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Abstract

T cells are essential for mounting defense against various pathogens and malignantly transformed
cells. Thymic development and peripheral T cell differentiation are highly orchestrated biological
processes that require precise gene regulation. Higher-order genome organization on multiple
scales, in the form of chromatin loops, topologically associating domains and compartments,
provides pivotal control of T cell gene expression. CTCF and the cohesin machinery are
ubiquitously expressed architectural proteins responsible for establishing chromatin structures.
Recent studies indicate that transcription factors, such as T lineage-defining Tcfl and TCR-
induced Batf, may have intrinsic ability and/or engage CTCF to shape chromatin architecture.
Here we summarize current knowledge on the dynamic changes in genome topology that underlie
normal or leukemic T cell development, CD4* helper T cell differentiation, and CD8* cytotoxic T
cell functions. The knowledge lays a solid foundation for elucidating the causative link of spatial
chromatin configuration to transcriptional and functional output in T cells.

The mammalian genome contains billions of base pairs that are packed into the limited
space of a cell nucleus through highly organized folding. Classical microscopy-based

and modern next-generation sequencing studies demonstrate hierarchical organization of
the genome. Each chromosome constitutes a condensed unit and occupies a physically
distinguishable ‘chromosome territory” in the nucleus (1). Within a ‘chromosome territory’,
positioned towards the nuclear interior are A compartments that are gene-rich and
transcriptionally active, while B compartments, which are gene-poor and transcriptionally
inactive, are in the nuclear periphery and associated with the nuclear lamina (2). In

the compartments, genomic regions in the megabase size show strong self-association,

as revealed by high-throughput chromosome conformation capture (Hi-C) assay, and are
termed topologically associating domains (TADs) (3, 4). Based on higher resolution Hi-C,
TADs harbor subTADs or insulated neighborhoods on a smaller, sub-megabase scale in

a nested configuration (5, 6) (Fig. 1A). Regardless of the scale difference, TADs and
subTADs share two fundamental features, strong chromatin interactions within the TAD/
subTAD and sparse chromatin interactions between neighboring TADs/subTADs, with the
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latter manifested as an “insulation” effect (7, 8) (Fig. 1A). Demarcating the boundaries of
TADs/subTADs are long-range chromatin loops formed between two distal anchor regions,
which are enriched with CTCF and cohesin binding (9, 10) (Fig. 1B). CTCF was originally
identified as an insulator protein that blocks enhancer activities, and is now recognized as an
essential genome organizer that establishes insulated neighborhoods and mediates enhancer-
promoter interactions (11, 12). The cohesin complex consists of three core proteins, SMC1,
SMC3, and RAD21, which form a ring-shaped structure (13) (Fig. 1B). According to the
prevailing loop extrusion model, the cohesin complex loads onto the genome and “extrudes
the intervening DNA using its intrinsic ATPase activity (14, 15); this process is then stalled
at a pair of CTCF binding sites in a convergent orientation (/.¢e., the asymmetric CTCF
motifs facing each other) (Fig. 1B), forming the boundaries that separate a TAD/subTAD
from its neighbors (16-18). As such, CTCF and cohesin colocalize on the genome, and acute
deletion of either protein disrupts chromatin loops and TAD integrity (10, 19).

The genome organization on all these scales is not static. During cell differentiation,
chromosome territories associated with the nuclear lamina can move into the nuclear interior
(20), and compartments can switch between A and B states (21). While TADs appear to

be relatively invariant across cell types, the boundary strength of some existing subTADs
can be weakened, and new subTADs can form in more differentiated cells (7). These
genome topological changes actively participate in gene regulation and cellular functional
output (6, 7). T lymphocytes provide versatile protection against various pathogens and
transformed cells, and their higher-order genome organization has gained more attention

in recent years. Key advances shed new light on the contribution of sequence-specific
transcription factors (TFs) to shaping chromatin architecture in T cells. For the unique
aspects of genome reorganization that facilitate the recombination events at the antigen
receptor gene loci, please refer to recent excellent reviews (22, 23). Here we focus on 3D
chromatin architectural changes and their biological impacts during T cell development and
differentiation under physiological and pathological conditions.

Reconfiguration of genome topology during T cell development.

Hematopoietic stem cells (HSCs) and their downstream progenitors such as common
lymphoid progenitors (CLPs) seed the thymus, and give rise to early thymic progenitors
(ETPs) (24). Activation of Notch signaling pathway in ETPs is essential for initiating

a cascade of transcriptional activity, propelling T-lineage specification and commitment.
Among the induced TFs, Tcfl is rapidly induced by Notch signaling in ETPs, and Bcl11lb
and Gata3 are induced in the ensuing CD4~CD8™ double negative 2 (DN2) stage (25-27).
These TFs lay the groundwork for DN3 thymocytes to fully commit to the T-lineage with
rearranged 7crblocus and pre-TCR expression, and exert continued regulatory functions
in maturation of DN3 to the CD4*CD8™" double positive (DP) cells, and in selection and
lineage choice processes for DP thymocytes to become CD4* or CD8" single positive,
mature T cells (28-31).

A comprehensive mapping of 3D genome organization using Hi-C from HSCs to DP
thymocytes reveals systematic changes on the compartment and TAD levels, with the most
drastic changes occurring at the transition of DN2 to DN3 cells (21). The compartments
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containing the stemness genes (e.g., HmgaZ2and MeisI) switch from active A compartments
in HSCs/CLPs to repressive B compartments in DN3 cells, while those containing T-
lineage genes (e.g., Be/11band EtsI) switch from B compartments in HSCs/CLPs to A
compartments in DN3 cells. On these large scales, the changes in compartment states

and intra-TAD activity (/.e., chromatin interaction strength among anchor points within

the TADs) are highly concordant with alterations in chromatin accessibility (ChrAcc)

and gene expression accompanying differentiation of HSCs to T-lineage cells (21). The

full commitment to T-cell lineage at the DN3 stage is thus associated with extensive
reconfiguration of chromatin architecture, which facilitates continued activation of T-lineage
transcriptional program while eliminating the potential to access non-T cell fate. One
remarkable observation is on the timing of chromatin reorganization and gene expression
changes. The stemness-associated genes are silenced before their resident compartments
enter a repressive state (21), suggesting that the lagging architectural changes serve as a
reinforcement to prevent fate reversion and ensure the progression of T-lineage maturation.
On the other hand, intra-TAD activity is increased before the expression of enclosed
T-lineage genes (21), demonstrating that a more permissive architectural framework

is preconfigured to facilitate the induction of T-lineage transcriptional program. Such
asynchronous timing arrangement appears to be an efficient strategy that locks in the T

cell fate and prioritizes the forward T-lineage progression.

The force driving the extensive chromatin reorganization in developing thymocytes is of
keen interest. An elegant case study of initiating Bc/Z11b expression reveals a requirement
for the transcription of non-coding RNA ThymoD (thymocyte differentiation factor) in DN2
thymocytes (32). ThymoD is located ~850kb downstream of Bc/11band spans an ~55kb
region, with its transcription start site (TSS) overlapping with a known Bc/1.16 enhancer

(27, 33) and its gene body containing several ChrAcc sites as potential regulatory elements.
ThymoD transcription is essential for releasing the Bc/11benhancer from the nuclear lamina
to interior during differentiation of HSCs to DN2 cells (32). ThymoD transcription erases
DNA methylation at the CpG islands within the locus, which in turn allows binding by
CTCF and SMC3. Cohesin-mediated chromatin extrusion then brings the distal enhancers

to the proximity of Bc/11bpromoter to drive its timely expression at the DN2 stage (32).
Upon induced expression, Bcl11b appears to directly contribute to genome reconfiguration,
as Bcll1b binding sites are associated with elevated intra-TAD chromatin interactions during
DN to DP maturation (21). Ablating Bcl11b in mature CD4* T cells indeed causes reduction
in global chromatin interactions, which is particularly profound at anchors enriched with
strong Bcl11b binding (21).

Tcfl is expressed in ETPs and further elevated in DN2 cells. Tcfl has a high-mobility
group (HMG) DNA binding domain, and the HMG family TFs share a characteristic feature
of bending DNA upon binding the minor grooves of DNA double helix (34). Tcfl has
instructive roles at different stages of T cell development (35-37), and its impact on genome
topology is starting to be elucidated. Ablating Tcf1 and its homologue Lefl in mature

CD8™ T cells affects genome organization on multiple scales, from compartments, TADs to
chromatin loops (detailed below) (38). The density of Tcfl binding sites in DP thymocytes
is highly correlated with increased intra-TAD activity in DP over DN cells (39), based on
Tcfl-centered analysis of Hi-C data in developing thymocytes at these early stages (21).
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Hi-C analysis of Tcfl-deficient DN3-like cell line and primary DP thymocytes consistently
demonstrates a dependence of chromatin interactions on Tcfl on the compartment and
TAD scales (39). Based on ChIP-seq data in DP thymocytes, Tcfl binding sites overlap
with a substantial portion of CTCF-occupied genomic locations. CTCF solo sites (not
co-occupied by Tcfl) consistently exhibit an insulation effect throughout CLP to DP

stages as determined with Hi-C analysis (21, 39). On the other hand, the insulation by
TcfL*CTCF* cobound sites is observed at CLP to DN2 stages but is lost from DN3 to DP
thymocytes, coinciding with T-lineage specification and commitment (39). Although one
has to assume that CTCF binding sites remain invariant throughout CLP to DP stages, it

is clear that the “future Tcfl-bound” elements are at the boundaries of insulated regions in
CLP-to-DN2 cells, and Tcfl binding to these elements at DN3-to-DP cells diminishes the
boundary strength, facilitating interactions between neighboring TADs/subTADs (39). These
findings establish a critical contribution by T lineage-defining TFs to genome topological
changes during T cell development. Tcfl and Bclllb TFs are induced earlier than full
T-lineage commitment at the DN3 stage, and they have essential roles in launching the
T-lineage transcriptional programs at the ETP/DN2 stages (25-27). It is also demonstrated
that ectopically expressed Tcfl gains access to regions marked with repressive histone
modifications in fibroblasts and creates ChrAcc sites therein (40). It is therefore plausible to
speculate that after their early induction, Tcfl and Bcll1b establish de novo ChrAcc sites

in ETP/DN2 cells, likely by acting in concert with other constitutively expressed TFs. The
new ChrAcc sites can serve at least two purposes: one is to function as enhancer elements
to promote transcription of proximal T-lineage genes, and the other is to facilitate chromatin
interactions between their flanking regions and bring distal enhancers to the physical
proximity of T-lineage genes. The latter may occur in existing TADs/subTADs, manifested
as increased intra-TAD activities at Tcfl and Bcl11b binding sites (21), as well as in
previously insulated regions, manifested as “intermingling” of neighboring TADs/subTADs
(40). These architectural changes could be incremental in magnitude in ETP/DN2 cells, and
the gradual accumulation of the early events amounts to stabilized chromatin architectural
reorganization that becomes more readily detectable in T-lineage committed DN3 cells.
Although asynchronous in timing, the positive regulatory roles by Tcfl and Bcl11b in
inducing ChrAcc, priming gene transcription, and promoting chromatin interactions act
synergistically to achieve complete and sustained activation of T-lineage program genes.

Chromatin interaction alterations during T helper cell differentiation

Thymus-derived mature CD4* T cells that populate secondary lymphoid organs consist of
two major subsets, Foxp3*CD25*CD4" regulatory T (Treg) and Foxp3~CD25~conventional
CD4* T (Tcony) cells. Teony cells have versatile helper functions by differentiating into
various subtypes with distinctive cytokine production profiles, tailored to the pathogen types
(41, 42). T helper 1 (Tw1) cells produce IFN-y in response to infection by intracellular
bacteria and viruses, while T2 cells produce IL-4, IL-5, and IL-13 cytokines to mount
defense against parasites, in particular helminths, but elicit pathological responses to various
allergens. Early studies of chromatin interactions in Tyl and T2 cells were performed

with chromosome conformation capture (3C) analysis. 3C-based scanning of the /fng gene
locus shows direct interactions of —70 kb upstream and +66 kb downstream CTCF-bound
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elements with the first intron of /fng in naive CD4* T cells (43). These interactions are
enhanced in Tyl cells in a CTCF- and Thet-dependent manner (where Thet is a Tyl
lineage-defining TF), but weakened in T2 cells (43). The T2 cytokine-encoding genes
(114, 115, and //13), along with Rad50, are distributed in tandem on the same chromosome.
3C analysis shows extensive interactions between T2 cytokine gene promoters and ChrAcc
sites within this region in naive CD4* T cells, and the interaction strength is weakened in
the absence of Stat6 in T2 cells and appears to require Gata3 (a T2 lineage-defining TF)
for maintenance (44). In addition, CTCF binds to the T2 cytokine gene loci, and loss of
CTCF impairs T2 cytokine production (45). Besides the intra-chromosome interactions, the
TH2 cytokine gene loci interact with /fng and //17a genes on separate chromosomes in naive
CD4* T cells (46, 47), and the inter-chromosomal association between /fng and the T2
cytokine gene loci is nonetheless lost after CD4* T cell activation (46).

Th1 cells cultured in a condition with higher IL-2 concentration show increased CTCF
binding strength at key gene loci such as S/c2a1 and HkZ2 (encoding Glucose transporter

1 and hexokinase 2, respectively) than those cultured with lower dose of IL-2, and the
increased CTCF binding is associated with higher chromatin interaction probability, as
determined with Hi-C (48). Addition of a-ketoglutarate, a glycolytic metabolite, to low IL-2
Th1 cells can partly enhance CTCF binding and associated chromatin interactions (48).
These observations suggest that chromatin interactions in Tyl cells show dynamic changes
in response to the metabolic state and may underlie the regulation of IL-2-dependent effector
program. Unlike strong dependence on CTCF in T2 cells, genetic ablation of CTCF only
modestly reduces Thet induction and IFN-y production (45), and CTCF knockdown also
moderately diminishes expression of 1L-2-dependent genes (48). These observations suggest
that other factors besides CTCF are necessary for bridging enhancer-promoter interactions
during Tw1 cell differentiation. In line with this notion, stimulation of CD4* T cells primed
under non-polarizing (TH0) condition with IL-2 potently induces chromatin interaction
loops engaging RNA polymerase Il-associated promoters such as //2raand Socsl, as
determined with Chromatin Interaction Analysis by Paired-End Tag (ChlA-PET) (49). These
IL-2-induced loop anchors are enriched in Stat5 binding sites, which rarely overlap with
CTCF binding detected in naive CD4* T cells (49).

TH17 cells are important for defense against extracellular bacteria and fungi, and produce
characteristic IL-17A and IL-17F cytokines, as well as IL-21 and 1L-23. Batf, an AP-1
family TF, is considered as a pioneer factor that initiates chromatin remodeling during
TH17 cell differentiation (50). Under Ty17 polarizing or TH0+IL-6 condition, Batf directly
recruits CTCF, as exemplified at the //21 gene locus (51). Hi-C analysis shows that loss

of Batf causes globally diminished chromatin interactions in Ty0+IL-6-activated CD4* T
cells; at the //21 locus specifically, 3C analysis validates that Batf is critical for establishing
chromatin loops that link a +28 kb downstream region to its —41 to —80 kb upstream regions
(51). In addition, loss of Ets1 diminishes CTCF binding to Batf-bound locations, and Batf
deficiency impairs Ets1 expression and its binding to key Ty17 gene loci (51). The analyses
suggest that TFs act cooperatively to stabilize CTCF binding and chromatin architectural
changes to induce the Ty17 program.
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Unlike Tcony cells that confer immune protection against various pathogens, Treg cells
are immunosuppressive and essential for self-tolerance, with Foxp3 as the Treg lineage-
defining TF (52). H3K27ac-based HiChIP (a combination of Hi-C and chromatin immuno-
precipitation targeting a specific protein) analysis reveals extensively different configuration
of enhancer-promoter loops between Treg and Teony cells, and the subset-specific loop
strength is positively correlated with corresponding gene expression levels, as observed

at Treg-specific //2raand Tcony-specific LefI gene loci (53). By comparing H3K27ac
HiChlIP between WT Treg and Foxp3-null Treg-like cells, Foxp3 deficiency diminishes
enhancer-promoter loop strength, which is more evident at Foxp3-dependent genes such as
1kzf2 (53). Furthermore, Foxp3-based HiChIP in Treg cells shows that Foxp3 is directly
involved in chromatin interactions connecting distal regulatory regions to ~5,000 promoters,
beyond the known ~500 Trgg signature genes; nonetheless, high-density Foxp3-anchored
chromatin interactions are more strongly associated with Foxp3-dependent Trgg Signature
genes and Foxp3-dependent enhancer-promoter loops (53). While Foxp3-bound promoter
anchors are enriched in TATA-binding motifs, Foxp3-bound enhancer anchors have CTCF as
one of the over-represented motifs (53). These data highlight that a major mechanistic action
taken by Foxp3 is to directly mediate enhancer-promoter interactions for transactivation of

a subset of Tyeq signature genes, in addition to its previously recognized repressive role in
gene regulation.

Based on the knowledge accumulated over the past two decades, a likely scenario

emerges for the interplay between TFs and genomic organization that directs helper
subtype differentiation. The helper subtype-associated cytokine gene loci have pre-existing
chromatin configuration that positions potential enhancers in architectural proximity of
promoters in naive CD4* Tcony cells, where the genes remain transcriptionally silent due
to DNA hypermethylation and/or repressive histone modifications. Upon activation by their
cognate antigens, the cytokine gene loci are demethylated, as demonstrated for //4and /fng
genes (54, 55), repressive histone marks erased and/or replaced with active ones, resulting in
activation of existing or de novo enhancers, leading to cytokine gene transcription. During
this process, the TCR-induced early response TFs such as Batf, cytokine-mobilized Stat
TFs, and/or subtype/subset lineage-defining TFs not only have direct impact on ChrAcc
and enhancer activation, but also engage architectural proteins including CTCF to establish
de novo chromatin interactions and/or enforce pre-configured enhancer-promoter contacts
that are appropriate for the helper subtypes. It is conceivable that beyond helper subtype-
characteristic cytokine gene loci, there is extensive genome reorganization across different
subtypes, and applying modern technology for a systematic comparison of chromatin
architecture among the helper subtypes will advance our understanding of their lineage
stability and plasticity in the 3D genomic space.

Fluidity of chromatin architecture in CD8* T cell identity, homeostasis, and

memory formation.

CD8* T cells have remarkable cytotoxicity that destructs cells infected with intracellular
pathogens or transformed cells expressing neoantigens (56, 57). After populating the
peripheral lymphoid organs, CD8* T cells need to maintain 1) their identity as dedicated
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cytotoxic cells, 2) a naive state to prevent premature activation before encountering their
cognate antigens, and 3) a stable pool size to sustain immunocompetence. Tcfl and Lefl
TFs are essential for all these aspects, through positively regulating T cell identity genes,
repressing non-T lineage or effector-associated genes, and supporting a transcriptional
program required for homeostatic proliferation (38, 58). Significantly, these regulatory
functions by Tcfl/Lefl are intimately linked to their ability to modulate 3D genome
organization. Hi-C analysis of naive CD8" T cells shows strong correlation between the
density of Tcfl binding sites and chromatin interaction scores in compartments, TADs,
and chromatin loops; importantly, genetic ablation of Tcf1/Lefl in mature CD8* T cells
diminishes interaction scores on all these genomic scales (38). Tcfl/Lefl also sustain
ChrAcc state and super enhancer activities in naive CD8* T cells, and Tcf1/Lefl-dependent
ChrAcc sites and super enhancers are highly enriched in anchors of Tcfl/Lefl-dependent
chromatin loops (38). For example, Tcfl/Lefl positively regulate Myb expression in naive
CDS8™ T cells. Upon loss of Tcfl/Lefl, a TAD of ~1.2 Mbp harboring the Myb gene

locus maintains the overall structural integrity but shows potent reduction in chromatin
interactions within the Myb-containing sub-TAD and those between the Myb-containing
subTAD and its neighboring subTAD (Fig. 2A). Within the Myb-containing subTAD, a
~250kb chromatin interaction hub covering the Myb gene locus and its upstream regions is
most profoundly affected by Tcfl/Lefl deficiency (Fig. 2B,C). At the hub center is a cluster
of Tcfl/Lefl-dependent ChrAcc sites and enhancers, which shows diminished interaction
with the Myb promoter region in Tcfl/Lefl-deficient CD8* T cells (Fig. 2C,D). These
findings underscore the highly coordinated nature of TF binding, ChrAcc, super enhancer
activity, and chromatin interactions, which exerts integrative control of transcriptional and
functional output by naive CD8" T cells.

Global mapping of CTCF binding in naive CD8" T cells shows remarkable colocalization
of CTCF and Tcfl, with >50% Tcf1 binding sites also occupied by CTCF. Both proteins
physically interact, and at ~1/3 of Tcf1*CTCF* cobound sites (detected in non-promoter
regions), CTCF binding depends on Tcfl/Lefl. Importantly, the prevalent Tcf1-CTCF
colocalization and Tcfl-depending CTCF recruitment in CD8* T cells are independently
validated by both CUT&RUN and ChIP-seq methods (58). CTCF solo sites have weak

to negligible signals of ChrAcc and H3K27Ac, and are more frequently found at TAD
boundaries with strong insulation effect; in contrast, Tcf1*CTCF* cobound sites are mostly
ChrAcc sites with strong H3K27Ac signals, and are more frequently found within the

TAD with minimal insulation, if any (58). Furthermore, Tcfl/Lefl-dependent CTCF binding
sites show diminished chromatin interaction scores, reduced ChrAcc and H3K27ac in Tcfl/
Lef1-deficient CD8™ T cells (58). Taking the Myb gene locus as an example, the cluster

of Tcfl/Lefl-dependent ChrAcc sites and enhancers shows Tcfl/Lefl-dependent CTCF
recruitment (Fig. 2D), which directly accounts for reduced chromatin interactions within

the ChrAcc/enhancer cluster and reduced interactions of the ChrAcc/enhancer cluster with
its upstream Myb and downstream Hbs1/promoters (Fig. 2C). These data indicate that Tcfl/
Lefl directly engage and cooperate with CTCF, and this cooperativity can serve at least two
purposes: Tcfl/Lefl recruit CTCF as a transcriptional coactivator to increase ChrAcc and
endow enhancer activity, and Tcfl/Lefl integrate the genome-organizing capacity of CTCF
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with their own to further promote chromatin interactions. These mechanisms act additively
or in synergy to achieve precise regulation of CD8* T cell functionality.

CDS8™* T cells undergo homeostatic proliferation in response to cytokines including IL-7
and IL-15 (59). Ex vivo stimulation of CD8" T cells with IL-7/IL-15 mobilizes not

only the well-established Stat5 pathway but also unexpectedly CTCF, that is, CTCF
binding sites show increased binding strength and are created de novo after stimulation
with these homeostatic cytokines (58). Hi-C analysis of the IL-7/15-stimulated CD8* T
cells demonstrates that the cytokine-mobilized CTCEF sites can forge stronger chromatin
interactions among each other and with invariant CTCF binding sites (/.e., sites not affected
by cytokines). Approximately half of the cytokine-induced CTCF binding sites depends

on intact Tcfl/Lefl expression, and the cytokine-induced chromatin interactions also show
Tcfl/Lefl dependence, especially those anchored at the Tcfl/Lefl-dependent CTCF binding
sites, as observed at the 7nfsf8 (encoding CD30L) and £omes gene loci (58). Whereas

it remains to be elucidated how CTCF is mobilized, these data suggest that chromatin
interactions are fluidic and responsive to environmental stimuli, and can actively participate
in gene regulation to meet biological needs. In this process, both lineage-specific Tcfl/Lefl
and the ubiquitously expressed CTCF act together to integrate local chromatin changes

and higher-order genome organization to induce the transcriptional program underlying
homeostatic proliferation of CD8" T cells. In support of this notion, Tcf1/Lefl and CTCF
do regulate a similar set of genes that promote cell cycle progression, DNA replication, and
protein synthesis, as determined with transcriptomic analysis of CD8* T cells exposed to
lymphogenic environment (58).

Upon encountering their cognate antigens, CD8" T cells are activated and differentiate into
effector cells equipped with cytotoxic molecules. Hi-C analysis of human CD8* T cells
that are activated /n vitro for 72 hrs show extensive changes in chromatin interactions
compared with naive cells, and these changes are concordantly associated with changes

in ChrAcc and gene expression on a global scale (60). TAD boundary strength is also
altered, and remarkably, the /n vitro activated CD8* T cells have stronger intra-TAD
interactions in shorter range, resulting in an increased number of identifiable subTADs (60).
A fraction of antigen-experienced CD8* T cells persists as memory cells for a long term
to provide enhanced protection against the same pathogens. Compared with naive CD8" T
cells, CD62L* central memory CD8" T (Tcm) cells expressed Tcfl at a decreased level
(61) and have about half as many high-confidence Tcf1 binding sites as determined with
ChiIP-seq (38, 62), while Tcfl peaks detected in Tcpg cells mostly overlap with those in
naive CD8* T cells (Fig. 2E). Systematic comparative analysis of genome organization
between naive and memory CD8* T cell has not been performed to date; however, Hi-

C analysis of wild-type and Tcfl-deficient Ty cells reveal a critical requirement for
Tcfl to mediate chromatin interactions and preprogram responsiveness of Ty cells to
recall stimulation (62). Unlike naive CD8" T cells undergoing homeostatic proliferation
where Tcfl expression is preserved, Tcw cells rapidly downregulate Tcfl upon recall
stimulation. Among recall-induced ChrAcc sites in wild-type T cells, approximately
half of the sites show insufficient ChrAcc induction in the absence of Tcf1, as observed

at the /d3and many glycolytic gene loci; however, only <3% of those Tcfl-dependent,
recall-induced ChrAcc sites are preoccupied by Tcfl in Ty cells (62), indicating that
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Tcfl rarely functions as a placeholder for TCR-induced enhancer elements. Therefore, Tcfl-
mediated ‘preprogramming’ is at least partially ascribed to its ability to mediate chromatin
interactions in resting T¢y cells. The Tcfl-dependent chromatin interactions in Ty cells
act in at least two formats: one is to bridge direct interaction of the “would-be” enhancers

to target gene promoters, and the other is to connect two distal boundary-like elements
which span the “would-be” enhancers and target gene promoters in an architecturally poised
state (62). These architectural configurations in Ty cells can thus allow recall-induced
enhancers to reach their target promoters more rapidly or in higher frequency, leading to
more efficient induction of 1d3, mobilization of glycolysis, and cytotoxic machineries in the
secondary effector cells. Collectively, these detailed analyses in CD8* T cells reveal that
genome reorganization on multiple scales constitutes an important regulatory mechanism
for target gene expression at homeostatic state and in response to external stimuli, and
during this process, TFs such as Tcfl have pivotal contributions to shaping the chromatin
architecture, alone or in cooperativity with CTCF.

Aberrant chromatin interactions in pathological T cells

Besides physiological development and differentiation processes, T cells exhibit alterations
in genome organization in pathological conditions. Hyperactive T cells are a major cause of
autoimmune diseases, and genome-wide association studies have identified large genomic
regions that contain sequence variants associated with higher risks of autoimmunity (63).
Non-obese diabetic (NOD) mouse strain is a useful genetic model of Type 1 diabetes

(TID), and comparisons between NOD and diabetes-resistant C57BL/6 mice identify dozens
of “insulin-dependent diabetes” (/da) regions that are linked to diabetes susceptibility

(64). A recent study employs SMC1-based HiChIP to compare genome organization in

DP thymocytes from disease-free young NOD and C57BL/6 mice (65). This analysis
identifies densely inter-connected enhancer-enhancer and enhancer-promoter interaction
regions, defined as ‘3D cliques’, and the top “cliques’ harboring T cell identity genes

such as Bcl11band Ets1 show similar chromatin configuration between both strains. In
contrast, the diabetes-prone NOD DP thymocytes have unique ‘cliques’ harboring /dd9.2
and /da6.AM loci, and the ‘clique’ boundaries are marked with NOD strain-specific CTCF
binding sites (65). Fluorescent /n situ hybridization (FISH) assay confirms that compared
with wild-type cells, NOD DP thymocytes show closer physical proximity among the inter-
connected regions in the /dd ‘cliques’ in a single cell. KRAB-ZFP family genes in the /dd9.2
locus show elevated expression in pancreas-infiltrating immune cells from the T1D patients,
especially among the fast progressor group (65). These findings suggest that genetic variants
are associated with differential CTCF distribution and chromatin configuration changes, and
the resulting chromatin hyper-connectivity predisposes T cells for aberrant gene expression
linked to increased risk of autoimmunity.

T cell acute lymphoblastic leukemia (T-ALL) derives from malignant transformation

of thymocytes at early developmental stages (66). T-ALL is genetically heterogeneous,
resulting from activation of various oncogenes due to point mutations, gene amplifications,
and chromosomal translocations. SMC1-based ChlA-PET analysis of Jurkat T-ALL cells
shows that 7TALZ and LMO1 oncogenes reside in subTADs/insulated neighborhoods,

and CRISPR/Cas9-mediated excision of CTCF/SMC1-occupied boundary sites results in
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increased expression of both oncogenes in a non-T cell, fibroblast cell line (67). In various
types of cancers, recurrent mutations are more frequently observed in boundary than
non-boundary CTCF sites (67). This pioneering work demonstrates that genetic changes
disrupting normal genome organization are a novel causative event leading to oncogene
activation and malignant transformation of T cells.

Systematic Hi-C analyses comparing T-ALL (primary or cell lines with activating mutations
in NOTCHI) with normal T cells demonstrate prevalent changes in compartment activity
and intra-TAD chromatin interactions upon T cell transformation, and these genome
topological changes are concordant with those in gene expression, super enhancer activity,
and CTCF binding strength at the TAD boundaries (68). Gain-of-function NOTCH1
mutations are a leading cause of T cell progenitor transformation (69), and the activating
mutations result in release of intracellular domain of NOTCHZ1 (ICN). ICN then translocates
into the nuclei and forms a complex with RBPJ transcription factor, leading to activation

of a wide array of target genes (70). NOTCHL1 target genes such as APCDDI and IKZF2
show greatly elevated chromatin interactions in their resident TADs in T-ALL over normal
T cells. The MYC oncogene is regulated by a super-enhancer that is more than 1 Mbp
downstream (71), and ICN acts on select component enhancer(s) to promote normal thymic
development and T-ALL leukemogenesis (72, 73). In normal T cells, the MYC gene and

its super-enhancer are segregated into two neighboring TADs as observed in Hi-C, and
there are few interactions between the MYC promoter and enhancers as determined with

a promoter-centered, circular 3C (a.k.a. 4C) assay (68). In contrast, in NO7TCHI-mutated
primary T-ALL and CUTLL T-ALL cell line, the interactions between the two TADs are
increased so intensely that the MY C promoter and super-enhancer are in a reorganized larger
TAD, where the MYC promoter forms strong interaction loops with multiple component
enhancers (68). Of note, the CTCF binding that demarcates the boundary between MYC
promoter and super-enhancer TADs in normal T cells is lost in T-ALL cells, with the
boundary virtually erased after malignant transformation (68). Significantly, the elevated
chromatin interactions, in particular the promoter-enhancer loops, in T-ALL cells show
distinct sensitivity to small molecule inhibitors, as determined with the 4C assay in CUTLL
cells. For example, the interaction strength of a loop linking APCDD1 promoter with its
enhancer is diminished by a y-secretase inhibitor (GSI) which blocks NOTCH1 activation,
while that of loops connecting MYCand /KZFZ promoters with their respective enhancers
is not sensitive to GSI, but is diminished by an inhibitor of cyclin-dependent kinase 7

(68). These findings underscore that chromatin architecture in transformed cells can be a
druggable target to inhibit oncogenic events, representing a new frontier for exploring novel
therapeutic options.

The multi-scale genome topological aberrations in T-ALLSs require input from lineage-
defining TFs. In a murine T-ALL model where ICN is ectopically expressed in bone
marrow HSCs and progenitor cells, ICN-induced T-ALL is abrogated in the absence of
Tcfl (74). While loss of Tcfl does not profoundly impact compartment and TAD activities
in ICN-expressing HSCs as determined with Hi-C, a substantial portion of ICN-induced
chromatin interaction loops depends on Tcf1, including that linking Bc/11b promoter and
its distal enhancer (74). In addition, two ICN-induced distal enhancers for Myc depend

on Tcfl to remain in ChrAcc state, and germline deletion of either enhancer abrogates
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T-ALL development (72, 74). These data suggest that Tcfl-mediated chromatin interactions
contribute to oncogenic events induced by aberrant NOTCHL1 signaling. It should be noted
that Tcfl could function as a tumor suppressor in early thymocytes (28, 75), and further
studies are needed to reconcile these findings and the underlying chromatin architectural
changes.

NOTCHI-mutated T-ALL cells are initially sensitive to GSI but grow resistant after repeated
exposure, undermining NOTCH1-targeted cancer therapy. Analysis of GSl-resistant,
NOTCHI-mutated DND41 T-ALL cell line with Hi-C and SMC1-based HiChlIP reveals
extensive genome topological alterations compared with the parental, GSI-sensitive cells,
including compartment activity, TAD boundary strength, and enhancer-promoter interaction,
and these changes are concordant with those in enhancer activity, ChrAcc, and gene
expression (76). GSl-resistant cells greatly diminish Tcfl and Lefl expression, but acquire
the expression of Ebf1, a B cell lineage-defining TF. Notably, SMC1, CTCF, and YY1 (a
ubiquitously expressed TF with an architectural role) (77) show colocalization with Tcfl/
Lefl in parental T-ALL cells, but are redistributed to Ebf1 binding sites in GSI-resistant
T-ALL cells; the redistribution of architectural proteins is concordant with loss of Tcf1/
Lefl-anchored and gain of Ebfl-anchored chromatin loops in GSlI-resistant cells (76). These
findings highlight a critical contribution by TFs to dynamic genome reorganization under
pathological conditions. In fact, ectopic expression of Ebfl or Tcfl in NOTCHI-mutated
breast cell line establishes de novo chromatin loops (76).

Conclusions.

Technical advances in the past two decades have greatly improved our understanding

of genome organization in T cells. It becomes clear that during thymic development

and mature T cell responses to various stimuli, chromatin interactions undergo dynamic
changes on different scales including compartment switching, subTAD reorganization, and
chromatin loop rewiring. These genome topological changes are critical for establishing
and sustaining gene expression programs appropriate for specific cell fates. In this process,
lineage-specific TFs such as Tcfl and Batf have pivotal roles, especially those possessing
the ability to initiate nucleosome displacement in a sequence-specific manner, establish
chromatin accessibility and facilitate deposit of active histone marks. These factors can
directly establish novel chromatin interactions or indirectly recruit CTCF to facilitate new
loop formation. In this context, either the TF or TF-CTCF complex can function as one
anchor point to direct loading of the cohesin complex, which then drives DNA extrusion
till encountering the other anchor, demarcated by dynamic or constitutive CTCF binding
sites (Fig. 3A,B). As exemplified at the Myb gene locus, the Myb promoter is co-occupied
by Tcfl and CTCF and forms strong chromatin interaction loop with a CTCF solo site
located in the Hbs1/intron; and this loop is destabilized upon Tcfl/Lefl ablation in naive
CD8* T cells (Fig. 2C,D). NIPBL and MAU?2 are responsible for loading of the cohesin
complex onto chromatin (13, 78). At >2,000 Tcf1 binding sites, H3K27ac, SMC1, and
NIPBL binding show concordant reduction in Tcfl1-deficient DN3 cells (39). Coupled with
the unique ability of HMG TFs to bend DNA at the local element level (34), it is tempting
to speculate that Tcfl-bound, Tcfl-dependent enhancers could serve as cohesin loading sites
(Fig. 3C). The TF-initiated chromatin interactions can have at least two major impacts: one

J Immunol. Author manuscript; available in PMC 2023 December 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhao et al.

Page 12

is to promote juxtaposition of distal enhancer(s) and promoter for target gene regulation,
and the other is to create a ‘semi-insulated’ interaction hub where enhancer(s) and promoter
have increased contact frequencies. In the latter case, the size of the hub does not need to
be on par with a subTAD or insulated neighborhood, and the boundaries of the hub do not
need to be strong enough to achieve complete insulation, so that the hub has ‘autonomy’

in regulating its encompassing genes and yet retains the ability of communicating with

its neighboring hubs. The combinatorial use of these mechanisms may thus establish and
sustain lineage/subset-specific transcriptional programs.

These simplistic models clearly require refinements in many aspects. It is frequently
demonstrated that changes in genomic architecture and gene expression are concordant

on large scales, but more often than not, there is a disconnect when a specific gene is
examined, that is, a gene expression change is not linearly linked to a specific chromatin
loop or an interaction hub. One underlying issue is the resolution of Hi-C data, which is
usually at 5-10 kb at the best, partly owing to the scarcity of DN thymocytes and antigen-
specific memory T cells. With ultra-deep sequencing, base-pair resolution is achievable
(79), which is nonetheless associated with substantial cost for sequencing and collecting
sufficient rare cells. Single-cell Hi-C starts to gain traction (80), yet the resolution challenge
remains. Another significant challenge is the productive processing of Hi-C data, which

is often hampered by the enormous data size and high levels of variability among

batches and laboratories. Integrative use of multiple algorithms is necessary to establish
replicate reproducibility, calibrate proximal interactions, and define chromatin structure
on multiple scales. Outstanding issues include Hi-C normalization across conditions to
facilitate comparative analysis, and identification of function-linked, structural units that
go beyond loops between two focal anchor points without reaching TADs/subTADs in the
size of megabases. The recently developed HiCHub algorithm (81) employs a network
approach to define hyper-connected ‘hubs’ on an intermediate scale between loops and
TADs, and such ‘hubs’ show strong association with concordant changes in chromatin state
and gene expression. HICHub also works well with data of limited sequencing coverage
and facilitates the integration of one-dimensional epigenetic features onto the chromatin
architecture. Improvements in Hi-C data processing and analysis, with the perspective of
integrating machine learning (82, 83), require multi-disciplinary collaborations to ensure
that the data output makes mathematical and biological senses. Lastly, an important

goal is to establish causative effect of chromatin interactions on functional alterations.
CRISPR-based genome editing will help discern the impact through disrupting an enhancer-
promoter interaction or boundaries of TADs, subTADs, and ‘semi-insulated’ interaction
hubs. Dissecting functionally consequential chromatin interactions in high resolution may
identify novel therapeutic targets, from the unique angle of genome topology, which
might achieve more specific effects on enhancing anti-pathogen T cell immunity, blocking
malignant T cell proliferation, and dampening self-reactive T cells.
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Figure 1. Organization of the genome into topologically associating domains (TADS) is
orchestrated by architectural proteins.

A. Diagram representation of a TAD that harbors subTADs in a nested configuration. Color
gradient in each subTAD denotes chromatin interaction frequency as measured with Hi-C,
and scarcity of chromatin contacts between subTADs represents an insulation effect.

B. Illustration showing positioning of CTCF and cohesin architectural proteins in organizing
a TAD and subTADs. Different colors in the cohesin ring denote its major components,
SMC1, SMC3, and RAD21. The top vertices of CTCF triangles are positioned to represent
the most frequently observed convergent orientation of CTCF motifs at the TAD/SubTAD
boundaries. It should be noted that not all boundary CTCF motifs are in the convergent
orientation on the linear genome sequence.

J Immunol. Author manuscript; available in PMC 2023 December 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Zhao et al. Page 19

A

Tcf1 peaks in

WT wT ‘ naive CD8*
: (16,879)
o LR ’ ,/,(;\\ ¢ ’,{f;j\ 4
.:%,g LI
N o i
< Myb —Myb T bs1l
50 kb

Tef1/Lef1

TefiiLefl
dko & <1

dKO oo
/ % (\/ 3 //:\) Tcf1 peaks in
é Vf.'. .‘t"::. ..‘- X \\ // A \\ "/ CD8+ TCM
A N (8.940)
<« Myb = Myb Hbs1l
WT *
< 30 t ‘ wr |Tef!
‘% % 30 pimmmmbbeniebtssd bl s i ChIP-seq
’ y | WT
30 LW*‘\L CTCF
" dKO |[CUT&RUN
Ahit “~— Myb ——Hbs1l 20 L . d
—_
; 100 kb 20 Lt L |/ R P A W
Tcf1/Lef1 DNase-seq
dKO 44 1448 20 bonuihl s L axe
# i kb YT skerac
20
hiIP-
0 " bl A il L b i
Ahit ~— Myb —— Hbs1l

Figure 2. Tcfl and Lefl transcription factors shape genome organization on multiple scales.
A-C. Hi-C heatmaps showing the impact of Tcfl/Lefl deficiency on genome organization

surrounding the Myb gene locus on the TAD (A), subTAD (B), and hub (C) scales. A
illustrates a 1.2 Mbp TAD in WT and Tcf1/Lef1 double knockout (dKO) naive CD8*

T cells, where rectangles with dotted blue lines denote Tcfl/Lefl-dependent interactions
between subTADs. The Myb-containing SUbTAD (denoted with triangles with blue lines) is
enlarged in B, where triangles with cyan lines denote chromatin interaction hubs showing
strong dependence on Tcfl and Lefl. Enlarged hubs are displayed in C, where rectangles
with dotted lines highlight four Tcfl/Lefl-dependent chromatin interaction patches. Hi-C
data are from Refs. 38 and 58, and displayed in 10kb resolution, with arrows marking
transcription orientation of key genes.

D. Molecular characteristics at the genomic element level, aligned with chromatin
interaction anchors in C. Shown are sequencing tracks of Tcfl and CTCF binding, ChrAcc
(determined with DNase-seq), and H3K27ac marking active promoters/enhancers. Yellow
bar highlights a cluster of Tcf1*CTCF* cobound sites (also part of a super enhancer
spanning Myb) showing Tcfl/Lefl-dependent CTCF recruitment, ChrAcc, and enhancer
activity, and the intra-cluster chromatin interaction (patch #2 in C) shows Tcfl/Lefl
dependence. The ChrAcc/enhancer cluster shows Tcfl/Lefl-dependent interactions with
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Myb and Hbs1/promoter regions (patches #3 and #4 in C, respectively). Open bars with
dotted blue lines denote a Tcf1*CTCF* cobound site at the Myb promoter and a CTCF solo
site in Hbs1/intron, which form a strong, Tcfl/Lefl-dependent interaction loop (patch #1 in
C), likely marking the boundaries of a ‘semi-insulated’ hub.

E. Venn diagram showing Tcf1 peaks in naive CD8* and Ty cells. Tcfl ChlIP-seq data

in naive CD8™ and Ty cells are from Ref. 38 (GSE164713) and Ref. 62 (GSE177064),
respectively, and after mapping to the mm9 mouse genome, high-confidence Tcf1 binding
sites were called with MACS?2 by the requiring = 4-fold enrichment over a negative control
(i.e., Tcfl-deficient naive CD8* T cells) and false discovery rate < 0.05, with genomic
regions on the blacklist removed.
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Figure 3. Projected working models of transcription factors (TFs) acting cooperatively with
architectural proteins in T cell genome organization.

T lineage-specific TFs bind to specific DNA sequences and create nucleosome-free
elements. Taking Tcfl as an example, Tcfl may act alone based on its intrinsic architectural
function (A) or recruit CTCF (B) to assist loading of cohesin complex, which then extrudes
DNA till encountering the other boundary-demarcating CTCF on the genome. TFs including
Tcf1 facilitate chromatin opening and deposit of active histone marks; coupled with the
DNA-bending effect by the HMG domain, Tcfl-bound enhancer elements may contribute to
cohesin loading, and the ensuing symmetrical extrusion forms chromatin loops (C). Dotted
arrows denote extrusion direction.
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