig. 1a) and found the genes in closest proximity to

the subtype-specific ATAC-seq peaks (median distance ~15 kb, Extended Data Fig. 1b)
were selectively enriched for genes differentially expressed by the same Tggr cell subtype
(Extended Data Fig. 1c). The chromatin landscape of the lung CD8* Tgy cells was the only
exception, showing enrichment for genes of many Tggg cell subtypes, e.g. /fng, Ccrd, Rora,
Bcl6, Cxcr3 (Extended Data Fig. 1c). Thus, the defined Tgrg loci reflected the distinctive
chromatin landscapes and associated gene signatures of the major T cell subtypes.

To identify when Tggr loci first became accessible, we performed

ATAC-seq at major stages of T cell development beginning with Lin~™
(NK1.17y8TCR™CD11b~CD19-Gr-1-CD11¢ Ter119") c-Kit"iCD25-CD4~CD8a.~ early

T lineage progenitors (ETPs), Lin~c-Kit"'CD25"CD4-CD8a.~ DN2a and Lin™c-
Kit"CD25MNCD4~-CD8a~ DN3 thymocytes (Extended Data Fig. 1d-h) to CD8* or CD4*
CD197y8TCR™TCRBNCD44!°CD62LN naive T cells (Ty cells). These markers were used
to sort the respective lineages throughout this report. We also profiled the accessibility
landscapes of serum+LIF (leukemia inhibitory factor)-maintained embryonic stem cells
(ESCs), Lin"CD127 c-KithiSca-1*FIt3~ hematopoietic stem cells (HSCs), Lin"CD127¢c-
KithiSca-1*FIt3* multipotent progenitors (MPPs) and Lin"CD127*c-Kit"iSca-1*Flt3*
common lymphoid progenitors (CLPs) using published ATAC-seq datasets® 24, These
profiles showed that a large fraction (x = 71.2 %) of Tggg loci first became accessible in the
thymus (Fig. 1b-d and Extended Data Fig. 1i), with the greatest gain in de novo accessibility
(x =19.2% of Tggg loci) in ETPs (Fig. 1b-d and Extended Data Fig. 2a-f), with nearly half
of all Tgeg loci, including Prfl, Gzmband /fng, accessible by the DN2a stage (Fig. 1b-d and
Extended Data Fig. 1i, 2a-f). The regions in which accessibility was established in ETP-DN3
thymocytes overlapped with the accessible genomes of a median of 2 (75 percentile=5) of
the 23 T effector samples we profiled (Fig. 1e and Extended Data Fig. 2g-1), which was less
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than that for ESC-established (median=5, 75 percentile=9) or HSC/MPP/CLP-established
peaks (median=4, 75 percentile=9), indicating a greater enrichment for subtype-specific
Terr loci (e.g. 70x21, 114, 1/17aand /cos) compared to more common Tggg loci (e.g. Cd69,
Cd40lg) (Fig. 1c,e and Extended Data Fig. 2g-1). The poising of these Tgrr loci was not
affected by treatment with FK506, an inhibitor of calcineurin that blocks the calcium-NFAT
signaling pathway — a key arm of TCR signal transduction?® (Extended Data Fig. 3a,b) —
indicating that most chromatin accessibility at Tggg loci was independent of TCR signaling.

Enhancer priming mediates early accessibility at Tggg loci

To test whether the accessibility at Tggg loci in DN thymocytes reflected active transcription
needed for early T cell development, we profiled the transcriptomes of ETP-DN3
thymocytes using published RNA-seq datasets?® and assessed the expression levels of
genes neighboring the Tggg loci (Tegg genes). The large majority (>80%) of Teeg genes
were transcriptionally silent or expressed at levels orders of magnitude lower than those in
effector T cells (Fig. 1c, Extended Data Fig. 1i, 4a,b). We further characterized these loci
by profiling the state of histone modifications and RNA polymerase Il (POL Il) occupancy
using published chromatin immunoprecipitation (ChlP-seq) and global run-on (GRO-seq)
sequencing datasets25: 27, We found an enrichment of H3K4me1 and depletion of H3K27ac,
H3K4me3 and POL I, cardinal features of transcriptionally inactive distal enhancers28
(Extended Data Fig. 4c), consistent with ~83% of Tggg loci being gene-distal (Extended
Data Fig. 4d). These data indicated that the accessibility at Tggg loci in early thymocyte
subsets largely reflected enhancer priming?8: 29,

Distinct regulatory logic underlies early poising at Tggg loci

Next, we sought to identify potential transcription factors that could be targeting these
regions in early T cell development by conducting transcription factor motif enrichment
analysis within accessible Tggg loci specific to CD8* Tggg, CD4* Tyl, CD4* T2, CD4*
TH17 and CD4* Tgp cells in ESCs, HSCs, MPPs, CLPs, ETP, DN2a and DN3 thymocytes
using the same ATAC-seq profiles generated above. We found a sharp enrichment of ETS
and RUNX motifs at the ETP-DN3 stages at all assessed Tggr loci (compared to ESC-
CLPs), and a more modest enrichment of AP-1 motifs in ETP-DN3 stages at accessible loci
specific for CD4* Tl, CD4* T2 and CD4* T17 cells compared to those specific for
CDS8™" Tgge cells or CD4™ Ty cells (Fig. 2a). Motifs for STAT factors (e.g. STAT3, STAT4,
STATS5) were enriched in DN2a-DN3 thymocytes at accessible loci specific for CD4* T2
cells and CD8* Tggr cells (Fig. 2a). Using published ChlIP-seq datasets30: 31, 32, 33, 34, 35,
36,37 we detected robust localization of AP-1 and STAT factors, as well as NFAT and
NF-xB, at Tgrg loci poised at ETP-DN3 stages in activated CD4* Tyl cells, CD4* Ty17
cells and CD8* Tggr cells (Extended Data Fig. 5a-e), suggesting that accessibility at these
early stages of T cell development may specify the genomic regions that signal-regulated
transcription factors could later target upon TCR and cytokine receptor signaling.

We next used the STRING database (string-d.org) to generate a network of known and
predicted protein-protein interactions between the top decile of transcription factors from
our motif enrichment analysis and subunits of the major cofactor complexes attributed to
promoting de novo chromatin accessibility?8: 2%: 38 sych as the trithorax group complexes
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mSWI/SNF (also known as BAF) chromatin remodeling complex and COMPASS histone
methyltransferase complex. We observed a strong bias of interactions between the
transcription factors and subunits of the mSWI/SNF complex, an antagonist of Polycomb
repression3® (Fig. 2b). Aggregate density analysis of published H3K27me3 ChIP-seq® read
dyads indicated focal depletion of H3K27me3 at Tggr loci compared to other accessible
regions of the genome in ETP-DN2b thymocytes (Fig. 2c), consistent with the eviction of
Polycomb following recruitment of mSWI/SNF to Tggg loci.

To test the functional role of mSWI/SNF in the early poising of Tggr loci, we generated
Smarcad”"RosaCeERTZ/NTNG mice, in which tamoxifen treatment induces deletion of the
gene encoding the mSWI/SNF ATPase SMARCAA4, also known as BRG1. We sorted

and cultured Smarcad4”"RosaCreERTZ/NTNG | jn~Sca-1*c-Kit* (hereafter LSK) hematopoietic
progenitors on OP9-DL440 (Extended Data Fig. 6a) and treated with tamoxifen or ethanol

at day 4 of culture (30h), washed out, replated and sorted GFP* KO (hereafter SMARCA4
cKO) or tdTomato* WT (hereafter SMARCA4 WT) ETP, DN2a or DN3 thymocytes at day
8 for ATAC-seq (Extended Data Fig. 6b). GFP* SMARCA4 cKO cells were outcompeted by
tdTomato* cells in the same tamoxifen-treated culture (Extended Data Fig. 6b), suggesting

a fitness loss in SMARCAA4 cKO cells. However, the ratio of ETP:DN2a:DN3 thymocytes
was comparable between SMARCA4 cKO and SMARCA4 WT thymocytes in the OP9-DL4
co-cultures (Extended Data Fig. 6b), suggesting the developmental heterogeneity of cells

at the time of tamoxifen treatment yielded asynchronously differentiating SMARCA4 cKO
cells to reach respective ETP, DN2a and DN3 stages prior to depletion of SMARCA4

levels. We found significant decreases in chromatin accessibility at 5,209, 10,743 and
10,415 Tgpr loci in SMARCA4 cKO compared to SMARCA4 WT ETP, DN2a and DN3
thymocytes, respectively (Fig. 2d). Furthermore, the de novo gain in ATAC-seq fragment
density at Tgrg loci established in SMARCA4 WT ETPs was substantially diminished at
74.6% and 70.5% of these loci in SMARCA4 cKO DN2a and DN3 thymocytes, respectively
(Fig. 2e,f). Likewise, the de novo accessibility at Tggr loci established in SMARCA4 WT
DNZ2a thymocytes became diminished in 80.9% of SMARCA4 cKO DN3 thymocytes (Fig.
2e,f). These results indicated that SMARCAA4 had a critical role in the establishment and
maintenance of chromatin accessibility at Tegg loci in early T cell development.

To determine whether the loci dependent on SMARCA4 for chromatin accessibility in ETP-
DN3 thymocytes (Extended Data Fig. 6¢) were directly bound by mSWI/SNF, we performed
CUT&RUN (cleavage under targets & release using nuclease)*! for BAF155, a core

subunit of mMSWI/SNF, in sorted Lin"CD25"CD4~CD8~ DN2-DN3 thymocytes (hereafter
DN2-DN3) differentiated from wild-type mouse LSK progenitors on OP9-DL4 cultures. We
found BAF155 CUT&RUN fragment density selectively enriched at Tggg loci compared to
accessible regions that were not Tggg loci in wild-type DN2-DN3 thymocytes (Extended
Data Fig. 6d). Moreover, we found robust mSWI/SNF occupancy at 82.8% of SMARCA4-
induced ETP-DN3 established Tggg loci compared to that at background regions +2 kb of
these loci (Fig. 2e,f, Extended Data Fig. 6¢). Of note, the changes in chromatin accessibility
at Tgrr loci in SMARCAA4 cKO ETP-DN3 thymocytes did not correlate with local mMRNA
expression from the associated genes, as the large majority (~86—-89%) of the Tggg loci were
associated with transcriptionally inactive genes (Extended Data Fig. 4a) and less than 1% of
the transcribed Tggr loci (~11-14% of total Tgpr loci) were downregulated in SMARCA4
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cKO compared to SMARCA4 WT ETP-DN3 thymocytes (Extended Data Fig. 6e,f). Taken
together, these data indicated that mSWI/SNF was a positive regulator of chromatin poising
at Tgrr loci in early T cell development.

RUNX1 facilitates mSWI/SNF recruitment to poise Tggg loci

To identify the specific transcription factors that interacted with mSWI/SNF to establish

and maintain accessibility at Tggg loci in early T cell development, we leveraged the ATAC-
seq data from SMARCA4 cKO ETP-DN3 thymocytes to distinguish the motif lexicon

of SMARCA4-induced versus SMARCA4-independent Tggg loci. We found significant
enrichment of binding motifs for ETS and RUNX factors at an order of magnitude greater
than that for CTCF motifs within SMARCAA4-induced regions (e.g. Prf1, 112, Icos) in
ETP-DN3 thymocytes. In contrast, SMARCAA4-independent sites (e.g. Kirgl, Ccrd, Sell)
were significantly enriched for CTCF motifs at an order of magnitude greater than that

for ETS and RUNX motifs (Fig. 3a). Because half of all transcription factor-mSWI/SNF
associations in the above STRING-generated protein interaction network was connected to
RUNX1, we focused on RUNX1 as a potential mSWI/SNF targeting factor. Using published
ChIP-seq datasets?”: 42, we investigated whether RUNX1 bound to the same Tggr loci

that mSWI/SNF regulated in ETP-DN3 thymocytes. We found focal RUNX1 occupancy at
87.2% and 85.9% of SMARCA4-induced Tggg loci in ETPs and DN2-DN3 thymaocytes,
respectively, with enhanced RUNX1, but not CTCF ChIP-seq?6 read density at these sites
compared to SMARCA4-independent Terg loci (Fig. 3b), indicating preferential localization
of RUNX1 at SMARCA4-induced sites in ETP-DN3 thymocytes. Leveraging the ETP-DN3
SMARCA4 WT and SMARCAA4 cKO ATAC-seq datasets, we assessed differences in
transcription factor footprinting at Tggg loci with RUNX1 motifs (e.g. /fng, 112, Icos).

We found the difference in Tn5 insert density between the center and flanking regions

of the RUNX1 motif (footprint depth) was substantially diminished by 29.9%, 24.2% and
39.1% in SMARCA4 cKO compared to SMARCA4 WT ETPs, DN2a and DN3 thymocytes,
respectively (Fig. 3c). By contrast, no change in footprint depth was detected at the CTCF
motif at the same stages (Fig. 3c), indicating synergy between RUNX1 and mSWI/SNF
co-occupancy at SMARCA4-induced Tggg loci in early thymocyte progenitors.

To test whether mSWI/SNF localization at Tgrg loci in ETP-DN3 thymocytes depended on
RUNX1, we generated Runx1?TRosaCreERTZ/NTNG mice, cultured sorted LSK progenitors on
OP9-DL 4, treated them with tamoxifen or ethanol at day 4, washed out, replated and sorted
GFP* cells (hereafter RUNX1 cKO) or tdTomato* cells (hereafter RUNX1 WT) ETPs at day
8 (Extended Data Fig. 7a). BAF155 CUT&RUN in RUNX1 cKO ETPs and pooled DN2-
DN3 thymocytes indicated a marked loss of mSWI/SNF localization at Tggg loci compared
to RUNX1 WT ETP and DN2-DN3 thymocytes (Fig. 3d), with a more pronounced loss

of BAF155 occupancy at SMARCA4-induced compared to SMARCA4-independent Tegg
loci (Fig. 3d), suggesting that RUNX1 was required for recruitment of mSWI/SNF to Tgrg
loci in ETP-DN3 thymocytes. To determine whether the loss in mSWI/SNF targeting due
to RunxI deletion impacted chromatin accessibility at Tggg loci, we performed ATAC-seq
on sorted RUNX1 cKO and RUNX1 WT ETP, DN2a and DN3 thymocytes and found
74.2%, 82.0% and 81.3% of SMARCA4-induced loci (e.g. /cos, /fng) exhibited decreased
chromatin accessibility in RUNX1 cKO compared to RUNX1 WT ETPs-DN3 (Fig. 3e-
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h), indicating strong synergy between RUNX1 and SMARCAA4 in establishing chromatin
accessibility at Tegg loci. The mRNA levels at <1% of transcriptionally active Tggg loci
were downregulated in RUNX1 cKO compared to RUNX1 WT ETP-DN3 thymocytes
(Extended Data Fig. 7b-g), indicating that changes in chromatin accessibility at the RUNX1-
induced Tggg loci were not caused by changes in local gene expression. Together, these
results showed that RUNX1 and mSWI/SNF cooperated to facilitate the induction of de
novo accessibility at Tgpp loci in early T cell development.

BCL11B maintains poising at SMARCA4-induced Tggf loci

mSWI/SNF complexes assemble lineage-specific combinations of subunits to impart unique
biological functions across different tissues*3. BCL11B, a major determinant of T lineage
commitment whose expression is induced at the DN2a stage#4 45 46 js the only putative

T cell-specific mSWI/SNF complex subunit reported to date*’. To investigate whether
BCL11B contributed to imparting T cell-specific mSWI/SNF function that promoted
chromatin accessibility at Tegg loci in early T cell development, we profiled the genomic
occupancy of BCL11B in sorted wild-type mouse DN2-DN3 thymocytes using published
ChIP-seq datasets?”. We found robust BCL11B occupancy at 82.8% of SMARCA4-induced,
ETP-DN3 established Tggg loci in DN2-DN3 thymocytes compared to that at background
regions +2 kb of these loci (Fig. 4a,b). Furthermore, we found enhanced focal BCL11B
ChiIP-seq read density at mSWI/SNF-localized, SMARCA4-induced Tggg loci compared

to that at SMARCAA4-independent Tggg loci (Fig. 4a,b). To determine whether this
preferential localization had functional consequences, we generated Vavi-iCre* Bel11b7*
mice and performed ATAC-seq on sorted DN2a and separately sorted DN3 thymocytes
from Vavi-iCre* Bel116"f mice (hereafter BCL11B cKO) and Vavi-iCre” Bcl11b™ sex-
matched littermates (hereafter BCL11B WT) (Extended Data Fig. 8a). 70.7% and 54.6%

of SMARCAU-induced Tggr loci had diminished chromatin accessibility in BCL11B

cKO compared to BCL11B WT DN2a and DN3 thymocytes, respectively (Extended

Data Fig. 8b). These changes had little correlation to mMRNA levels?8 at the respective
differentially accessible Tgrr loci (Extended Data Fig. 8c,d). The combined DN2a and DN3
(hereafter DN2a-DN3) ATAC-seq datasets identified 8,576 Tggg loci (e.g. //2, Ifng) that
required both BCL11B and SMARCA4 for chromatin accessibility at these developmental
stages (Fig. 4c,d). We also identified 4,463 SMARCAA4-induced Tggr loci at which the
chromatin accessibility was greater in BCL11B ¢KO compared to BCL11B WT DN2a-DN3
thymocytes (e.g. //17a, Fcerlg) (Fig. 4c,d and Extended Data Fig. 8e). The amplitude of
chromatin accessibility at these BCL11B-repressed loci was substantially lower compared
to BCL11B-induced loci in BCL11B WT DN2a-DN3 thymocytes (Extended Data Fig.

8f), suggesting that these loci were dampened at these stages of thymocyte differentiation.
Considering the prominent role of BCL11B in alternative lineage exclusion®4 45 46 we
used published ATAC-seq datasets® and found a greater overlap between BCL11B-repressed
compared to BCL11B-induced Tggg loci and the accessibility landscapes of natural killer
(NK) and innate lymphoid cells (ILCs) ILC1 and ILC3, but not ILC2 (Fig. 4e and Extended
Data Fig. 8g), consistent with the essential role of BCL11B in ILC2 identity and function®.
Taken together, these results suggested that BCL11B worked cooperatively with SMARCA4
to maintain a poised accessibility state at many Tggg loci in DN2a-DN3 thymocytes, while
dampening loci shared with alternative lineage programs.
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BCL11B maintains mSWI/SNF occupancy at Tggg loci

BCL11B was reported as a tightly associated, dedicated (i.e. doesn’t associate with other
complexes or exist in nucleoplasm as unassociated factor) T cell-specific subunit of the
mSWI/SNF complex in a T acute lymphoblastic leukemia cell line (CCRF-CEM)*’. To
determine whether this interaction was observed in untransformed primary thymocytes, we
conducted reciprocal co-immunoprecipitation (co-I1P) studies in nuclear lysates from total
thymocytes isolated from wild-type mice at an IP efficiency that depleted the target antigen
from the lysate flow-through. We found little to no detectable interaction between BCL11B
and SMARCA4 or PBRML1, a core subunit of the Polybromo mSWI/SNF complex#3, in
salt stringency ranging 50-300 mM for IP or wash conditions (Fig. 5a), while a physical
interaction between SMARCA4 and PBRM1 was detected at 300 mM salt concentration
(Fig. 5a). Co-IP experiments using nuclear lysates from CCRF-CEM T cells in the same
range of salt concentrations also detected no interaction between BCL11B and SMARCA4
or PBRM1 (Extended Data Fig. 8h).

To test whether BCL11B and mSWI/SNF subunits were in discrete complexes, we
determined the relative density of BCL11B-containing protein complexes. Contrary to
previous studies?’, we found that BCL11B-associated complexes were significantly more
dense than canonical mSWI/SNF complexes in both total thymocytes from wild-type

mice (SMARCAA4 fractions 10-15 vs. BCL11B fractions 15-22) and CCRF-CEM cells
(SMARCAA4 fractions 12-16 vs. BCL11B fractions 15-18) (Fig. 5b and Extended Data Fig.
8i). Treatment with benzonase endonuclease did not alter the density sedimentation of the
respective complexes through the glycerol gradient (Extended Data Fig. 8j), indicating

the readouts were not dependent on DNA or RNA in the nuclear lysates. These data
indicated that BCL11B was not a tightly associated, dedicated mSWI/SNF subunit in T
cell progenitors, and that it was largely associated in a distinct complex. However, we found
that increasing the nuclear lysate concentration by an order of magnitude to drive protein
interactions was sufficient to induce a weak but detectable physical interaction between
BCL11B and SMARCA4 (Extended Data Fig. 8k), suggesting the possibility that BCL11B
might exhibit weak, but meaningful affinity to mSWI/SNF complexes.

To investigate whether BCL11B facilitated the interaction between other transcription
factors and mSWI/SNF to overcome the nucleosomal barriers at Tggg loci, a process
previously described as ‘assisted loading’ or ‘competitive cooperativity’>0 51, we performed
BAF155 CUT&RUN in DN2-DN3 thymocytes sorted from BCL11B cKO or BCL11B WT
mice. 78.9% of Tgrr loci whose chromatin accessibility depended on both SMARCA4 and
BCL11B in DN2a-DN3 thymocytes exhibited a profound loss of BAF155 occupancy in
BCL11B cKO compared to BCL11B WT DN2-DN3 thymocytes (Fig. 5¢,d and Extended
Data Fig. 8l), indicating that BCL11B was a critical determinant of mSWI/SNF recruitment
at Tegg loci. In contrast, 69.2% of BCL11B-repressed Tggg loci that were also SMARCA4-
induced (e.g. //17a, Tox2) exhibited a modest gain of BAF155 occupancy in BCL11B cKO
compared to BCL11B WT DN2-DN3 thymocytes (Fig. 5¢,d and Extended Data Fig. 8l),
indicating BCL11B inhibited mSWI/SNF recruitment to Tggg loci enriched for NK and ILC
function. mSWI/SNF occupancy at BCL11B-induced and BCL11B-repressed regions was
highly correlated with the loss and gain of chromatin accessibility at the respective Tgrr
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loci in BCL11B cKO DN2a-3 thymocytes (Fig. 5¢,d), suggesting that BCL11B indirectly
specified mSWI/SNF targeting to Tggr loci at these developmental stages.

BCL11B and RUNX1 cooperate to maintain mSWI/SNF at Tggg loci

Because BCL11B preferentially targets RUNX motifs2” and RUNX1 was reported to
physically interact with mSWI/SNF in a Jurkat T cell line®2, we investigated whether
RUNX1 mediated the indirect cooperativity between BCL11B and mSWI/SNF. Published
ChlIP-seq datasets?’ indicated that BCL11B co-localized to the same SMARCAA4-induced
Terr loci as RUNX1 in DN2-DN3 thymocytes (Fig. 6a). Leveraging the ATAC-seq profiles
from RUNX1 cKO and RUNX1 WT DN2a-DN3 thymocytes, we found that 81.1% of
BCL11B-induced SMARCAA4-induced Tggr loci had decreased chromatin accessibility in
RUNX1 cKO compared to RUNX1 WT DN2a-DN3 thymocytes (Fig. 6b). We also found
that 84.3% of BCL11B-repressed SMARCA4-induced Tggg loci exhibited loss in chromatin
accessibility in RUNX1 cKO compared to RUNX1 WT DNZ2a-DN3 thymocytes (Fig. 6b),
indicating that the increased accessibility observed at these regions in BCL11B cKO DN2a-
DN3 thymocytes was dependent on RUNX1. These changes in chromatin accessibility had
little correlation with local gene expression at the respective Tggr loci (Extended Data Fig.
7b-g).

To test whether RUNX1 associated directly with mSWI/SNF in primary thymocytes, we
performed reciprocal, depleting co-1Ps from nuclear lysates of total thymocytes from wild-
type mice. RUNX1 co-1Ped with SMARCA4 at 300 mM salt concentrations independent
of benzonase treatment (Fig. 6¢). However, the majority of RUNX1 in the nuclear lysate
did not interact with SMARCA4 and was observed in the IP flow-throughs (Fig. 6c¢),
suggesting specific conditions, such as conformational states, might be necessary for
interaction. To explore the potential heterogeneity of RUNX1 complexes, we performed
density sedimentation in total thymocyte nuclear lysates from wild-type mice. RUNX1
was found across many fractions of varying densities (Fig. 6d), indicating distinct protein
complexes competed for RUNX1 in the nucleus. Using the DN2-DN3 BAF155 CUT&RUN
and RUNX1 ChlIP-seq data from wild-type mice, we found that 56.6% of RUNX1-occupied
genomic sites were also occupied by BAF155 (Extended Data Fig. 9a). Considering the
strong preferential localization of mMSWI/SNF to Tggg loci compared to other accessible
regions in the DN2-DN3 thymocyte genome, these results suggested that the fraction of
RUNX1 that localized at Tggg loci could be enriched in RUNX1-mSWI/SNF complexes
relative to the heterogeneous pool of other RUNX1 complexes in the nucleus. We observed
that most of the BCL11B in the nuclear lysate from total thymocytes from wild-type

mice was pulled down by RUNX1 immunoprecipitation (Fig. 6¢), suggesting that most
BCL11B-associated complexes contained RUNX1. However, only a subset of the RUNX1
in the nucleus was pulled down by BCL11B immunoprecipitation (Fig. 6¢), indicating the
existence of heterogeneous RUNX1 complexes. Together, these data pointed to at least two
distinct RUNX1 complexes, a BCL11B-associated complex and a mSWI/SNF-associated
complex, that worked cooperatively to target and mediate remodeling of chromatin at Tggg
loci.
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Next, we tested whether cooperativity between BCL11B and RUNX1 was required for their
mutual targeting to SMARCAA4-induced Tggr loci. Analysis of published RUNX1 ChlP-
seq data from Lin~c-Kit*CD25" Bc/1147fCreERT2 DN2a-DN2b thymocytes?’ showed that
87.5% of BCL11B-induced SMARCA4-induced Tggg loci exhibited loss in RUNX1 ChlP-
seq read density in tamoxifen-treated (hereafter Bc/116-/-) compared to ethanol-treated
(hereafter Bcl11b+/+) Bel1167fCreERT2 DN2a-DN2b thymocytes (Fig. 6e,f and Extended
Data Fig. 8m), indicating that RUNX1 localization at these SMARCA4-induced Tggr loci
was dependent on BCL11B. By contrast, 66.2% of BCL11B-repressed SMARCA4-induced
Terr loci exhibited gain in RUNX1 ChlP-seq read density in Bc/11b-/-) compared to
Bcl116+/+ DN2a-DN2b thymocytes, albeit at a lower magnitude (Fig. 6e,f and Extended
Data Fig. 8m), comparable to the gain in BAF155 occupancy at these same regions

in BCL11B cKO compared to BCL11B WT DN2-DN3 thymocytes. Using the BAF155
CUT&RUN data from RUNX1 cKO and RUNX1 WT DN2-DN3 thymocytes, we found
that 72.9% of BCL11B-repressed SMARCA4-induced Tggg loci exhibited loss in BAF155
CUT&RUN fragment density in RUNX1 cKO compared to RUNX1 WT DN2-DN3
thymocytes (Fig. 6e,f). Together, these results suggested that BCL11B facilitated the
prioritization of RUNX1-mSWI/SNF complexes away from more inflammatory Tggg loci
shared with NK and ILCs (e.g. //17a, Fcerlg) and towards other Tggg loci (e.g. /12, Ifng,
1127, Ctla4), where a RUNX1-BCL11B associated complex and the RUNX1-mSWI/SNF
complex potentially alternated occupancy at the same target sites in a ‘collaborative
competition”>%: 51 that resulted in a net increase in binding of both complexes.

PU.1 partners with RUNXL1 to poise Tggg loci at ETP-DN2a stages

Next, we revisited the nature of the RUNX1-mediated induction of accessibility in ETP-
DNZ2a thymaocytes, prior to BCL11B expression. To identify potential transcription factors
that cooperated with RUNX1 for mSWI/SNF recruitment to Tggg loci in ETP and

DN2a thymocytes, we performed differential transcription factor footprinting at all known
transcription factor motifs that resided within Tggg loci in ETP and DN2a thymocytes
using the SMARCA4 cKO and SMARCA4 WT ATAC-seq datasets from these stages.
Based on the differential footprint depth at target motifs between the SMARCA4 WT and
SMARCAA4-KO Tnb5 insert profiles, PU.1 was identified as a potential RUNX1 partner for
recruitment of mMSWI/SNF to Tggg loci in ETP-DN2a thymocytes (Fig. 7a,b), consistent
with the reported PU.1-dependent RUNX1 genomic targeting® in ETPs and mSWI/SNF-
dependent PU.1 genomic localization in myeloid cells®* 55, Analysis of published ChIP-
seq datasets3? indicated that PU.1 had strong preferential binding to SMARCA4-induced
compared to SMARCA4-independent Tegg loci in ETP and DN2a thymocytes (Fig. 7c),
the same sites targeted by RUNX1 and mSWI/SNF complexes. Moreover, 88.1% of the
SMARCAA4-induced Tggg loci occupied by PU.1 in ETP and DN2a thymocytes were
occupied by BCL11B in DN2-DN3 thymocytes (Fig. 7d,e) when PU.1 is no longer
expressed. These observations suggested that BCL11B maintained chromatin accessibility
at Tgrr loci in DN2-DN3 thymocytes by maintaining the occupancy of RUNX1 and the
associated mSWI/SNF complex that was initiated by PU.1 in ETPs.

To determine the functional importance of PU.1 in establishing chromatin accessibility
at Tege loci, we compared accessibility landscapes generated from published ATAC-seq
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datasets®3 between DN2a thymocytes from R0sa“? mice transduced at the ETP stage

with retrovirus encoding scrambled sgRNA (hereafter PU.1 WT) or sgRNA targeting

Spil, which encodes PU.1 (PU.1 KO). 63.3% of all SMARCA4-induced Tggg loci and
63.4% of the BCL11B-induced subset were diminished in PU.1 KO compared to PU.1

WT DN2a thymocytes (Fig. 7f-h), with no correlation to local mMRNA expression®3 at the
respective Tgpr loci (Extended Data Fig. 10a,b). These observations indicated that PU.1 and
BCL11B acted as stage-specific RUNX1 partners that allowed the cooperative recruitment
of mSWI/SNF to Tggr loci in ETP, DN2 and DN3 thymocytes (Extended Data Fig. 10c).

DISCUSSION

Here, we provide evidence that T cells specified lineage-specific effector activity through
priming the chromatin landscape early in development, independently of the antigen
receptor. This “effector licensing’” was mediated by a relay of transcription factors that
conditions the genome for later targeting by signal-dependent transcription factors.

We identified that chromatin accessibility at Tgrr loci was induced in ETPs, before
commitment to the T cell lineage in DN2b thymocytes, indicating distinct mechanisms
underlying T effector poising and lineage commitment. However, we found considerable
overlap in the molecular determinants, especially pertaining to the cooperativity between
RUNX1 and PU.1 or RUNX1 and BCL11B#8. 53.56_ RUNX1 was shown to be largely
localized to accessible regions of the genome (82.5%); however, chromatin accessibility
did not strictly correlate with some of the changes in RUNX1 occupancy between ETPs
and the DN2b/DN3 stage, which are associated with lineage commitment>6. These results
are consistent with our finding that the majority of mSWI/SNF targeting to Tggg loci in
early T progenitors depended on RUNXZ, but only a subset of RUNX1 in the nucleus
physically associated with mSWI/SNF. Stoichiometric levels of RUNX1 were also shown to
be limiting, as overexpression of RUNX1 resulted in localization at previously inaccessible
regions enriched for NK or ILC-specific loci®®. These results are consistent with our
findings that Bc/11b deletion lead to a shift in RUNX1 and mSWI/SNF occupancy to Tggr
loci that are normally repressed by BCL11B and have significant overlap with the NK and
ILC regulatory landscapes.

Our findings highlight the uncoupling of the developmental acquisition of specialized
effector potential and the signal-triggered gene expression that ultimately elicits specific
effector activity. These results could reflect a design principle that allows distinct lineages
of the immune system to use the same signaling pathways to execute disparate roles, which
collectively orchestrate pathogen elimination, immune memory and tissue repair.

METHODS

Mice

Mice used in this study were housed in pathogen-free facilities at the University of

Chicago or Stanford University. All mice were housed in positively pressurized individually
ventilated cage racks and changed in biological safety cabinets. Cage supplies are sanitized
using hot water (180°F). Bedding and shredded paper enrichment were autoclaved and
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cages were provided with irradiated food. Reverse Osmosis water was provided by an
automated watering system directly to each cage. Rodent housing rooms were maintained
at a 12-hour light / 12-hour dark cycle. Temperature and humidity were within the Guide
for the Care and Use of Laboratory Animals recommended ranges: 68-79°F and 30-70%
humidity. All experiments and animal use procedures were conducted in compliance with
the National Institutes of Health Guide for the Care and Use of Laboratory Animals

and were approved by the Institutional Animal Care and Use Committee (IACUC) at

the University of Chicago and Stanford University. B6N.129S6- Gt{(ROSA)26Sortm1(CAG-
tdTomato*, -EGFP*)Eesl] (i.e. Rosa26'T"C), B6.129- GI(ROSA)26Sortm1(cre/ERT2) Tyji)
(i.e. Rosa26C"®ERT2) B6.Cg-Tg(VAV1-cre)1Graf/Mdf) (i.e. Vavi-iCre) and C57BL/6J mice
were purchased from Jackson Laboratories. Smarca4'" mice were originally obtained from
P. Chambon (University of Strasbourg)®?, Bc/1147f mice were provided by M. Leid (Oregon
State University)°8 and RunxIf mice were provided by P. Liu (NIH/NHGRI), originally
generated by D. Littman (New York University)>°. These mice were bred to generate
SMARCA4-KO (Smarca4’f Rosa26CTeERT2NTNG) 'BC11B cKO (Vavi-Cre* Bel114) and
RUNX1-KO (RunxIf Rosa26CreERT2INTnG) strains for experiments. Bone marrow was
harvested at 2-4 months of age. Primary thymocytes were harvested at 4-6 weeks of age.
Sex-matched littermates were used for all genetic perturbations.

Cell lines and culture

OP9-DLA cells were provided by their inventor, J. C. Zifiga-Pflicker (University of
Toronto). OP9-DL4 cells were cultured at 37°C and 5% CO5 in OP9 culture medium

(MEM Alpha (Gibco) with 20% FBS (R&D Systems), 1% Penicillin-Streptomycin (Gibco)).
CCRF-CEM (CCL-119) cells (human female) were purchased from ATCC. CCRF-CEM
cells were authenticated by ATCC via short tandem repeat (STR) profiling. CCRF-CEM
cells were cultured at 37°C and 5% CO» in RPMI (Gibco) containing with 10% FBS

(R&D Systems), 2mM L-glutamine (Gibco), 10mM HEPES (Gibco), 1mM sodium pyruvate
(Gibco), 1% Penicillin-Streptomycin (Gibco). All cell lines showed expected cell surface
protein expression and pro-T cell development proceeded as expected.

Flow cytometry and cell sorting

Cells were incubated for 15 minutes at 4°C with relevant antibody mix diluted in T

cell FACS buffer (2% FCS, 0.5% BSA, 10 mM EDTA in PBS). Flow cytometry data

were acquired and cell sorting was performed using FACS Symphony S6, FACSAria
Fusion, or FACSAria Il equipped with a 70 pm nozzle (BD Biosciences). Fluorochrome-
conjugated monoclonal antibodies specific for mouse CD4 (clone GK1.5 1:150), CD8a
(clone 53-6.7 1:150), y8TCR (clone GL3 1:150), CD11b (clone M1/70 1:150), CD11c
(clone N418 1:150), CD19 (clone 6D5 1:150), CD45R / B220 (clone RA3-6B2 1:150),
NK-1.1 (clone PK136 1:150), Ly-6G/Ly-6C / Gr-1 (clone RB6-8C5 1:150), Erythroid Cells
(clone TER-119 1:150), CD25 (clone PC61, 1:100), CD44 (clone IM7 1:100), CD45 (clone
30-F11 1:100), CD117 / c-Kit (clone 2B8 1:100), Ly-6A/E / Sca-1 (clone D7 1:100), CD69
(clone H1.2F3 1:100), CD62L (clone MEL-14 1:100), TCR-B (clone H57-597 1:100) were
purchased from BioLegend. Dead cells were excluded using DAPI (Invitrogen 1:20).
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Isolation of Lin~Sca-1 c-Kit* hematopoietic progenitors

Femurs and tibia of 2-4 month-old mice were mechanically liberated using a mortar and
pestle to isolate bone marrow in OP9 media. Cells were filtered through 40 um mesh
strainer, red blood cells were lysed (BD PharmLyse) and CD4~ CD8™ CD11b~ CD11c™
CD19™ GR-1" Terl119™ NK1.1™ y86TCR™ cells were enriched using Direct Lineage Cell
Depletion Cocktail (Miltenyi Biotec). Cells were stained with fluorescent antibodies in T
cell FACS Buffer (2% FCS, 0.5% BSA, 10 mM EDTA in PBS) and sorted for DAPI~ CD4~
CD8~ CD11b~ CD11c™ CD19~ B220~ GR-1~ Terl19~ NK1.1~ y8TCR™ Sca-1* c-KitM
population into OP9 medium using aseptic FACS with Symphony S6, FACSAria Fusion, or
FACS Aria Il (BD Biosciences).

OP9 co-culture and differentiation

FACS-sorted primary Lin~ Sca-1* c-Kith progenitors were co-cultured with OP9-DL4 cells
as previously described.50 Briefly, sorted Lin~ Sca-1* c-Kit" progenitors were resuspended
in OP9 culture medium supplemented with 5 ng /mL Flt-3L (R&D Systems), 1 ng/mL

IL-7 (PeproTech) and 2.5 pg/mL Plasmocin Prophylactic (InvivoGen), then seeded onto
80%-90% confluent OP9-DL4 plates. Progenitors were split onto fresh OP9-DL4 plates
every 4 days via mechanical liberation (without trypsin). For tamoxifen-inducible deletion
at day 4 of co-culture, (2)-4-Hydroxytamoxifen (Sigma) dissolved in ethanol was added

to the supplemented OP9 culture medium at 1 pM for 30 hours. An equivalent volume of
ethanol was added to the control samples. After 30 hours, progenitor cells were replated
onto fresh OP9-DL4 plates. On Day 8 of co-culture, progenitor cells were mechanically
liberated from co-culture dishes and differentiating T cell subsets were isolated via FACS.
Live (DAPI™), lineage-negative (CD11b~ CD11c™ CD19™ B220~ GR-1" Ter119™ NK1.1~
vS8TCR™ EpCAM™), DN (CD4~ CD8") gated cells were sorted as “ETP” (CD25™ c-KitM),
“DN2a” (CD25" c-Kith) and “DN3” (CD25" ¢c-Kit"). For genetic perturbations, DN subsets
were additionally gated for tdTomato or GFP based on Cre activity as reported by the
Rosa26"T"G allele. For inhibition of calcineurin activity, FK506 (Selleckchem) was added to
supplemented OP9 culture medium at 30 nM at day 4 of co-culture. An equivalent volume
of DMSO was added to the control samples. On Day 8 of co-culture, progenitors were
mechanically liberated and FACS-sorted as described above.

Isolation of primary thymocytes

Thymi from 3-6 week-old mice were removed and small cortical incisions made prior

to mechanical agitation with wide-bore glass pipettes in DMEM/F-12 (Gibco) to liberate
thymocytes. BCL11B cKO thymi were digested with 1.25 pg/mL Collagenase 1V (Sigma)
and 1.0 yg/mL DNase I (Sigma) in DMEM/F-12 for 5 min at 37°C for efficient liberation
of thymocytes. Cells were stained with antibodies in T cell FACS buffer and live, lineage-
negative (DAPI~ CD11b™ CD11c™ CD19™ B220™ Gr-1" Ter119™ NK1.1™ y8TCR™) gated
cells were sorted as “DP” (CD4* CD8* TCR-B!° CD697), “CD4SP” (CD4* CD8~ TCR-g)
and “CD8SP” (CD4~ CD8* TCR-g). For isolation of DN thymocytes, cells were initially
enriched via negative selection against CD8a using MACS with CD8a (Ly-2) microbeads
(Miltenyi Biotec). Live, lineage-negative (DAPI~ CD11b™ CD11c™ CD19™ B220™ Gr-1~
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Ter119™ NK1.1~ y8TCR™) DN (CD4~ CD8") cells were sorted as “ETP” (CD25~ ¢c-Kith),
“DN2a” (CD25* c-Kith), “DN3” (CD25* c-Kit™) and “DN4” (CD25™ c-Kit™ CD44").

Peripheral T cell isolation and stimulation

Spleen and lymph nodes from 3-6 week-old mice were isolated in RPMI 1640 (Gibco)
supplemented with 10% FCS and 1% Penicillin-Streptomycin (10% RPMI). Cells were
liberated by mincing with syringe plunger and filtered through 40 pm strainer. After ACK
lysis, cells were stained with antibodies in T cell FACS buffer. Live, lineage-negative
(DAPI~ CD11b™ CD11c™ CD19™ CB220~ Gr-1" Ter119™ NK1.1™ y8TCR™) T cells (TCR-
M) were sorted as “CD8* Ty” (CD8* CD4~ CD44!° CD62LM) and “CD4* Ty (CD8"
CDA4* CD44lo cD62LNY). For jn vitro T cell activation, 96-well tissue-culture-treated
microtiter plates (Corning) were coated with 1 ug/ml anti-CD3e (clone 145-2C11) and 2
ug/ml anti-CD28 (clone 37.51) and incubated at 37°C for 90 min. After 3 cold PBS washes,
200k FACS-sorted CD8* or CD4* Ty cells were added to each well in 10% RPMI and
incubated for 72 h at 37°C, 5% CO,. Live (DAPI™), activated T cells were FACS sorted as
“CD4" Terr jn vitro” OF “CD8" TEFF jn vitro -

ATAC-seq sample preparation

ATAC-seq was performed as previously described®? with minor modifications. For nuclei
isolation of primary thymocytes or DN cells from OP9-DL4 co-cultures, 50,000-60,000
FACS-sorted cells were lysed in Thymocyte Hypotonic Buffer (25 mM HEPES, 5 mM
MgCl,, 0.05 mM EDTA, 10% Glycerol, 0.1% NP40). For nuclei isolation of peripheral
naive T cells or /n vitroactivated T cells, 50,000-60,000 FACS-sorted cells were lysed in
ATAC lysis buffer (10 mM Tris pH 7.4, 10 mM NaCl, 3 mM MgCl,, 0.1% Tween-20).
Tagmentation reactions were performed for 30 minutes at 37°C using reagents from Illumina
Tagment DNA TDE1 Enzyme and Buffer Kit. Tagmented DNA samples were purified with
DNA Clean & Concentrator-5 kit (Zymo Research). Libraries were quantified by qPCR,
amplified accordingly and purified using DNA Clean & Concentrator kit. Paired-end, dual-
index sequencing was performed on the Illumina NextSeg500 platform.

RNA-seq sample preparation

50,000-100,000 primary thymocytes or DN cells from OP9-DL4 co-cultures were FACS-
sorted directly into RULT lysis buffer from Qiagen RNeasy UCP Micro Kit and total RNA
was extracted using manufacturer’s instructions. mRNA was enriched and RNA-seq libraries
were constructed using the IHlumina TruSeq Stranded mRNA Kit. Paired-end, dual-index
sequencing was performed on the Illumina NovaSeq 6000 platform.

CUT&RUN sample preparation

CUT&RUN was performed as previously described*! with minor modifications. Briefly,
500k cells were washed 3x in Wash Buffer (20 mM HEPES pH 7.5, 150 mM NacCl,

0.5 mM spermidine, 1x EDTA-free protease inhibitor cocktail (Roche)), then bound to
Concanavalin-A beads (Bangs Laboratories) according to manufacturer’s instructions. Cells
were incubated with 1:100 dilution of anti-BAF155 antibody (G. Crabtree) for 2h or
overnight at 4°C in Permeabilization Buffer (1x Permeabilization Buffer (eBioscience), 0.5

Nat Immunol. Author manuscript; available in PMC 2024 May 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gamble et al.

Page 15

mM spermidine, 1x EDTA-free protease inhibitor cocktail, 2 mM EDTA). Sample was then
incubated with 700 ng/mL pA-MNase (S. Henikoff) in Permeabilization Buffer at 4°C for
1h. Digestion was performed in 0.5x Permeabilization Buffer supplemented with 2 mM
CaCls, at 4°C for 1h. The reaction was stopped by the addition of 2x Stop Buffer (final
concentration 100 mM NaCl, 10 mM EDTA, 2 mM EGTA, 20ug/mL glycogen, 25ug/mL
RNase A (Thermo Fisher)) and the sample was incubated at 37°C for 20 min. Proteins in
sample was then digested in 0.1% SDS and 250 pug/mL Proteinase K (New England Biolabs)
for 2h at 56°C, shaking gently. CUT&RUN fragments were purified by phenol chloroform
extraction. CUT&RUN libraries were generated using NEBNext Ultrall DNA Library Prep
Kit for lllumina coupled with NEBNext Multiplex Oligos for Illumina (New England
Biolabs) with modifications optimized for small fragments as detailed in https://dx.doi.org/
10.17504/protocols.io.wvgfe3w. Paired-end, dual-index sequencing was performed on the
Illumina NextSeq500 platform.

Preparation of nuclear extracts

CCRF-CEM cells or thymocytes from 3-6 week-old mice were liberated as above and
resuspended in Thymocyte Hypotonic Buffer supplemented with 1 mM DTT, 1 mM PMSF
and 1x cOmplete protease inhibitor cocktail (Roche). Following 15-minute hypotonic lysis
on ice, nuclei were centrifuged at 700 x g and resuspended in 600uL per 200e6 cells of
Buffer C (10 mM HEPES pH 7.5, 100 mM NaCl, 0.1 mM EDTA, 3 mM MgCl,, 10%
Glycerol). Ammonium sulfate was added drop-wise to 150 mM and samples rotated at 4°C
for 30 minutes. Lysates were centrifuged at 435,400 x g (100,000 RPM) in TLA 120.2 rotor
(Beckman Coulter) for 10 minutes at 4°C. Supernatant was transferred to an ice-chilled
tube and proteins were precipitated with 0.33 mg/uL ammonium sulfate on ice for 20
minutes. Lysates were centrifuged once more at 435,400 x g for 10 minutes. Supernatant
was discarded and pellets were used for downstream applications.

Density gradient sedimentation

Nuclear extracts were reconstituted in 0% glycerol HEMG buffer (25 mM HEPES pH 7.9,
0.1 mM EDTA, 12.5 mM MgCl,, 100 mM NacCl) supplemented with 1 mM DTT, 1 mM
PMSF and 1x cOmplete protease inhibitor cocktail. For samples treated with benzonase,
benzonase (Sigma 9025-65-4) was added to the nuclear extract (=25 units/pL) and sample
was pipette-mixed and incubated on ice for 30 minutes. 1 mg of nuclear extract (200 pL)
was overlaid onto a 10-30% glycerol gradient (in HEMG buffer) prepared in 14 x 89 mm
polypropylene centrifuge tubes (Beckman Coulter). Tubes were centrifuged at 274,400 x
g (40,000 RPM), 16 hours, 4°C in a SWA41-Ti rotor. 500 uL fractions were collected and
subjected to immunaoblotting directly or after concentrating using 50 pL StrataClean Resin
(Agilent Technologies).

Co-immunoprecipitation

Nuclear extracts were reconstituted in EB300, EB150, or EB50 buffer (50 mM Tris-HCI

pH 7.5, 1 mM EDTA, 1 mM MgCly, 1% NP-40, with 300 mM or 150 mM or 50 mM

NaCl, respectively), supplemented with 1 mM DTT, 1 mM PMSF and 1x cOmplete protease
inhibitor cocktail tablet and volume adjusted to 1 mg/mL or 10 mg/mL. Nuclear extracts
were incubated overnight with antibodies against SMARCA4 (Abcam, clone EPNCIR111A,
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0.01 ug/ul), PBRM1/BAF180 (Cell Signaling Technology, clone D3F70, 1:50), BCL11B
(Cell Signaling Technology, clone D6F1, 1:100), RUNX1 (Thermo, polyclonal; Cell
Signaling Technology, clone D4A6, 0.01 ug/ul), mouse 1gG (Santa Cruz, 0.01 ug/ul)

or rabbit IgG (EMD Millipore, 0.01 ug/ul). Washed Protein G Dynabeads (Invitrogen)
were added to samples for 3 hours. Immunoprecipitants (IPs) were harvested by magnetic
separation and remaining ‘supernatant’ was stored as “flow-thru” samples. IP samples were
washed 3 times in EB300, resuspended in LDS loading buffer with 100 mM DTT and
incubated at 70°C for 10 minutes. Dynabeads were removed and remaining samples were
subjected to Western blots.

Immunoblotting

Proteins were separated on a 4-12% PAGE gel (Invitrogen), transferred onto a PVDF
membrane (Millipore), blocked with 5% milk in TBST (20 mM Tris pH 7.6, 150 mM

NaCl, 0.1% Tween-20) for 1 hour at RT and incubated overnight at 4°C with primary
antibodies: rabbit anti-mouse BAF155 (courtesy of Crabtree Laboratory, 1:1000), rabbit
anti-SMARCA4 (Abcam, clone EPNCIR111A, 1:1000), mouse anti-human SMARCA4
(Santa Cruz Biotechnology, clone G-7, 1:1000), rabbit anti-PBRM1 (Cell Signaling
Technology, clone D3F70, 1:1000), rabbit anti-human BCL11B (Thermo, polyclonal,
1:1000), mouse anti-human RUNX1 (Santa Cruz Biotechnology, clone A-2, 1:1000).
Membranes were washed three times with TBST and incubated with secondary fluorophore-
conjugated antibodies (Bio-Rad) for 1 hour at RT. Membranes were washed three times with
TBST and imaged using Bio-Rad ChemiDoc MP Imaging System.

ATAC-seq pre-processing and peak definitions

Adaptor sequences were trimmed using SeqPurge (v2019_11). Trimmed reads were
mapped to mm10 mouse genome assembly using Bowtie2 (v2.2.9) with settings --very-
sensitive -X 2000. PCR duplicates were removed using Picard (v2.21.8) MarkDuplicates
REMOVE_DUPLICATES=true VALIDATION_STRINGENCY=LENIENT. Reads with
MAPQ scores below 30 were purged using samtools (v1.9) view with settings -6 -q 30 -f 2
-F 1804. Peaks were called for each sample using MACSZ2 (v2.2.7.1) with settings --shift -75
--extsize 150 --nomodel --call-summits --nolambda --keep-dup all -p 0.01 --min-length 100.
For each sample, a 501 bp fixed-width peak set was generated by extending the MACS2
summits by 250 bp in both directions. Peaks were ranked by significance (MACS2 peak
score) and overlapping peaks with lower peak scores were removed iteratively to create
non-overlapping sample peak sets. To facilitate comparison of peaks across samples, each
peak’s ‘score-per-million” (SPM) was calculated by dividing the peak score by the sum of
all peak scores in the sample, divided by 1 million. All sample peak sets were merged,

less significant overlapping peaks removed and remaining peaks were filtered for those

that were observed in at least two samples with an SPM value = 5. We removed peaks
mapping to chrY as well as any that spanned genomic regions containing “N” nucleotides.
We then removed any peak that overlapped with those called in activated B cell samples to
create a “Total T cell” merged peak set. To identify T effector-specific peaks, sample peak
sets from only peripheral T effector samples were merged and processed as above for non-
overlapping, robust, reproducible peaks purged of activated B cell peaks. To account for less
robust but significant T effector peaks which were robustly accessible in early thymocyte
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development, we added filtered sample peaks from ETP-DN4 stages (reproducible, SPM =
5) that overlapped with reproducible T effector peaks at SPM = 2 to this initial filtered T
effector merged set. This merged set was again filtered for non-overlapping, robust (SPM

> 5), reproducible peaks purged of activated B cell peaks to generate the final union peak
set referred to as ‘T effector loci’ (Tggg loci). Peaks from the “Total T cell” merged peak
set that did not overlap with Tggg loci are collectively referred to as ‘“Non-Tggg peaks’. To
generate peak-by-sample count matrices, ATAC-seq fragment counts within each peak were
normalized by the number of inserts intersecting nucleosome-depleted promoter regions
(—300 bp to +100 bp relative to transcriptional start-sites).

Differential chromatin accessibility analysis

Differential accessibility was assessed using L/mma (v3.50.1) in R. P-values for regression
coefficient estimates representing variation due to genotype were corrected for multiple-
testing using the Benjamini-Hochberg false discovery rate (FDR) method. Peaks exhibiting
FDR < 0.1 were regarded as significant. To define a collective set of ‘SMARCA4-dependent
Tegr loci’, we pooled the peaks that become differentially accessible at the respective

ETP (n=5,209), DN2a (n=6,985) and DN3 (n=3,393) stages for a grand total of 15,587
SMARCAA4-induced peaks. To define a collective set of ‘SMARCA4-independent Tgrg
loci’, we selected peaks with FDR > 0.5 and exhibiting differences in fold-change of
normalized ATAC-seq fragments between SMARCA4 WT and SMARCA4 cKO samples at
> 0.9 and < 1.1 at all stages of T cell development that were assessed (n=16,374 peaks).
One-sided Fisher’s exact tests were performed for over-representation in quadrants of fold-
change vs. fold-change scatter plots. Mann-Whitney U-tests were performed to identify
significant differences at medians of pairwise comparisons in cumulative distribution
function plots.

Transcription factor motif enrichment and footprinting

Enrichment of transcription factor binding motifs within peaks was computed using
HOMER (v4.11.1) findMotifsGenome.pl with settings -size 501 -mask. TF footprinting
was assessed by plotting normalized counts of ATAC 5’ inserts spanning a 200 bp
window relative to the motif center. Footprint counts were normalized by the nhumber of
inserts intersecting nucleosome-depleted promoter regions (—300 bp to +100 bp relative
to transcriptional start-sites). TF footprint depth was calculated by dividing the “flanking
accessibility” by the “footprint base”. Footprint base = normalized ATAC insert counts
within +/= 5 bp of motif center. Flanking accessibility = normalized ATAC insert counts
within 20 bp regions flanking the ends of the footprint base. Footprint base and flanking
accessibility counts were divided by the “footprint background” which was the normalized
ATAC insert counts at a 40 bp region 1 kb upstream of the motif center.

RNA-seq data processing

Adaptor sequences were trimmed using SegPurge (v2019_11). Trimmed RNA-seq reads
were mapped to the mm10 mouse genome assembly using 7opHat (v2.1.1) with settings
—microexon-search. Unmapped, unpaired and low quality reads (MAPQ < 5) were removed
using samtools (v1.9) view with settings -g 5 -f 2. Paired reads were counted for each

gene using featureCounts from Subread (v2.0.1). ‘Transcripts-per-million’ (TPM) values
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were calculated for each gene to quantify the relative abundance of transcripts for clustering
analysis. ‘“Trimmed mean of M values’ (TMM) was calculated for each gene for differential
comparisons across samples using edgeR (calcNormFactors). Common dispersions were
estimated using estimateCommonDisp and Benjamini-Hochberg false discovery rates
(FDRs) were calculated for pairwise comparisons using exactTest. Genes exhibiting FDR

< 0.05 were regarded as significant.

Protein interaction network

Known subunits of the mSWI/SNF, ISWI, INO80, COMPASS, Cohesin complexes and
the TFs representing the top motif enrichments of accessible Tggg loci in early thymocyte
progenitors were used as inputs to the STR/NG (v11.5) database (http://string-db.org/)

to construct a putative protein-protein interaction network. Parameters were set to Ful/
STRING network for high confidence (0.700) interactions using Experiments, Databases
and 7extmining as Active Interaction Sources. MCL clustering of the interaction network
was performed with /inflation parameter = 2.

CUT&RUN data processing

CUT&RUN reads were mapped to mm10 mouse genome assembly using Bowtie2 (v2.2.9)
with settings --/ocal --very-sensitive-local —no-unal —no-mixed —no-discordant —phred33

-1 10 -X 700. PCR duplicates were removed using Picard (v2.21.8) MarkDuplicates
REMOVE_DUPLICATES=true VALIDATION_STRINGENCY=LENIENT. Reads with
MAPQ scores below 30 were purged and excluded from downstream analysis using
samtools (v1.9) view -b -q 30 -f 2 -F 1804. To generate ATAC peak-by-sample count
matrices, CUT&RUN fragment counts within each peak were normalized by the number of
fragments intersecting nucleosome-depleted promoter regions (=300 bp to +100 bp relative
to transcriptional start-sites).

ChlP-seq data processing

ChlIP-seq reads were mapped to mm10 mouse genome assembly using

Bowtie2 (v2.2.9) with settings --very-sensitive -X 2000. PCR duplicates were

removed using Prcard (v2.21.8) MarkDuplicates REMOVE _DUPLICATES=true
VALIDATION_STRINGENCY=LENIENT. Reads with MAPQ scores below 30 were
purged and excluded from downstream analysis using samtools (v1.9) view -b -q 30 -F
1796. To generate ATAC peak-by-sample count matrices, ChlP-seq read counts within each
peak were normalized by sequence depth.

Genome Browser and Heatmap Visualizations

BedGraph files for ATAC-seq, ChlP-seq and CUT&RUN datasets were generated using
bedltools (v2.27.1) genomecovand normalized as described above. BedGraphs were
converted to BigWig format using bedGraphToBigWig (v4) and uploaded to the UCSC
genome browser (http://genome.ucsc.edu/) for visualization. Heatmaps of normalized
fragments/reads across genomic regions of interest were visualized using deep7ools (v3.5.1)
computeMatrix and plotHeatmap with settings -bs 100 --missingDataAsZero --skipZeros
--referencePoint center.
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Statistics and reproducibility

All experimental findings were reliably reproduced with at least 2 biologically independent
replicates for all experiments (except for ATAC-seq of CD4 SP and CD4 naive T cells

for which data was only taken from one biological replicate as they largely recapitulate

the data from CD8 SP and CD8 Naive T cells (performed with two biological replicates)
and is not the stage in T development the manuscript focuses on). No statistical method
was used to determine sample size. The number of replicates performed was determined
based on those of previous related studies?? 6. 62, 63,64 No animals or samples were
excluded from analysis. No method of randomization was used. Investigators were not
blinded to experimental group allocations. All controls and perturbations were performed
on sex-matched littermates. All experimental and bicinformatic processing for control and
perturbation groups was performed identically, together and in parallel for each replicate.
All statistical tests performed were non-parametric. For all statistical tests, P-values, sample
sizes and test “sidedness” (if applicable) are provided.

Extended Data
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Extended Data Figure 1. T effector loci reflect the chromatin and transcriptional profiles of
major T effector subtypes.

a, Heatmap of Z scores of TPM-normalized RNA-seq reads across the k-means
clustered (k=7) transcriptomes (less genes robustly expressed in Bggg cells) of
sorted CD4*CD44*TCRp!® splenic T cells?! 18h post-injection with CD3/CD40 Abs
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(hereafter CD4" Terr cascas0), SPlenic CD19"CD8 TCRBTCD4* T cells?! (hereafter

CD4* Tpan): Tewms CcDg* Terrs TRmy TH17cNs, TH17guta TeH, THL, TH2 and
CD11b™NK-1.1"TCRB~CD138*Blimp1i"MHCIIM plasmablast cells?! (hereafter PBgrr)
(n=2 each). b, Distribution of genomic displacement of T effector loci (hereafter Tggg loci)
in relation to the nearest TSS (signed logarithmic scale). ¢, Heatmap of statistical enrichment
(one-sided Fisher’s exact test) of Tgee peaks whose nearest gene is in RNA-seq k-means
cluster i (horizontal axis) within an ATAC-seq k-means cluster j (vertical axis; see Fig.

1a). d-g, Representative flow cytometry plots illustrating gating strategy for /n vivo DN
thymocyte FACS. h, Representative distribution (for all ATAC-seq samples) of normalized
Tn5 insertions within 2 kb of transcriptional start-sites (TSS). i, Representative genome
browser of ATAC-seq in ESC?%, HSC1Y, MPPL, CLPL, ETP, DN2a, DN3, DN4, DP, CD8
SP, Tny Terr cells and Berr cells at Gzmb (TE|:|:=CD8+ Terr in vitra) and /fﬂg (TEFFzTHl)
loci (1 of n=2 for each). Adjoined bars indicate RNA-seq-determined transcripts-per-million
(TPM) in each cell type.
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Extended Data Figure 2. Establishment and maintenance of chromatin accessibility at Tggg loci
inearly T cell development.

a-f, Bar plots representing the fraction of CD8* Tggp-specific (a), CD8* Try-specific

(b), CD8* Tcm-specific (c), CD4* Tl-specific (d), CD4* Ty2-specific (€), CD4* Tyl7-
specific (f) ATAC-seq peaks that became accessible (orange), are maintained accessible
from previous stage (blue) or are no longer accessible relative to previous stage (gray) at
ESC, HSC, MPP, CLP, ETP, DN2a and DN3 stages. g-, Corresponding violin plots (boxes
represent 25, 50t and 75t percentiles; whiskers represent median +/- 1.5 interquartile
range) representing the number of overlap between each ATAC-seq peak from CD8* Tggg-
specific (g), CD8" Tryp-specific (h), CD8* Tem-specific (i), CD4* Tyl-specific (j), CD4*
Tn2-specific (k), CD4* Ty17-specific (1) ATAC-seq profiles, grouped by the developmental
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windows (ESC, HPC, ETP-DN3 and respective Tggg cells) during which the ATAC-seq peak

first became accessible.
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Extended Data Figure 3. Chromatin accessibility at Tggg loci in early T cell progenitorsisnot

dependent on calcineurin activity.

a, Representative aggregate histograms (1 of n=2) of ATAC-seq Tn5 insertions in /n
vitro differentiated FK506-treated (calcineurin inhibitor) vs. DMSO-treated (control) ETP-
DN3 thymocytes at Tgpr loci that first became accessible in ETP-DN3 thymocytes. b,

Representative heatmaps (1 of n=2) of ATAC-seq in /n vitro differentiated FK506-treated

(calcineurin inhibitor) vs. DMSO-treated (control) ETP-DN3 thymocytes at Tggg loci that

first become accessible in ETP-DN3 thymocytes.
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Extended Data Figure 4. Enhancer priming mediates early chromatin accessibility at Tggg loci.
a, Heatmap of Z scores of TPM-normalized RNA-seq reads across the k-means clustered

(k=10) transcriptomes (less genes robustly expressed in PBggg cells) of ETP, DN2a, Lin~c-
Kit"CD25"CD44MNCD4~CD8™ (DN2b), DN3, CD4* Terr cug/eason CDA™ Tpan, Tom, CD8*
Terr, TRms TH17eNs: TH17gut TrHs TH1 and T2 cells (n=2 for each). b, Heatmap of Z
scores of TSS-normalized ATAC-seq fragments across the k-means clustered (k=9) Tgrr
loci in ETP, DN2, DN3, TrRM: CD8* TEFF in vitror CcD8g* Terr, Tems THL, TH2, TH17cNs,
TH17gut, Trn cells and Bepr cells (n=2 each). Labeled columns highlight ATAC-seq peaks
whose nearest gene represents a canonical gene reflective of a distinct T effector program.
c, Representative aggregate histograms of H3K4me13! (1 of n=2), H3K4me33! (1 of n=2),
H3K27ac32 (1 of n=2) or RNA Polymerase 1131 (POL I1) (1 of n=2) ChlP-seq or GRO-seq
dyads intersecting all Tgrg loci (blue), Tggg loci near active genes in ETP-DNS3 cells
(blue) and all non-Tggg loci (green) in DN2-DN3 thymocytes. d, Representative aggregate
histograms of H3K4me131 (1 of n = 2), H3K4me33! (1 of n = 2) ChIP-seq dyads at
promoter vs. gene-distal Tggg loci in DN2-DN3 thymocytes.
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Extended Data Figure 5. Signal-regulated transcription factorslocalize to developmentally
poised Tgpg loci in activated Teppg célls.

a, Heatmaps and aggregate histograms of JUNB occupancy (ChlIP-seq??) in Tyl cells (n=1),
JUNB in TH17 cells*0 (1 of n=2), JUND occupancy (ChIP-seq*?) in Ty17 cells (n=1)

at Tggr loci that contain Jun motifs. b, Heatmap and aggregate histogram of NFxB-p65
occupancy (ChlP-seq®3) in in vitro activated Tggg cells (1 of n=2) at Tggg loci that contain
NFxB-p65 motifs. ¢, Heatmap and aggregate histogram of NFATc2 occupancy (ChIP-seq*l)
in CD8+ Tggr cells (n = 1) at Tgeg loci that contain NFATc2 motifs. d, Heatmap and
aggregate histogram of BATF occupancy (ChlP-seq®®) in Ty17 cells (1 of n=2) at Tgrr

loci that contain BATF motifs. e, Heatmaps and aggregate histograms of STAT1 occupancy
(ChIP-seq®) in Tyl cells (n=1), STAT4 occupancy in Tyl cells (ChIP-seq?#) (1 of n=2),
STAT3 occupancy (ChIP-seq*2) in CD8+ Tggr cells (1 of n=2) and STAT5 occupancy
(ChIP-seq*?) in CD8" Tggr cells (1 of n=2) at Tggg loci that contain STAT motifs. For

this figure only, Teeg loci (rows) in each heatmap were sorted independently and do not
correspond to other heatmaps in the group.
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Extended Data Figure 6. Smarca4 deletion inhibits chromatin poising of Tggg loci in DN
thymocytes.

a, Representative gating strategy for FACS of primary Lin~ Sca-1* ¢-Kit* hematopoietic
progenitors without Cre activity from Smarca4”TRosa®"eERTZ/NTnG hone marrow cells. b,
Representative gating strategy for FACS of ETP-DN3 thymocytes with or without Cre
activity from OP9-DL4 /n vitro differentiation co-cultures. ¢, Representative heatmaps of
normalized ATAC-seq in /n vitro differentiated SMARCA4 WT vs. SMARCA4 cKO ETP
(1 of n=3), DN2a (1 of n=3) and DN3 (1 of n=2) thymocytes and BAF155 occupancy
(CUT&RUN) in DN2-DN3 thymocytes (1 of n=3) across SMARCA4-induced Tggg loci
that first became accessible in ETP, DN2a and DN3 stages (rows). d, Representative
aggregate histograms of BAF155 occupancy (CUT&RUN) in DN2-DN3 thymocytes (1 of
n=3) across Tggr loci (blue) and Non-Tggg loci (red). e, Fraction of transcriptionally active
SMARCAA4-induced loci in ETP, DN2a, and DN3 thymocytes (n=2 each). f, olcano plots of
differential gene expression between in vitro differentiated SMARCA4 WT vs. SMARCA4
cKO ETP and DN2-DN3 thymocytes (n = 2 each) across actively transcribed T effector
genes. Marginal rugs (blue lines) indicate distribution of values along each axis.
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Extended Data Figure 7. Runx1 perturbation in early T cell development.
a, Representative gating strategy for FACS of ETP-DN3 thymocytes with or without

Cre activity from OP9-DL4 /n vitro differentiation co-cultures derived from Lin~Sca-1*c-
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Kithi hematopoietic progenitors of Runx17"RosaCcreERTZ/NTnG mice. b-d, Fraction of
transcriptionally active RUNX1-induced loci in ETP (b), DN2a (c) and DN3 (d) thymocytes
(n=2). e-g, Volcano plot of differential gene expression between /n vitro differentiated
RUNX1 WT vs. RUNX1 cKO ETP (e), DN2a (f) and DN3 (g) thymocytes (n=2) across
actively transcribed T effector genes. Marginal rugs (blue lines) indicate distribution of
values along each axis.
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Extended Data Figure 8. SMARCA4 and BCL 11B cooper ate indirectly to promote chromatin
accessibility at T effector loci in DN thymocytes.

a, Representative gating strategy for FACS of DN2-DN3 thymocytes from sex-matched
littermates of VavI-iCre* Bcl1167f or Bel116”f mice. b, Top: Scatter plot depicting the
log, fold-change of normalized ATAC-seq fragments at Tgrr loci between sorted BCL11B
WT vs. BCL11B cKO primary DN2a thymocytes (n=2; horizontal axis) and /in7 vitro
differentiated SMARCA4 WT vs. SMARCA4 cKO DN2a thymocytes (n=3; vertical

axis). SMARCA4-induced Tggg loci (Benjamini-Hochberg-corrected FDR < 0.1) peaks
highlighted in orange. Number and statistical enrichment of SMARCA4-induced T effector
loci (determined by one-sided Fisher’s exact test) within each Cartesian quadrant shown

in orange. Bottom: Same as above between sorted BCL11B WT vs. BCL11B cKO DN3
primary thymocytes (n=2; horizontal axis) and /n vitro differentiated SMARCA4 WT vs.
SMARCA4 cKO DN3 thymocytes (n=2; vertical axis). ¢, Fraction of transcriptionally
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active jointly SMARCA4-induced BCL11B-induced Tggr loci in DN2-DN3 thymocytes
(left; n=2) and of transcriptionally active jointly SMARCA4-induced BCL11B-repressed
loci in DN2-DN3 thymocytes (right; n=2). d, Volcano plots of differential gene expression
between sorted BCL11B WT vs. BCL11B cKO ETP-DN3 primary thymocytes (n=2)
across actively transcribed T effector genes. Marginal rugs (blue lines) indicate distribution
of values along each axis. €, MA plot depicting the log, fold-change of normalized
ATAC-seq fragments at Tgrg loci between sorted BCL11B WT vs. BCL11B cKO DN2-
DN3 primary thymocytes (n=2). Statistically significant differentially expressed peaks
(Benjamini-Hochberg-corrected FDR < 0.1) are highlighted in orange. f, Representative
aggregate histograms of ATAC-seq at jointly SMARCA4-induced BCL11B-induced vs.
jointly SMARCAA4-induced BCL11B-repressed Tggr loci in sorted BCL11B WT primary
thymocytes (1 of n=2). g, Bar plots representing the fraction of jointly SMARCA4-
induced BCL11B-induced vs. jointly SMARCA4-induced BCL11B-repressed Tggg loci

in DN2-DN3 thymocytes that are also accessible in NK cells and ILCs (merged ILC1,
ILC2, ILC3)1. h, Reciprocal co-immunoprecipitations of 19G, SMARCA4, BCL11B and
PBRML1 (columns) from nuclear extracts (Img/mL) of CCRF-CEM human T cell line

and immunoblots of co-immunoprecipitating SMARCA4, PBRM1 and BCL11B (rows).
(Input sample, immunoprecipitant (IP), flow-through fraction of non-interacting proteins
(FT), molecular weight markers (M)). i, Density sedimentation (glycerol gradient; horizontal
axis) and immunoblot of SMARCA4, PBRM1 and BCL11B (rows) from nuclear extracts
of CCRF-CEM human T cell line. 1mg total extract loaded onto gradient. j, Density
sedimentations (glycerol gradient; horizontal axes) and immunoblots of SMARCA4,
PBRM1 and BCL11B (rows) from untreated nuclear extracts (left) and benzonase-treated
nuclear extracts (right) of total thymocytes from WT mice. 1mg total extract loaded onto
each gradient. k, Reciprocal co-immunoprecipitations of IgG, SMARCA4, BCL11B and
PBRM1 (columns) from high-concentration nuclear extracts (10mg/mL) of total thymocytes
from wild-type mice and immunoblots of co-immunoprecipitating SMARCA4, PBRM1
and BCL11B (rows). (Input sample, immunoprecipitant (IP), flow-through fraction of
non-interacting proteins (FT), molecular weight markers (M)). |, Representative aggregate
histograms of BAF155 occupancy (CUT&RUN) at jointly SMARCA4-induced, BCL11B-
induced (left) vs. jointly SMARCAA4-induced, BCL11B-repressed (right) T effector loci

in sorted BCL11B WT vs. BCL11B cKO primary DN2-DN3 thymocytes (1 of n=2).

m, Cumulative distribution functions of the log, fold-change in RUNX1 occupancy (ChiP-
seq32) between sorted BCL11B WT and BCL11B cKO primary DN2-DN3 thymocytes at
BCL11B-induced, BCL11B-independent and BCL11B-repressed (n=2) Tggg loci. P-values
from one-sided Wilcoxon signed-rank tests (using BCL11B-independent distribution as the
null) are displayed.
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Hi

Extended Data Figure 9. mSWI/SNF-associated RUNX1 complexes are a subset of a

heterogeneous pool of RUNX1 complexesin the nucleus.

a, Representative heatmaps of RUNX1 occupancy (ChIP-seq32) (left; 1 of n=2) and BAF155
occupancy (CUT&RUN) (right; 1 of n = 3) across all RUNX1 ChIP-seq peaks in DN2-DN3

thymocytes partitioned by BAF155 fragment density decile (rows).
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Extended Data Figure 10. Working model of transcription factor relay for specification of T
effector potential.

a, Fraction of transcriptionally active jointly SMARCAA4-induced, PU.1-induced loci in in
vitro differentiated DN2a thymocytes (n=3). b, Volcano plot of differential gene expression
between /n vitro differentiated PU.1 WT vs. PU.1 cKO DN2a thymocytes (n=2) across
actively transcribed T effector genes. Marginal rugs (blue lines) indicate distribution of
values along each axis. ¢, Schematic of cooperative transcription factor relay that recruits
and maintains mSWI/SNF occupancy at Tggg loci to equip thymocytes for T effector
potential.
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Figure 1. Chromatin accessibility at many T effector loci is established prior to TCR expression.
a, Heatmap of Z scores of TSS-normalized ATAC-seq fragments across

the k-means clustered (k=9) T effector loci (hereafter Tggg loci) in lung
CD8*IV~CD44*influenza-d35-specific tissue-resident memory CD8* T cells?? (CD8* Tgrm
cells), CD8*CD19™y8 TCR-TCRBNCD441°CD62LN naive T cells (T cells) in vitro
activated with CD3e/CD28 Abs (CD8* Tggr /i vitro Cells), CD8TKLRG1*CD127"LCMV-
d7-specific terminal effector T cellsl’ (CD8* Tggg cells), CD8*CD44*CD62L*LCMV-
d180-specific central memory T cellsl? (CD8* Tcp cells), IL-12/1L-4-Ab-treated

CDA4* Ty cells® (Tl cells), IL-4/IFN y-Ab-treated CD4* Ty cells® (T2 cells),
IL-17A-GFP*CD4*TCRB* T cells?! from ileum (Tyy17gy cells) or inflamed brain/

spinal cord (TH17¢ns cells), CD4*CXCR5*SLAMIYINt T cells19 (T cells) and
IL-4/LPS-treated B cells (Bggg cells)?? (n=2 each). b, Bar plots showing the

developmental stages at which Tggg loci specific to indicated Tggr cell subtypes

in afirst became accessible. Serum+LIF-maintained embryonic stem cells?4 (ESCs),
hematopoietic progenitor cells (HPCs) as aggregate of CD127 cKithiSca-1*FIt3~
hematopoietic stem cells® (HSCs), CD127 cKitiSca-1*FIt3* multipotent progenitors®
(MPPs) and CD127*cKithiSca-1*FIt3* common lymphoid progenitors® (CLPs); ETP-DN3
thymocytes as aggregate of y6TCR™CD11b"CD11¢"CD197B220"NK-1.1"Gr-1"TER-119~
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(Lin7) cKithiCD25-CD4~CD8~ (ETPs), and Lin"cKit"iCD25NCD4~-CD8~ (DN2a)

and Lin~c-Kit"CD25NCD4~CD8~ (DN3); DN4-SP thymocytes as aggregate

of Lin"c-Kit"CD25-CD44~CD4~CD8~ (DN4), Lin"CD4*CD8*TCRp!°CD69" (DP),
Lin"CD4*CD8 TCRp (CD4SP) and Lin"CD4~CD8*TCRpN (CD8SP) and indicated Tggr
cells. c, Representative genome browser of ATAC-seq (1 of n=2 each) in ESC, HSC, MPP,
CLP, ETP, DN2a, DN3, DN4, DP, CD8 SP, Ty, Tegr, Bepr at Prfl (TEFF:CD8+ Terr

in vitro)» Ctladand lcos (Tepr=Tgp). Adjoined bars indicate transcripts-per-million (TPM)
from RNA-seq in each cell type of indicated gene. d, Representative aggregate histograms
(top) and heatmaps (bottom) (1 of n=2) of ATAC-seq fragments of ESC, HSC, MPP, CLP,
ETP, DN2a, DN3 and CD8* Tgrr j; vitro that intersect open chromatin regions specific to
CD8" Teek in vitro & Violin plots (boxes represent 15, median and 3" quartiles; whiskers
represent median +/— 1.5 interquartile range) representing the number of overlap between
each ATAC-seq peak (columns in a) and all T effector ATAC-seq profiles (rows in a),
grouped by the developmental windows (ESC, HPC, ETP-DN3 and respective Tggg cells)
during which the ATAC-seq peak first became accessible.
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Figure 2. Early poising of Tggg loci isdependent on the mSWI/SNF AT Pase SMARCAA4.
a, Heatmaps depicting —logyg P values of transcription factor motif enrichments for the top

100 motifs with family classification (vertical axis) within each of the CD8+ Tgrg-, CD4*
Th1-, CD4* Ty2-, CD4* Ty17- and CD4* Try-specific peaks that were accessible in ESC,
HSC, MPP, CLP, ETP, DN2a, DN3 and respective Tgpr type (n=2 each) developmental
stages (horizontal axis). b, STRING high-confidence protein-protein interaction network
generated from top decile (n=44) transcription factors from a and known subunits of
mSWI/SNF, ISWI, INO80, COMPASS and Cohesin complexes. Node colors indicate MCL
cluster assignment with dotted lines indicating inter-cluster interactions. Red lines indicate
experimentally determined interactions; blue lines indicate curated databases-determined
interaction; green lines indicate text mining-determined interactions. ¢, Representative
aggregate histograms of H3K27me339 (top; 1 of n=2) or H3K4me126 (middle; 1 of n=2)
ChlIP-seq dyads or GRO-seq dyads2® (bottom; 1 of n=2) over Tger peaks and non-

Terr peaks in wild-type mouse DN2-DN3 thymocytes. d, MA plots depicting the log,
fold-change of normalized ATAC-seq fragments at Tgpg loci between SMARCA4 WT
and SMARCA4 cKO ETP (n=3), DN2a (n=3) and DN3 (n=2) thymocytes. Statistically
significant differentially expressed peaks (Benjamini-Hochberg-corrected FDR < 0.1) are
highlighted in orange. e, Representative heatmaps of ATAC-seq fragments from /n vitro
differentiated SMARCA4 WT and SMARCAA4 cKO ETP (1 of n=3), DN2a (1 of n=3)

and DN3 (1 of n=2) thymocytes and BAF155 occupancy (CUT&RUN) from /n vitro
differentiated SMARCA4 WT DN2-DN3 thymocytes (1 of n=3) that intersect Tggr loci
that first become accessible in ETP (top), DN2a (middle) and DN3 (bottom) thymocytes.
f, Representative genome browser of ATAC-seq fragments from /n vitro differentiated
SMARCA4 WT and SMARCA4 cKO ETP (1 of n=3), DN2a (1 of n=3), DN3 (1 of n=2)
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thymocytes and CD8* Tggr /s viro (1 0f n=2) (top) and BAF155 occupancy (1 of n=3)
(bottom) in /n vitro differentiated SMARCA4 WT DN2-DN3 thymocytes at Prfl, Gzmb and
/12 1oci.
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Figure 3. RUNX1 partnerswith mSWI/SNF to poise Tggg loci in early T cell development.
a, Scatter plot of —logq P values of transcription factor motif enrichment within

SMARCAA4-induced (horizontal axis) vs. SMARCAA4-independent (vertical axis) Tgrr
loci from ETP, DN2a or DN3 thymocytes. b, Representative aggregate histograms of
RUNX1 occupancy (ChIP-seq) in ETPs*2 (left), DN2-DN3 thymocytes?’ (middle) and
CTCF occupancy?® (ChIP-seq) in DN2-DN3 thymocytes at SMARCA4-induced (orange)
vs. SMARCA4-independent (cyan) Terr loci (1 of n=2 for each). c, Representative
transcription factor footprints (i.e. ATAC-seq inserts near motifs) within Tggg loci centered
on RUNX1 and CTCF transcription factor motifs in /n vitro differentiated SMARCA4 WT
vs. SMARCA4 cKO ETP (top; 1 of n=3), DN2a (middle; 1 of n=3) and DN3 (bottom;

1 of n=2) thymocytes. d, Representative aggregate histograms and heatmaps of BAF155
occupancy (CUT&RUN) in /n vitro differentiated RUNX1 WT vs. RUNX1 cKO ETPs
(left; 1 of n=2) and DN2-DN3 thymaocytes (right; 1 of n=2) over SMARCA4-induced

(top heatmaps) or SMARCA4-independent (bottom heatmaps) Tggg loci. e-g, Scatter plots
depicting the log, fold-change of normalized ATAC-seq fragments at Tggp loci between

in vitro differentiated RUNX1 WT vs. RUNX1 cKO ETPs (n=2; horizontal axis) and /n
vitro differentiated SMARCA4 WT vs. SMARCAA4 cKO ETPs (n=3; vertical axis) (€); /n
vitro differentiated RUNX1 WT vs. RUNX1 cKO DN2a thymocytes (n=2; horizontal axis)
and /n vitro differentiated SMARCA4 WT vs. SMARCA4 cKO DN2a thymocytes (n=3;
vertical axis) (f); and /n vitro differentiated RUNX1 WT vs. RUNX1 cKO DN3 thymocytes
(n=2; horizontal axis) and /n vitro differentiated SMARCA4 WT vs. SMARCA4 cKO DN3
thymocytes (n=2; vertical axis) (g). SMARCAA4-induced Tggg loci (Benjamini-Hochberg-
corrected FDR < 0.1) peaks at each stage are highlighted in orange. Number and statistical
enrichment of SMARCA4-induced Tggg loci (determined by one-sided Fisher’s exact test)
within each Cartesian quadrant shown in orange. h, Representative genome browser of
ATAC-seq in in vitro differentiated RUNX1 WT vs. RUNX1 cKO ETP, DN2a and DN3
thymocytes (1 of n=2 each), Tggr cells and Begg cells (1 of n=2), RUNX1 occupancy
(ChIP-seq) in ETP#2 and DN2-DN327 thymocytes (1 of n=2 each) and BAF155 occupancy
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in in vitro differentiated RUNX1 WT vs. RUNX1 cKO ETP and DN2-DN3 thymocytes (1 of
n=2 each) at /cos (Tepp=Tgpn) and /g (Teee=TH1) loci.
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Figure 4. BCL 11B maintains chromatin accessibility at SMARCAA4-induced Tggp loci.
a, Representative aggregate histograms (1 of n=2) of BCL11B occupancy (ChIP-seq?’)

in WT DN2-DN3 thymocytes over SMARCAA4-induced vs. SMARCA4-independent Tgrr
loci. b, Representative heatmaps of BCL11B occupancy (ChlP-seq?”; 1 of n=2), BAF155
occupancy (CUT&RUN; 1 of n=3) and ATAC-seq (1 of n=2; right) in /n vitro differentiated
SMARCA4 WT vs. SMARCAA4 cKO thymocytes intersecting SMARCA4-induced Tggr
loci in DN2-DN3 thymocytes. ¢, Scatter plot depicting the log, fold-change of normalized
ATAC-seq fragments at Teeg loci between sorted BCL11B WT vs. BCL11B cKO DN2-DN3
primary thymocytes (n=2; horizontal axis) and /in vitro differentiated SMARCA4 WT vs.
SMARCA4 cKO DN2-DN3 thymocytes (n=2; vertical axis). SMARCA4-induced Tgpr
loci (Benjamini-Hochberg-corrected FDR < 0.1) peaks highlighted in orange. Number

and statistical enrichment of SMARCAA4-induced Tgrg loci (determined by one-sided
Fisher’s exact test) within each Cartesian quadrant shown in orange. d, Representative
genome browser of BCL11B occupancy (ChIP-seq?’; 1 of n=2) BAF155 occupancy
(CUT&RUN; 1 of n=3) occupancy in DN2-DN3 thymocytes and ATAC-seq in sorted
BCL11B WT vs. BCL11B cKO DN2-DN3 primary thymocytes (1 of n=2), in vitro
differentiated SMARCA4 WT vs. SMARCA4 cKO DN2-DN3 thymocytes, in vitro
differentiated SMARCA4 WT vs. SMARCA4 cKO ETPs, Tggg cells (1 of n=2) and

Berr cells (1 of n=2) at //2, Ifng (BCL11B-induced, Tgpp=TH1), //17a (Terr=TH17) and
Feerlg (Tepp=CD8* Trm) (BCL11B-repressed) loci. e, Representative (1 of n=2 for each)
aggregate histograms of ATAC-seq inserts over BCL11B-induced and BCL11B-repressed
SMARCA4-induced Tegg loci in CD19"CD3e~NKp46*DX5TTRAIL™ natural killer8 (NK);
CD19°CD3e NKp46*DX5 TRAIL" (ILC18) CD3e"CD19"NKp46 CD127*KLRG1*
(1LC28) and pooled CD3e"CD19"NKp46-CD127*KLRG1-CD4* and
CD3e~CD19"NKp46TCD127*NK1.1* (ILC38).
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Figure 5. BCL11B maintains mSWI/SNF occupancy at Tggrg loci viaindirect cooper ativity.
a, Reciprocal co-immunoprecipitations of 1IgG, SMARCA4, BCL11B and PBRM1

(columns) from nuclear extracts (Img/mL) of total thymocytes from wild-type mice and
immunoblots of co-immunoprecipitating SMARCA4, PBRM1 and BCL11B (rows). (Input
sample, immunoprecipitant (IP), flow-through fraction of non-interacting proteins (FT),
molecular weight markers (M)). b, Density sedimentation (glycerol gradient; horizontal
axis) and immunoblot of SMARCA4, PBRM1 and BCL11B (rows) from nuclear extracts
of total thymocytes from wild-type mice. 1mg total extract loaded onto gradient. c,
Representative heatmaps of BAF155 CUT&RUN in sorted BCL11B WT vs. BCL11B cKO
DN2-DN3 primary thymocytes (1 of n=3), ATAC-seq in /n vitro differentiated SMARCA4
WT vs. SMARCA4 cKO ETPs (1 of n=3), sorted BCL11B WT vs. BCL11B cKO DN2-
DN3 primary thymocytes (1 of n=2) and BCL11B occupancy (ChIP-seq?’) in DN2-DN3
thymocytes (1 of n=2) intersecting jointly SMARCA4-induced, BCL11B-induced (top)
and jointly SMARCA4-induced, BCL11b-repressed (bottom) Tegr loci. d, Representative
genome browser of BAF155 CUT&RUN in sorted BCL11B WT vs. BCL11B cKO DN2-
DN3 primary thymocytes (1 of n=3), BCL11B occupancy (ChlP-seq?’) in DN2-DN3
thymocytes (1 of n=2), ATAC-seq in sorted BCL11B WT vs. BCL11B cKO primary DN2-
DN3 thymocytes (1 of n=2), /n vitro differentiated SMARCA4 WT vs. SMARCA4 cKO
DN2-DN3 thymocytes (1 of n=2), /n vitro differentiated SMARCA4 WT vs. SMARCA4
cKO DN2-DN3 thymocytes (1 of n=2), Tggg cells (1 of n=2) and Bggr cells (1 of

n=2) at /27 (Terr=Thw2) , Ctla4 (Terr= CD8" Trw1), Plekhg6 (Terr=CD8" TEFF jn vitro)
(SMARCA4-induced, BCL11B-induced; left), //17a (Tepp=TH17) and 70x2 (Terr=TFR)
(SMARCA4-induced, BCL11B-repressed; right) loci.
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Figure 6. BCL 11B and RUNX1 cooper ate to maintain mSWI/SNF at T ggp loci.
a, Representative heatmaps (1 of n=2 each) of BCL11B and RUNX1 occupancy (ChlP-

seq?’) in DN2-DN3 thymocytes over SMARCA4-induced Tgrr loci. b, Scatter plot
depicting the log, fold-change of normalized ATAC-seq fragments at Tggg loci between

in vitro differentiated RUNX1 WT vs. RUNX1 cKO DN2-DN3 thymocytes (n=2; horizontal
axis) and sorted BCL11B WT vs. BCL11B cKO DN2-DN3 primary thymocytes (n=2;
vertical axis). SMARCAA4-induced Tggg loci (Benjamini-Hochberg-corrected FDR < 0.1)
peaks highlighted in orange. Number and statistical enrichment of SMARCA4-induced
Terr loci (determined by one-sided Fisher’s exact test) within each Cartesian quadrant
shown in orange. ¢, Reciprocal co-immunoprecipitations of IgG, RUNX1, SMARCA4 and
BCL11B (columns) from nuclear extracts (Img/mL) of primary murine thymocytes and
immunoblots of co-immunoprecipitating SMARCA4, BCL11B and RUNX1 (rows). (Input
sample, immunoprecipitant (IP), flow-through fraction of non-interacting proteins (FT),
molecular weight markers (M)). d, Density sedimentation (glycerol gradient; horizontal
axis) and immunoblot of SMARCA4, PBRM1, BCL11B and RUNX1 (rows) from nuclear
extracts of total thymocytes from wild-type mice. 1mg total extract loaded onto gradient. e,
Representative heatmaps of RUNX1 occupancy (ChlP-seq?’) in BCL11B WT vs. BCL11B
cKO DN2-DN3 thymocytes (1 of n=2), ATAC-seq in in vitro differentiated RUNX1 WT
vs. RUNX1 cKO DN2-DN3 thymocytes (1 of n=2) and BAF155 occupancy (CUT&RUN)
in /n vitro differentiated RUNX1 WT vs. RUNX1 cKO DN2-DN3 thymocytes (1 of n=2)
intersecting jointly SMARCA4-induced, BCL11B-induced (top) and jointly SMARCA4-
induced, BCL11b-repressed (bottom) Tggg loci. f, Representative genome browser of
RUNX1 occupancy (ChIP-seq?’) in BCL11B WT vs BCL11B cKO DN2-DN3 thymocytes
(1 of n=2), BCL11B occupancy (ChlP-seq?’) in wild-type DN2-DN3 thymocytes (1 of
n=2), BAF155 occupancy (CUT&RUN) in /n vitro differentiated RUNX1 WT vs. RUNX1
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cKO DN2-DN3 thymocytes (1 of n=2), ATAC-seq in /n vitro differentiated RUNX1 WT

vs. RUNX1 cKO DN2-DN3 thymocytes (1 of n=2), sorted BCL11B WT vs. BCL11B cKO
DN2-DN3 primary thymocytes (1 of n=2) and Tggr cells (1 of n=2) at /fng (Tepe=TH1), /12
(TEFF:TH]-) and //17a (TEFF:TH17) (SMARCA4-induced) loci.
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Figure 7. PU.1 partnerswith RUNX1 to poise Tggr loci at ETP-DN2a stages.
a, Heatmap representing the fold-change in transcription factor footprint depth (flanking

accessibility height/footprint base) between /n vitro differentiated SMARCA4 WT and
SMARCA4 cKO ETP and DN2a thymocytes (n=3 each) for previously identified motifs
within Tggg loci. b, Representative transcription factor footprints (i.e. ATAC-seq inserts
near motifs) at Tgpr loci centered on PU.1, ETS-RUNX and CTCF motifs in /n vitro
differentiated SMARCA4WT vs. SMARCAA4 cKO ETP (1 of n=3; top) and DN2a (1

of n=3; bottom) thymocytes. ¢, Representative aggregate histograms of PU.1 occupancy
(ChIP-seq39) at SMARCA4-induced and SMARCA4-independent Tger loci in ETPs (left)
and DN2a (right) thymocytes (1 of n=2 for each). d, Representative heatmaps of PU.1
occupancy (ChlP-seq39) in ETP, DN2a and DN2b thymocytes (1 of n=2 each), RUNX1
occupancy (ChlP-seq?’: 42) in ETP and DN2-DN3 thymocytes (1 of n = 2 each), BCL11B
occupancy (ChlP-seq?’) in DN2-DN3 thymocytes and BAF155 occupancy (CUT&RUN)
in /n vitro differentiated DN2-DN3 thymocytes (1 of n=3) at SMARCAA4-induced Tgrr
loci. e, Representative aggregate histograms of PU.1 occupancy (ChlIP-seq3%) in DN2a
and DN2b thymocytes and BCL11B occupancy (ChlP-seq?’) in DN2-DN3 thymocytes at
SMARCAA4-induced Tggr loci. f, Scatter plot depicting the log, fold-change of normalized
ATAC-seq fragments at Tgrr loci between 7n vitro differentiated PU.1 WT vs. PU.1 cKO
DN2a thymocytes®3 (n=3: horizontal axis) and in vitro differentiated SMARCA4 WT vs.
SMARCA4 cKO DN2a thymocytes (n=3; vertical axis). SMARCAA4-induced Tggr loci
(Benjamini-Hochberg-corrected FDR < 0.1) peaks highlighted in orange. Number and
statistical enrichment of SMARCA4-induced Tggr loci (determined by one-sided Fisher’s
exact test) within each Cartesian quadrant shown in orange. g, Scatter plot depicting

the log, fold-change of normalized ATAC-seq fragments at Tggg loci between /in vitro
differentiated PU.1 WT vs. PU.1 cKO DN2a thymocytes®3 (n=3; horizontal axis) and sorted
BCL11B WT vs. BCL11B cKO primary DN2-DN3 thymocytes (n=2; vertical axis). h,
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Representative genome browser of ATAC-seq in /n vitro differentiated PU.1 WT vs. PU.1
cKO DN2a thymocytes®3 (1 of n=3), in vitro differentiated SMARCA4 WT vs. SMARCA4
cKO DN2a thymocytes (1 of n=3), /in vitro differentiated SMARCA4 WT vs. SMARCA4
cKO ETPs (1 of n=3), Tgrr cells (1 of n = 2) and Bggr cells (1 of n = 2), PU.1

occupancy (ChIP-seg39) in wild-type ETP, DN2a and DN2b thymocytes (1 of n=2 each),
RUNX1 occupancy (ChIP-seq?’: 42) in wild-type ETP and DN2-DN3 thymocytes (1 of n=2
each), BCL11B occupancy (ChIP-seq?”) in wild-type DN2-DN3 thymocytes (1 of n=2) and
BAF155 occupancy (CUT&RUN) in wild-type DN2-DN3 thymocytes (1 of n=3) at Plekhg6
(TEFF: CcD8* Terr jn V,'[m), Tbcld4 (TEFF:TFH) and Prkca (TEFF:TH]-) loci.
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