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The development and differentiation of T cells represents a long and highly coordinated,
yet flexible at some points, pathway, along which the sequential and dynamic expressions
of different transcriptional factors play prominent roles at multiple steps. The large ZBTB
family comprises a diverse group of transcriptional factors, and many of them have
emerged as critical factors that regulate the lineage commitment, differentiation and
effector function of hematopoietic-derived cells as well as a variety of other developmental
events. Within the T-cell lineage, several ZBTB proteins, including ZBTB1, ZBTB17,
ZBTB7B (THPOK) and BCL6 (ZBTB27), mainly regulate the development and/or
differentiation of conventional CD4/CD8 off” T cells, whereas ZBTB16 (PLZF) is
essential for the development and function of innate-like unconventional " T &
invariant NKT cells. Given the critical role of T cells in host defenses against infections/
tumors and in the pathogenesis of many inflammatory disorders, we herein summarize the
roles of fourteen ZBTB family members in the development, differentiation and effector
function of both conventional and unconventional T cells as well as the underlying
molecular mechanisms.

Keywords: thymic T-cell development, T-cell differentiation, T-cell effector function, ZBTB proteins,
transcriptional regulation

Abbreviations: HSCs, hematopoietic stem cells; LMPPs, lymphoid-primed multipotent precursors; ELPs, early lymphoid
precursors; CLPs, common lymphoid progenitors; TFs, transcriptional factors; DN, CD4 CD8 double-negative; DP,
CD4"CD8" double-positive; SP, single-positive; DLL, delta-like; ETPs, early T cell progenitors; Treg, regulatory T; iTreg,
induced regulatory T; iNKT, invariant nature killer T; MAIT, mucosal associated invariant T; MR1, MHC-I related protein 1;
Tn, naive T; Tc, T cytotoxic; Te, effector T; Tm, memory T; ZF, zinc finger; ILCs, innate lymphoid cells; INTs,
CD69*CD4"CD8™" intermediate thymocytes; BM, bone marrow; Tem, effector memory T; Tem, central memory T; GC,
germinal center; ICF2, Immunodeficiency, Centromeric instability, and Facial anomalies syndrome 2.
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INTRODUCTION
Early T-Cell Development in the Thymus

Most immune cells are generated during hematopoiesis through
a stepwise branching where multipotent hematopoietic stem cells
(HSCs) divide and differentiate into different progenitors with a
restricted set of fates at later stages, such as lymphoid-primed
multipotent precursors/early lymphoid precursors (LMPPs/
ELPs) and common lymphoid progenitors (CLPs) (1). Upon
entering the thymus, these thymus-settling precursors,
presumably derived from LMPPs/ELPs or CLPs, proliferate
extensively and initiate the T cell development program driven
by environmental signals, like SCF (stem cell factor), NOTCH &
IL-7 signalings, and a panel of transcription factors (TFs),
including TCF7 (transcription factor 7), GATA3 (GATA
binding protein 3), BCL11B (B cell leukemia/lymphoma 11B),
and TCF3 (E2A), that act sequentially/collaboratively at multiple
steps (2, 3).

Within the thymus, thymocytes sequentially transit through
CD4°CD8" double-negative (DN) DN1 (CD44°CD257), DN2
(CD44"CD25"%), DN3 (CD44 CD25"%), DN4 (CD44 CD25’),

and CD4"CD8" double-positive (DP) stages on the way to
becoming mature CD4" or CD8" single-positive (SP) off*
T cells (Figure 1A). The interaction of NOTCH1 molecule on
thymocytes with its ligand delta-like (DLL) 4 on thymic
epithelial/stromal cells promotes the survival and
developmental progression of early T cell progenitors (ETPs,
KIT™¢"CD44*CD25), a tiny subset of DN1 cells expressing high
level of KIT (receptor for SCF), into the subsequent DN2 and
DN3 stage until B-selection mainly via upregulating HES1, TCF7
and GATA3, TFs essential for specification of the T cell lineage
(3). HES1 and GATA3 remove the non-T cell fate potentials of
ETPs and early DN2 cells (4, 5), while TCF7 not only directly
activates a subset of T cell signature genes (Gata3, Bcl11b, II2ra,
and Rag2, etc), but also appears to function as a pioneer-like
factor to establish a T-cell specific chromatin landscape in
developing thymocytes (6, 7). Moreover, E proteins, in
particular TCF3 (E2A), control and collaborate with NOTCH1
to activate many other indispensable T cell lineage genes, such as
Ragl/2, Ptcra (encoding pre-TCRo/pTa), Cd3g/d/e (encoding
CD3y/8/e chains, respectively) and Tcrb, during early T cell
development (8). BCL11B is rapidly upregulated in DN2

development program. ZBTB7A prevents the pre-mature differentiation of developing
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FIGURE 1 | Roles of ZBTB proteins in early T-cell development. (A), a schematic view of the stages most affected by ZBTB proteins along the early T-cell

HSCs into DP T cells in the BM, while ZBTB1, ZBTB17, ZNF131, BCL6 and

PATZ1 regulate the early development of conventional o3* T cells before the DP stage. Moreover, ZBTB16, ZBTB7B and HIC1 are important for the development/
function of 18" T cells which diverge from the conventional T-lineage program at the DN2 stage. Since the DP stage, PATZ1, ZBTB7B & ZBTB7A modulate the
differentiation of conventional CD4/CD8 SP cells and Treg cells, whereas ZBTB16 and BCL6 promote the development of unconventional MAIT cell and iNKT cells
from DP cells. (B), a simplified overview of the development of iINKT cells in thymus as well as their functional maturation in the periphery. BCL6 promotes the
transition of stage O (S0) iINKT cells into stage 1 (S1), after which ZBTB16 promotes their intrathymic expansion and effector differentiation. Moreover, PATZ1 and
ZBTB7B fine-tune the subset differentiation of iINKT cells. ZBTB16 regulates iNKT cell development in humans as well. ZBTB proteins with the superscript ‘m’, ‘h’ or
‘m/h” in the upper right corner indicate that these proteins are ascribed to mice, humans or both, respectively. S, stage.
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thymocytes, partially by TCF7 & GATA3, and promotes their
downstream differentiation through upregulating essential
components of pre-TCR in DN2 cells, assisting the
recombination and expression of TCR-f in DN3 cells, and
promoting the survival of DP cells as well as the positive
selection of CD4 or CD8 SP mature aff* T cells (9). Upon
recognizing self-antigens presented by thymic dendritic cells or
medullary epithelial cells with intermediate affinities, a minor
subset (~ 1%) of developing CD4" SP thymocytes acquires Foxp3
expression and becomes regulatory T (Treg) cells (10).

Although originated from a common thymic progenitor, the
1" T lineage starts to diverge from of" T cells at the DN2 stage.
It is proposed that DN cells receiving weak TCR signals serve as a
precursor pool for conventional of" T cells, while those
perceiving strong TCR signals are committed to the 0" T
lineage and become functionally mature without progression
through the DP stage (Figure 1A) (11, 12). Strong TCR
signaling-induced downstream events, such as high levels of
ERK (extracellular signal-regulated kinase), EGR (early
growth response) and ID3 (inhibitor of DNA binding 3),
favor the development of 0" T cells rather than their off*
counterparts (12).

In addition, developing thymocytes diverge at the DP stage to
give rise to two additional unique subsets of T lymphocytes,
invariant nature killer T (iNKT) cells and mucosal associated
invariant T (MAIT) cells (Figures 1A, B). iNKT cells are
characterized by their invariant TCRs comprised of a single
invariant o chain (Vol4-Jol8 in mice, and Vo24-Jol8 in
humans) in combination with certain B chains (VB8, V7 or
VP2 in mice, and VP11 in humans) that specifically recognize
lipid antigens in the context of CD1d (13, 14). Notably, iNKT
cells are positively selected by CD1d-expressing DP cells
themselves, instead of epithelial cells that drive the selection of
conventional oy T cells. Moreover, the cooperative engagement

of the homophilic receptors of the SLAM (signaling
lymphocytic-activation molecule) family member SLAMF1 &
SLAMF6, which leads to the downstream recruitment of the
adaptor SAP (SLAM-associated protein) and the SRC kinase
FYN, is indispensable for the characteristic expansion and
differentiation of iNKT cells post positive selection (13).
Likewise, MAIT cells express semi-invariant oy TCRs with a
canonical Vou19-Jo33 paired with VB8/VP6 in mice or Va7.2-
Jo33 paired with VB2/VPB13 in humans that engage MHC-I
related protein 1 (MRI1), accumulate in the intestinal lamina
propria and are capable of instantly releasing IL-4, IFN-yand/or
IL-17 upon activation (14, 15). Akin to iNKT cells, MAIT cells
are positively selected by MR1-expressing DP thymocytes with
the reliance of SLAM interactions as well (14).

Differentiation and Function of T Cells in
the Periphery

After maturation in the thymus, T cells migrate into the
periphery to exert their effector functions. Upon encountering
the cognate antigen, naive CD4" T cells proliferate and
differentiate into various Th (T helper) subsets characterized
by expressions of distinct TFs and signature cytokines
(Figure 2A). This process is dictated by the strength of TCR
signal and the presence of polarizing cytokines in the
microenvironment during the priming of naive T (Tn) cells.
For instance, strong TCR signaling plus IL-12/IFN-y predisposes
the generation of TBX21 (Tbet)" Thl cells, whereas low-dose
peptide with IL-4/IL-2 favors the differentiation of GATA3" Th2
cells (16). Likewise, CD8" T cells are capable of differentiating
into different T cytotoxic (Tc) subsets under similar cytokine
conditions as well (17). By producing unique sets of cytokines,
different subsets of Th & Tc cells play critical roles in
orchestrating host defences against infections & tumors, as well
as immune responses underlying various inflammatory disorders
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FIGURE 2 | Roles of ZBTB proteins in the proliferation, differentiation and function of conventional T cells in the periphery. (A), a schematic view showing that ZBTB
proteins regulate the survival, proliferation and/or function of undifferentiated CD4" T cells, differentiated effector Th subsets, or Tm cells. (B), a schematic view
ilustrating roles of ZBTB proteins in CD8" T cells along their differentiation into Te and final Tm process. ZBTB proteins with the superscript ‘m’, ‘h’ or ‘m/h’ in the
upper right corner indicate that these proteins are ascribed to mice, humans or both, respectively.
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(16, 17). After the elimination of antigens, the effector immune
responses contract and only a minority of effector T (Te) cells
will differentiate into long-lived memory T (Tm) cells capable of
mounting a more rapid and robust response upon antigen
reexposure (Figures 2A, B). In addition to cytokines and TFs,
recent studies highlight that cell metabolism, such as glycolysis
and fatty acid oxidation, represents another important regulator
of the survival, activation, proliferation, differentiation and
effector function of CD4" & CD8" T cells (18, 19).

Unlike conventional of* T cells bearing a diverse TCR
repertoire and residing predominantly in secondary lymphoid
organs in the periphery, 0" T, iNKT and MAIT cells express a
highly restricted TCR and localize mainly in the liver, epithelial
layers of the skin, reproductive tract or gut mucosa. Upon
recognizing antigens, for instance, glycolipids by iNKT and
microbial metabolites by MAIT cells, these unconventional T
cells rapidly produce copious amounts of cytokines that are
normally only made by fully differentiated conventional Te cells
(13, 20). Moreover, some iNKT cells are able to secret IL-4 at
steady state, and coproduce both IFN-yand IL-4 upon activation
(13). As such, these unconventional T cells, with both innate-

and adaptive-like characteristics, bridge innate and
adaptive immunity.

ZBTB Proteins

ZBTB (Zinc finger and BTB domain containing) proteins are an
evolutionary conserved family of transcriptional regulators with
about 60 different members. ZBTB proteins are characterized as
having several C-terminal C,H,/Kriippel-type zinc finger (ZF)
domains and an N-terminal BTB (broad-complex, tram-track
and bric-a-brac) domain (21, 22) (Figure 3A). The BTB
domain binds to different corepressors and histone
modification enzymes, including BCoR (BCL6 corepressor) or
NCoR-1/2 (nuclear receptor corepressor-1/2) complex, NuRD
(nucleosome remodeling deacetylase) and HDAC (histone
deacetylase) etc, and thus remodels the chromatin structure
and accessibility. This domain also mediates the formation of
homo- or hetero-dimers among ZBTB proteins, and may serve as
an adaptor for cullin 3-based E3 ubiquitin ligase complex, both
of which are critical for their stability, localization and
transcriptional activity inside cells (21, 22). By contrast, the ZF
domains directly bind to specific sequences in the genome and
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FIGURE 3 | Schematic illustrations of the structure and main function of ZBTB protein domains. The N-terminal BTB domain mainly mediates the protein-protein
interactions, while the C-terminal ZFs mainly mediate the bindings to DNA. The ZF domains may interact with other TFs or proteins as well. The linker domain is
unstructured, often flexible and targeted for posttranslational modifications (A). (B) functional domains of the fourteen ZBTB proteins discussed in this review. PATZ1
and ZBTB24 contain an additional A-T hook domain with DNA-binding ability.

Frontiers in Immunology | www.frontiersin.org

July 2021 | Volume 12 | Article 713294


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Cheng et al.

T-Cell Regulation by ZBTB Proteins

hence determine the transcriptional specificity of ZBTB proteins,
albeit they may interact with other proteins as well (21, 23). For
instance, by association with PARP1 via its ZF domains, ZBTB24
protects PARPI from degradation at DNA breaks, and thereby
promotes the error-free nonhomologous end-joining (NHE])
process independent of its transcriptional activity (23).
Notably, ZBTB proteins may regulate gene transcription in a
cell type/subset specific fashion, as genome-wide analysis has
revealed that the binding motifs of BCL6 (ZBTB27) differ
substantially in primary Tth (T follicular helper), Th9,
macrophages and B cells (24). The poorly conserved and
flexible linker region, lying between the BTB and ZF domains,
is often targeted for posttranslational modifications, and thereby
modulates the stability and flexibility of ZBTB-protein/DNA
complex (22). Finally, some ZBTB proteins contain an
additional A-T hook domain, a DNA-binding motif capable of
interacting with the minor groove of AT-rich sequences
(Figure 3B) (25).

Numerous studies have shown that ZBTB proteins are
implicated in diverse cellular processes, such as DNA damage
responses and cell-cycle progressions, and a variety of
developmental events, including gastrulation, organ formation
and HSCs fate determination (21, 26). So far at least 13 Zbtb
genes have been demonstrated to have critical roles in HSCs
lineage determination and differentiation, among which
seven ZBTB members regulate B-cell development & function
(21, 22). Studies have highlighted a central and indispensable
role of ZBTB proteins in nearly all aspects of T cell biology.
Here we will summarize and discuss recent findings on 14
ZBTB proteins, as illustrated in Figure 3B, with reported roles
in the development, differentiation, and effector function of
conventional and/or innate-like unconventional T cells
(Figures 1, 2).

ZBTB PROTEINS MAINLY INVOLVED IN
THYMIC T-CELL DEVELOPMENT

ZBTB1

Although ZBTBI is dispensable for the generation of immune
progenitors from HSCs, its deficiency results in a severely
impaired generation of mature lymphoid, and to a less extent,
myeloid cells in mice (27-29). ZBTBI1 knockout mice are nearly
absence of T cells as their precursors fail to progress beyond the
DNI1 stage in thymus, and the very few splenic T cells exhibit a
complete lack of proliferative and cytotoxic function (27).
ZBTB1 maintains the genome integrity in replicating cells by
inducing the phosphorylation of CHEK1, which blocks DNA
synthesis for lesion repair, thereby preventing TP53-mediated
apoptosis (30). Moreover, ZBTB1 associates with the TRIM28/
NuRD complex and guides it to DNA damage sites, resulting in
chromatin remodeling and initiation of translesion DNA
synthesis (31). However, prevention of apoptosis by BCL2
overexpression or TP53 deficiency only partially rescues the
early stages of T-cell development till the DN3 or DP stage,
respectively, in ZBTB1-deficient mice (Figure 1A) (30). Given

that ZBTBI1 directly represses cAMP signaling, the activation of
which abrogates TCRol gene rearrangements, and that TCRa-
null thymocytes do not proceed beyond the DP stage (32, 33),
promoting TCRo. rearrangements via inhibiting cAMP signaling
may underlie the apoptosis-independent function of ZBTBI1 at
later stages of T-cell development in the thymus. Recently, a
reciprocal suppression between ZBTB1 expression and IL-7Ro
signaling has been discovered (34), but the detailed underlying
molecular mechanisms and the impact of this regulation on
developing thymocytes remain to be determined. Additionally,
ZBTB1-deficient mice lack ROR®"NKp46" innate lymphoid
cells (ILCs) in the intestine, which can not be reversed by
BCL2 overexpression and TP53 deficiency (29). Of note,
despite the similar extent of T-cell deficiency, ZBTB1-knockout
mice have increased numbers of short-term HSCs, multi-potent
progenitors and CLPs (27), while scanT mice with a single
substitution of the conserved cysteine (C47R) in the BTB
domain of ZBTB1 do not (28). This indicates that ZBTBI
protein in scanT mice still retain some residual function
sufficient to maintain HSCs numbers and differentiation.

ZBTB17 (MIZ-1)

ZBTB17, initially identified as MYC-interacting ZF protein 1
(MIZ-1), is indispensable for early embryonic development
during gastrulation (35). Mice with a transcriptionally inactive
ZBTB17 (Vav-Cre mediated deletion of the BTB domain) in
hematopoietic cells display a severely impaired lymphoid, but
not myeloid, development (36, 37). Although ZBTB17 does not
regulate genes specifying the T-cell lineage in LMPPs/ELPs, its
deficiency results in an almost entirely lack of ETPs as well as a
severe block of DN to DP transition during thymic pre-T cell
development (37, 38). ZBTB17-deficient DN pro-T cells are
prone to apoptosis as they fail to relay signals from IL-7R and
thus upregulate the anti-apoptotic gene BCL2. ZBTB17 represses
the expression of the STAT5 inhibitor SOCS1 (suppressor of
cytokine signaling-1) by directly binding to its initiator site,
thereby promoting IL-7-induced STAT5 phosphorylation and
BCL2 upregulation in DN cells. However, inhibition of SOCS1 or
overexpression of BCL2 only restores the differentiation of
ZBTB17-deficient pro-T cells till the DN3 stage, indicating that
ZBTB17 regulates the DN3-to-DN4 pre-T cell transition via
different mechanisms (37).

Despite the normal expression of genes required for the
generation of pre-TCR and V(D)] recombination such as
Ragl/2, Ptcra and Dntt (encoding terminal deoxynucleotidyl
transferase/Tdt), few DN3/DN4 cells with surface pre-TCR are
present in mice with unfunctional ZBTB17, partially because of
TP53-induced apoptosis and cell cycle arrest (39, 40). ZBTB17
indirectly inhibits the translation of TP53 by activating
ribosomal protein L22, which binds to the mRNA of TP53 and
represses its translation (40). Alternatively, ZBTB17 is also
capable of directly interacting with TP53 via its ZF domains,
and thereby diminishes TP53’s binding to target promoters (41).
As the coexpression of both rearranged TCRof3 and BCL2 or
ablation of TP53 rescues the ZBTB17-deficient DN3/4 cell
numbers and their further differentiation into DP cells,
ZBTB17 seems to be required to ensure proper TCRf
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expression and TP53 activity at the pre-TCR “B-selection”
checkpoint (Figure 1A) (39, 40). Notably, the normal thymic
T-cell development in mice when ZBTB17-inactivation is only
accomplished at the DN4 stage (mediated by Lck-Cre) indicates
that ZBTB17 has little effect at later thymocyte differentiation/
maturation beyond the DN4 stage (37, 39). Alternatively, other
factors may compensate for the loss of ZBTB17 in thymocytes
after B-selection.

ZBTB16 (PLZF)

ZBTB16 (PLZF, promyelocytic leukemia zinc finger) is expressed
lowly in early ETPs, slightly increased at the DN2 stage and then
gradually decreased as cells progress toward DN3, DN4 and DP
stages in the thymus (42, 43). It is a powerful TF that mainly
regulates the development and function of innate-like
unconventional T cells, including iNKT & y8" T cells, as well
as ILCs both in mice and humans (Figures 1A, B) (44-47).

ZBTB16 drives the innate-like effector differentiation of
CD1d-restriced iNKT cells. It is specifically and highly
expressed in stage 1 (NK1.1'CD44"), and gradually declines
thereafter in stage 2 (NK1.1°'CD44") and stage 3
(NK1.1"CD44") iINKT cells. Deficiency of ZBTB16 has no
impact on early thymic development of iNKT cells till stage 1,
but almost completely abrogates their intrathymic expansion and
effector differentiation that characterize their lineage (48, 49).
Accordingly, ZBTB16-deficient iNKT cells retain a naive
CD44°"CD62L8" phenotype and accumulate in peripheral
lymph nodes rather than the liver (48, 49), as ZBTB16 directly
binds and regulates genes encoding cytokine receptors (IL-12RI1,
IL-18R1 & CCR4, etc) and homing/adhesion molecules (CD62L
& CD44) in iNKT cells (46, 50). ZBTB16 cooperates with the TF
YY1 (Yin Yang 1) to promote the development of iNKT cells
beyond stage 2, and acquire the innate feature of “preformed”
mRNAs that enable their rapid and simultaneous production of
IFN-y & IL-4 upon primary activation (51). Although ZBTB16
and YY1 do not regulate each other’s expression, they form a
protein complex which appears to mediate some functions of
ZBTB16 in iNKT cells. For instance, the ZBTB16/YY1 complex
promotes the binding of ZBTB16 to target DNA sequence and
thus augments its transcriptional activity (51). Alternatively,
given that both ZBTB16 and YY1 can serve as chromatin
remodelers, it is conceivable that one may function as a
transducer to relax the chromatin, and thereby enhance the
transcriptional activity of the other. Of note, studies have
indicated that the protein level of ZBTB16 is important for
iNKT cell development, as reduced ZBTB16 expression results
in significantly decreased iNKT cells in the thymus and
periphery, especially ZBTB16™&" iNKT2 cells (52, 53). This
dose effect of ZBTB16 in iNKT development and subset
specification might be related to differences in the coverage of
ZBTB16 binding sites in the genome, which subsequently
generate different epigenomic landscapes and eventually lead to
different gene expressions.

Apart from oy iINKT cells, ZBTB16 is expressed in around
70% of thymic and 40% of peripheral Vy1*V86.3" 10 T cells in
adult mice as well as in V5" & V36" %0 T cells in fetus thymus

(43, 54, 55). Similar to what observed in iNKT cells, ablation of
ZBTB16 mildly reduces the number of Vy17V36.3" 18 T cells,
prevents their downregulation of lymph-homing molecule
CD62L, and completely abrogates their ability to coexpress
IFN-y & IL-4 (54, 55). Interestingly, deficiency of ZBTB16
leads to a profound and specific impairment of thymic V6"
but not V5" 10 T-cell development, and moreover, ZBTB16-
deficient CD27"CD44  immature V6° 0 T cells fail to
proliferate, which is necessary for them to acquire a mature
CD27'CD44" phenotype with increased IL-17-secreting ability
(43). As overexpression of the anti-apoptotic protein BCL2 or
depletion of the pro-apoptotic factor BCL2L11 (BCL2 like 11,
commonly known as BIM) fails to revert the impaired
development/function of iNKT or 8 T cells in ZBTB16-
deficient mice (42, 43, 52), it was suggested that ZBTB16 may
promote the expansion and acquisition of effector phenotype of
innate T cells in the thymus either cell-intrinsically or indirectly
via facilitating their thymic retention (42, 44). In mature iNKT
and ¥ T cells, ZBTB16 seems to augment their inflammatory
functions through regulating the mitochondrial activity and
glucose metabolism (56). In addition, ZBTB16 is also highly
expressed in MAIT cells and unconventional CD8a"CD8B"
TCRof" T cells, both in mice and men (49, 57, 58). The
innate-like unconventional CD8c."CD8B TCRaf" T cells,
which are NKI1.1" in mice or CD161" in humans, are
abundantly present in livers, exhibit an activated/memory
phenotype, and use a perforin-dependent mechanism to
dampen autoimmune responses in vivo (58). Not unexpectedly,
the development of these MAIT and unconventional
CD80."CD8B TCRaB" T cells are highly, albeit not absolutely,
dependent on ZBTB16 as well (57-60).

In iNKT cells, TCR signals induce EGR2, which directly binds
and subsequently transactivates Zbtb16 (61). A recent study
performed by Mao et al. indicated that, by binding to a critical
regulatory intronic region in Zbtbl6 locus shared by iNKT,
MAIT, Y8 T cells and ILCs, RUNXI1 directly activates the
expression of ZBTB16 and thus drives their development and
effector differentiation (62). However, why ZBTB16 is only
expressed in certain subsets of ¥ T cells with particular TCR
repertoires (i.e., Vy1"'V86.3" or V$6") remains obscure. In sharp
contrast, ZBTB16 is silenced in conventional 03" T cells early in
development and this repression appears to be stably maintained
in their whole life span, regardless of the strength of TCR
signaling and inflammatory conditions (63). Nevertheless,
transgenic expression of ZBTB16 confers some innate-like
memory/effector phenotypes and functions to conventional T
cells, in both thymus and periphery, without a requirement for
agonistic TCR signaling and cell proliferation (49, 64-66).
Although these ZBTB16-expressing conventional aff” T cells
bear similar TCR repertoire as control cells and do not
upregulate NK markers, they phenotypically and functionally
resemble normal Tm cells in terms of CD62L/CD44 expressions,
cytokine profiles and sensitivities to TCR-mediated stimulation
(64, 66). In addition to cell-intrinsic activity, ZBTB16 can also
affect the phenotype/function of conventional T cells in trans.
IL-4, secreted by the expanded population of ZBTB16-expressing
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innate cells in mice with transgenic MHC-II on thymocytes or
mutations in TCR signaling molecules (Itk or Id3), induces the
generation of innate-like Eomes-expressing CD4"/CD8" T cells
as well as CD4"Foxp3"CD103" Treg cells (44, 67).

Unlike its restricted expression in murine T cells (essentially
in all iNKT but only a subset of 8" T cells), ZBTB16 is expressed
in virtually all 8" T, NK and NKT cells as well as in a large
fraction of CD161M8" CD4*/CD8* T cells in humans (47, 49).
ZBTB16 seems to regulate the number, phenotype and/or
function of these cells as the phenotype of iNKT cells is altered
and the number of CD161™"CD8" T cells is reduced in an
individual with a biallelic loss of functional ZBTB16 (47).
Surprisingly, ZBTB16-expressing CD161™8"CD8" T cells
expressed less IFN-y than their ZBTB16-negative CD161°CD8"
counterparts, and NK cells from the ZBTB16-disrupted
individual seemed to produce more cytokines than the control
samples (47). Moreover, the increased/decreased numbers of
ZBTB16-expressing CD8" T cells in patients with metastatic
melanoma/autoimmune disease, respectively, suggest that these
cells, akin to their murine CD80.*CD8B TCRof* counterparts,
may be capable of suppressing the inflammatory responses in
vivo (47, 58). Interestingly, a recent report revealed that ZBTB16
is specifically upregulated in human Th17 cells possibly by
RORM, as RORYt downregulation diminishes its expression.
Upon expression, ZBTB16 not only directly binds to the
promoters of Ccr6 & Rorc and activates their expressions, but
also collaborates with ROR¢ to induce the expression of many
other Th17-associated genes (68). Notably, studies indicated that
ZBTB16 predisposes human iNKT, MAIT, conventional T as
well as Jurkat cells to apoptosis induced by FAS or staurosporine
(a protein kinase C inhibitor), partially through directly inducing
the expression/activation of Caspase 3 (69).

In sum, ZBTB16 represents an essential factor coordinating
the development and effector function of murine and human
innate T cells (Figures 1A, B). In humans, it may regulate the
survival and differentiation of conventional T cells as well
(Figure 2A). ZBTB16 exerts these functions as a TF and/or a
chromatin remodeler to activate/repress gene expressions in a
context-dependent fashion.

ZBTB PROTEINS REGULATING
BOTH THE DEVELOPMENT AND
FUNCTION OF T CELLS

ZNF131 (ZBTB35)

ZNF131, also known as ZBTB35, is originally identified as a
binding partner of ZBTB33 (KAISO). It contains a typical BTB
domain and five or six ZF domains created by alternative mRNA
splicing (70). The ZNF131/ZBTB33 heterodimer alters the
transcriptional activity of each protein, and thus fine-tunes
each-mediated biological process in cells (70, 71).

Ablation of ZNF131 in the DN2/DN3 thymocytes (Lck-Cre)
does not affect 0" T cell development, but significantly reduces
the numbers of DN3, DN4 & DP cells, especially the latter two
populations (72). Although the rearrangement of TCR-f locus is

intact in ZNF131-deficient DN3 cells, ZNF131 represses the
expression of CDKN1A (cyclin dependent kinase inhibitor 1A,
also known as P219P') by directly binding to its promoter
region, and therefore promotes the (pre-)TCR-induced
proliferation of thymic DN3/4 & peripheral mature T cells
(Figures 1A, 2A, B). Notably, PMAIP1 (Noxa) and BAX, two
other TP53 target genes, are only upregulated in ZNF131-
depleted thymocytes but not in mature T cells, indicating a
differential involvement of TP53 activity among these cells. In
addition, depletion of ZNF131 at the DP stage (CD4-Cre) has no
impact on the survival & differentiation of DP toward CD4 or
CD8 SP cells in the thymus. Thus, ZNF131 is mainly involved in
the DN-to-DP transition of thymocytes and the homeostasis/
proliferation of mature T cells via suppressing CDKNI1A (72).
Recently, the same group showed that ZNF131 promotes the
early B cell development via similar mechanisms (73).

ZBTB7B (THPOK) and ZBTB7A (LRF)
ZBTB7B, also called THPOK (T-helper-inducing POZ/Kruppel-
like factor), controls CD4" vs. CD8" T-cell lineage commitment
in the thymus (74). Although not required for the B-selection
and survival of thymocytes, ZBTB7B is selectively upregulated,
likely by persistent TCR signaling that overrides the silencer
activity of its distal regulatory element (DRE), in MHC-II-
restricted CD69*CD4*CD8"°" intermediate thymocytes (INTs)
where lineage is thought to be determined (74-78). Functionally,
disrupted expression/function of ZBTB7B redirects MHC-II-
restricted INTs into the CD8" lineage, while its overexpression
converts MHC-I-restricted INTs into the CD4" lineage
(Figure 1A) (75, 76, 79-82). Notably, it appears that ZBTB7B
is neither absolutely necessary nor sufficient for the specification
of CD4" T-cell fate. Mice lacking both ZBTB7B and RUNX
factors still generate CD4" SP cells, and moreover, ZBTB7B fails
to promote CD4" T-cell differentiation in the absence of GATA3
(74, 76, 81). Rather, ZBTB7B regulates CD4" vs. CD8" T-cell
lineage commitment in the thymus mainly by repressing
RUNX3, which promotes CD8 while silences CD4 expression
(74, 81, 82). The study performed by Luckey et al. indicated that
ZBTB7B represses RUNX3 through transcriptionally activating
Socs1 & Cish, because it is unable to repress RUNX3 and prevent
thymocytes from adopting the CD8" lineage fate in the absence
of SOCSI, and conversely, transgenic expression of SOCS1 in
ZBTB7B-deficient mice largely replaces the latter’s role in
inducing the generation of CD4" T cells (82). However, a
recent study revealed that ZBTB7B-depletion does not affect
the expression of SOCS family genes in MHC-II-signaled
immature MHC-1'"CD44'°" CD4" SP thymocytes in RNA-
Seq analysis (83), therefore challenging the ZBTB7B-SOCSI1-
RUNX3 model in thymocytes proposed by Luckey et al. (82).
Additionally, ZBTB7B may be able to directly bind to and
subsequently inactivate the silencer of Cd4, thereby
derepressing/maintaining CD4 expression in developing/
mature CD4" T cells (74, 84).

By contrast, mice with an inducible deletion of ZBTB7A
(LRF, leukemia/lymphoma-related factor) exhibit a grossly
normal thymic T-cell development, but an aberrantly increased
number of extrathymic DP T cells in the bone marrow (BM) that
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is reversed by blocking NOTCH signaling (Figure 1A) (85, 86).
ZBTB7A-deficient B220" pre-pro-B cells express high levels of
NOTCHI1 & 3, and readily differentiate into DP T cells in the
presence of NOTCH ligand DLLI-expressing stromal cells (85).
Moreover, ZBTB7A promotes the homeostasis of HSCs and
prevents their pre-mature differentiation towards T cells by
repressing the expression of DLL4 on erythroblasts (86).
ZBTB7A thus prevents the pre-mature T-cell lineage
commitment of developing HSCs by opposing NOTCH
signaling, both intrinsically and extrinsically, in the BM (85).
The inhibition of NOTCH signaling by ZBTB7A seems to be
overruled by the abundantly expressed NOTCH ligands on
thymic stromal cells to allow for T-cell development in the
thymus, as no visible impact of depletion of ZBTB7A in DP
thymocytes (CD4-Cre) on subsequent T-cell development and
function is noted (87, 88). In addition, ZBTB7A promotes the
erythroid differentiation in mice and humans (21).
Interestingly, despite the strikingly different roles of ZBTB7A
& ZBTB7B in T-cell development, these two proteins act
redundantly in maintaining the integrity and function of
mature CD4" T cells (Figures 1A, 2A, B) (87, 88). ZBTB7A
enables the “redirected” MHC-II restricted ZBTB7B-deficient
CD4'CD8" T cells to regain surface CD4 and CD40L upon
activation (87), and prevents the transdifferentiation of CD4"
T cells into CD4 CD8" T cells in Zbtb7bP! (Zbtb7b peripheral
deleter) mice, in which the depletion of Zbtb7b mainly occurs in
postthymic CD8" SP and Foxp3'CD4" SP T cells (Cre driven by
the human CD2 promoter) (88). Although not required for Th17
differentiation, ZBTB7B promotes the in vivo differentiation of
Th2, and prevents differentiated Th1/Th2 from diverging into Tc
cells mainly by restraining the expression/activity of RUNX3,
which silences CD4 & IL-4 whereas concomitantly activates the
expression of cytotoxic molecules (i.e., CD8a, Eomes, perforin
and granzyme B, etc) (88, 89). Given that ZBTB7A is as efficient
as ZBTB7B at antagonizing RUNX-mediated Cd4 silencing (88),
it is likely that ZBTB7A partially compensates for the loss of
ZBTB7B by repressing the activity of RUNX proteins to maintain
the phenotype and residual Th functions of CD4" T cells in
Zbtb7bP* mice. Moreover, deletion of both ZBTB7A & ZBTB7B
has a greater impact, than deletion of the latter only (all mediated
by CD4-Cre), on the number/phenotype and function of thymic
Treg cells (90). Accordingly, despite the little effect of single
deficiency of either ZBTB7A or ZBTB7B (Foxp3-Cre) on
peripheral Treg cells, double knockout of both genes in Treg
cells leads to a lethal inflammatory disease similar to that in
Scurfy mice lacking functional CD4 "Foxp3" Treg cells. Notably,
the redundant function of ZBTB7A and ZBTB7B in promoting
the in vivo survival/fitness of effector Treg cells is independent of
RUNX3 repression, but may be attributed to their functional
overlap in supporting IL-2/Foxp3-mediated gene expressions
(90). Nonetheless, ZBTB7B seems to nonredundantly stabilize
Foxp3 and augment the suppressive function of Treg cells,
especially in the mucosal-environment interface (90-92). In
addition, a recent study by Vacchio et al. showed that
inactivation of ZBTB7B in mature CD4" T cells (CD2-Cre)
almost completely blocks the differentiation of Tth cells and

the production of antigen-specific IgG in vivo (93).
Mechanistically, ZBTB7B directly binds to regulatory regions
of Bcl6 and Maf to upregulate their expressions, and thus forced
expressions of the latter two proteins cooperatively promote the
differentiation of ZBTB7B-deficient T cells towards Tfh
cells (93).

Given the role of ZBTB7B in regulating the lineage choice into
CD4" or CD8" T cells in the thymus (74), and that its ectopic
expression in mature CD8" T cells leads to loss of some CD8"
T-cell characteristics while gain of many CD4" T-cell features
(94), silencing of ZBTB7B was thought to be irreversible in
peripheral CD8" T cells to maintain their integrity & function.
Unexpectedly, ZBTB7B repression is readily abrogated in mature
CD8" T cells upon TCR stimulation through the proximal
enhancer & promoter at its locus (77, 95). Although such a
low level of ZBTB7B (~ one-tenth of that in CD4" Tn cells) has
little impact on the phenotype of CD8" T cells in vivo, its
functional deficiency not only significantly inhibits the clonal
expansion of CD8" T cells, but also greatly reduces the
production of IL-2 and granzyme B in long-lived CD8" Tm
cells upon rechallenge, possibly via transcriptionally activating
genes involved in DNA repair and repressing CD160, an
exhaustion-associated molecule (95). In line with its role in
promoting memory responses, a recent work from Bosselut’s
group showed that ZBTB7B is required early during activation to
safeguard the transcriptome signature and memory potential of
CD4" T cells as well (96). Moreover, ZBTB7B cell-intrinsically
represses a dysfunctional and effector-like transcriptional
program in CD4" Tm cells by directly antagonizing the
expression/activity of RUNX3 & PRDM1 (Blimpl) (96).
ZBTB7B hence functions as an important regulator promoting
the generation and functional fitness of both CD4" and CD8"
Tm cells (Figures 2A, B).

Functions of ZBTB7B in T-cell compartment extend beyond
conventional 03" T cells as it is also expressed in a subset of 6" DN
thymocytes and essentially in all Voil4 iNKT cells (55, 97-100).
Although dispensable for the early development, survival and
proliferation of 8" thymocytes, deficiency/overexpression of
ZBTB7B reduces/increases the number of mature CD24 8"
(particular NK1.1"CD24 y0") thymocytes, respectively
(Figure 1A) (99, 100). Likewise, disruption of ZBTB7B does not
impact the number of total iNKT cells in mice, but significantly
induces more IL-17-producing iNKT17 cells at the expense of IL-4-
producing iNKT2 cells (Figure 1B). Additionally, depletion of
ZBTB7B results in the appearance of atypical CD4 CD8" iNKT
cells, concurrent with the absence of the CD4"CD8" subset (97, 98,
101, 102). Given the low/high levels of ZBTB7B in iNKT17/iNKT2
cells, and that enforced ZBTB7B expression represses ROR}, it
appears that ZBTB7B fine-tunes the subset differentiation of iNKT
cells (101, 102). Similar to that in conventional CD4" T cells,
ZBTB7B functions downstream of GATA3 in regulating the
differentiation/function of iNKT cells (76, 97).

As outlined above, ZBTB7B represents a critical factor,
sometimes partially redundant with ZBTB7A, that regulates
the development, differentiation, homeostasis and function of
both conventional af* T and unconventional (" and iNKT)
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T cells in mice. In humans, ZBTB7B seems to limit RUNX3-
induced cytotoxic potentials of differentiated Thl cells as
well (103). Further investigations are needed to identify the
network regulating protein levels of ZBTB7A & ZBTB7B and
to dissect the molecular mechanisms responsible for their stage/
context-dependent effects along the T-cell development/
differentiation program.

PATZ1 (ZBTB19 or MAZR)

PATZ1 (POZ/BTB and AT hook containing ZF 1), also known
ZBTB19 or MAZR (MYC-associated ZF related-factor), is
broadly expressed in multiple hematopoietic lineages. Germline
deficiency of PATZ1 results in premature death of mice due to
defects in the cardiac and neural systems (104).

PATZ1 is part of the molecular machinery that represses CD8,
ZBTB7B and CD4 in developing thymocytes and/or mature CD8"
T cells. It is highly expressed in DN thymocytes, and then
gradually declines along their progression to DP and subsequent
CD4"/CD8" SP stage (105). PATZ1 binds to multiple Cd8
enhancer regions and prevents the premature expression of CD8
during DN to DP transition (Figure 1A), partially by recruiting
NCoR via its BTB domain to condense the chromatin (105, 106).
Later, it participates in CD4 vs. CD8 lineage commitment of
MHC-I-signaled DP thymocytes by directly repressing ZBTB7B to
restrain the transdifferentiation of developing CD8" SP into CD4"
thymocytes (106). Moreover, PATZ1 physically interacts with
RUNXI1/RUNX3 via its 7" ZF, and acts synergistically with
RUNXI in unsignaled TCRB'“CD69" DP thymocytes or
RUNX3 in mature CD8" T cells to repress ZBTB7B
(Figure 1A). Accordingly, PATZ1/RUNX1 or PATZ1/RUNX3
double-mutant mice exhibit increased expression of CD4 in both
DN thymocytes and peripheral CD8" T cells than RUNXI1 or
RUNX3 single-mutant mice, respectively (107). Given that a role
of PATZ1 in silencing Cd4 is only evident in cells with disrupted
RUNX proteins, whereas it is capable of repressing ZBTB7B in
RUNX-sufficient mature CD8" T cells, there seems to be locus-
specific differences in PATZ1 and/or RUNX proteins-mediated
repressions of target genes in these cells.

In addition, PATZ1 regulates the iNKT cell subset
differentiation. T-cell specific depletion of PATZ1 (Lck-Cre)
results in an increased number of IL-4-producing iNKT?2 cells
at the expense of iNKT1 and iNKT17 cells (Figure 1B), but the
total number of iINKT cells as well as their survival &
proliferation is not affected (108). In line with the role PATZ1
in antagonizing ZBTB7B and CD4 expressions in conventional T
cells (106, 107), PATZI1-deficient iNKT cells express increased
levels of CD4 and ZBTB7B, and moreover, the combined loss of
PATZ1 & RUNX3 results in a further increase of ZBTB7B,
accompanied with enlarged/reduced proportions of iNKT2/
iNKT17 cells, respectively (108). Additionally, PATZ1-deficient
iNKT cells express more EGR2 (108), which controls iNKT
lineage differentiation and is normally expressed at the highest
level in iNKT?2 cells, followed by iNKT17 and iNKT1 cells (61,
109). Considering the aforementioned roles of ZBTB7B in iNKT
development (97, 98, 101, 102), it seems that PATZ1 regulates
the subset differentiation of iNKT cells mainly by fine-tuning
expressions of ZBTB7B and EGR2. Nonetheless, whether these

two regulatory processes are connected or totally independent
during iNKT development remains to be determined.

Two recent studies from the same group showed that PATZ1
is capable of regulating the development of Treg cells and the
generation of CD8" Te/Tm cells independent of ZBTB7B
(Figures 1A, 2A, B) (110, 111). Levels of PATZI progressively
decline during the development/differentiation of both murine
and human Foxp3" Treg cells, suggesting that it may negatively
regulate Treg development. Indeed, specific depletion of PATZ1
in T cells (CD4-Cre) results in an increased percentage/number
of Treg cells, while its enforced expression dose-dependently
impairs the development of thymic Treg cells as well as the
differentiation of induced Treg (iTreg) cells in the periphery
(110). Interestingly, comparable levels of PATZ1 in Foxp3™ vs.
Foxp3~ cells were observed in culture with TGF-f3, and PATZ1-
sufficient or deficient Treg cells display minor transcriptional
differences, indicating that PATZ1 alone is neither decisive for
the induction of Foxp3 nor essential in establishing/maintaining
the transcriptional signature of Treg cells. Nonetheless, PATZ1-
deficient Treg cells show a slightly increased Foxp3 stability and
suppressive capacity in vivo, but display a significantly reduced
survival/proliferation after transfer into RAG2-deficient
recipient mice (110). In CD8" T-cell compartment, albeit the
little effect of PATZ1-deficiency alone, combined depletions of
both PATZ1 and RUNX3 lead to a much more pronounced
downregulation of Tc signature genes (Gzmb, Tbx21 and Cd8a,
etc) as compared to the single RUNX3 deletion, indicating that
PATZ1 partially compensates for the loss of RUNX3 in the
differentiation of CD8" Te cells (111). In contrast, PATZ1 and
RUNX3 exert distinct functions in the formation of CD8" Tm
cells. Depletion of RUNX3 greatly impairs the differentiation of
Tm, whereas ablation of PATZ1 promotes the generation
of CD62L°CD127" effector memory T (Tem) at the expense of
CD62L*CD127" central memory (Tcm) CD8" T cells (111).
Thus, PATZ1 appears to team up with RUNX3 in promoting
the naive-to-effector transition of CD8" T cells, while at later
stages it negatively regulates the generation of Tem cells
independent of RUNX3, presumably in part through regulating
the Tem-vs.-Tcm diversification process (111). Notably, PATZ1
regulates the differentiation of Treg and CD8" Tc cells
independent of ZBTB7B, as its deficiency does not affect
ZBTB7B expression in CD4" T cells (110), and similar effects
were observed in CD8" T cells depleted with ZBTB7B (111).

Given that PATZ1 may, based on the cellular context,
promote/inhibit the survival & proliferation of cells in a TP53-
dependent/independent manner (112, 113), the relative
contributions of these mechanisms to its roles in iNKT and
conventional T cells remain to be investigated.

ZBTB PROTEINS MAINLY AFFECTING
THE FUNCTION OF T CELLS

BCL6 (ZBTB27)
The well-studied BCL6 (B cell lymphoma-6, also known as
ZBTB27) was initially identified as an oncogene frequently
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translocated/hypermutated in diffuse B cell lymphoma
(DLBCL) and follicular lymphoma (FL) cells (22). In T-cell
compartment, BCL6 not only regulates the differentiation of
Th cells, but also impacts the generation & maintenance of Tm
cells (Figures 2A, B) (114, 115).

BCLS6 is indispensable for germinal center (GC) reactions as it
drives the differentiation of both GC B cells and Tth cells (22, 114).
BCLS6 is induced as early as the first division after T-cell activation in
a CD28-dependent manner. CD28 signal quickly upregulates the
H3K36 methyltransferase NSD2 (nuclear receptor binding SET
domain protein 2), which specifically modifies the gene body of
Bcl6 and hence enhances its transcription (116). Thereafter, multiple
TFs and signaling pathways are employed to enhance/maintain
BCL6 levels (114). For instance, by binding to IL-6R whose
expression is mediated by TCF7, IL-6 enhances the expression
BCL6 in CD4" T cells via STAT1/3, and thus promotes the
differentiation of Tth cells both in vitro and in vivo (117-119).
Subsequently, BCL6 directly binds and represses a set of TFs
(Prdml1, Tbx21, Gata3, Rora/Rorc and Runx2/3, etc), signaling
transducers (Stat5), cytokines (Il4 & Il17a) and chemokine
receptors (Selplg, Ccr7 and Gprl83, etc) that drives Th cells
towards non-Tfh fates/functions. At the meantime, BCL6
indirectly upregulates many essential functional molecules, such
as CXCR5, ICOS, PD1 and IL-6R, likely by repression-of-repressor
mechanisms through targeting a panel of TFs including Prdm1, Id2,
Runx2/3 and Kif2 (114). An extensive review on the regulation of
BCL6 expression as well as BCL6-mediated transcriptional
regulation in Tth cells has just been published by Choi and
Crotty elsewhere (114).

Misawa et al. recently revealed that sequestration of BCL6 in
the cytoplasm represents another layer to fine-tune its function
in Tth cells (120). PRKD2 (protein kinase D2) directly binds and
phosphorylates BCL6, which reduces its nuclear translocation in
resting CD4" T cells. After entering the nucleus, BCL6 represses
Prkd2 transcription, and thereby irreversibly drives Tfh
differentiation & function (120). Apart from differentiation,
BCLS6 is also essential for the maintenance of Tth cells in vivo,
as temporal ablation of BCL6 by tamoxifen (CD4-Cre"81?)
induces the transdifferentiation of established Tfh cells into
TBX21" Thl cells during acute viral infection (121).

Intriguingly, although BCL6 antagonizes the differentiation of
non-Tth subsets (Th1, Th2 and Th17, etc) by directly repressing
their lineage-defining TFs (Tbx21, Gata3 and Rorc, etc) as
mentioned above (114), it is lowly expressed in these Th
subsets and modulates their functions via multiple
mechanisms (Figure 2A). In Thl cells, BCL6 is guided by
TBX21, via the TBX21-BCL6 complex which masks BCL6’s
DNA binding ZF domains, to promoter regions and represses
the transcriptional activation of Socs1/3, Tcf7 and Ifng, whereas
excess amounts of BCL6 induce Tth gene expressions (122, 123).
Therefore, lowly expressed BCL6, by cooperating with TBX21,
not only promotes the identity and function of Th1 cells, but also
restrains the overproduction of IFN-y to prevent possible
collateral tissue damages in vivo. Likewise, it directly targets
and dampens the ability of GATA3 to transactivate Th2 genes in
Treg cells, and concomitantly strengthens their ability to control

allergic airway inflammations (124, 125). Moreover, BCL6
upregulates CXCR5 in Foxp3™ Treg cells, and thereby endows
these so-called T follicular regulatory (Tfr) cells with the capacity
to migrate towards the B cell follicular to limit the magnitude of
GC responses (126, 127). In addition, BCL6 maintains Foxp3
expression and promotes the suppressive ability of tumor-
infiltrating Treg cells, and thus high BCL6 levels in Treg cells
represent a poor prognosis marker in patients with colorectal
cancer & melanoma (128). Of note, how BCL6 maintains the
lineage stability and functional fitness of Treg cells specifically in
tumor microenvironment remains unsolved. In Th9 cells, BCL6
represses STAT5-mediated transactivation of 119 by competing
for binding motifs in 1I9’s promoter region (129, 130).

Although BCL6 has little effect on the initial proliferation of
CD8" Tn cells, it not only promotes the generation of CD8" Tcm
cells at the effector/precursor stage through, at least partially,
upregulating the expression of TCF7 (131, 132), but also amplifies
their secondary expansion (Figure 2B) (131, 133). Likewise, BCL6
promotes the generation of long-term CD4" Tm cells by protecting
their precursors from undergoing apoptosis (Figure 2A) (134).
Moreover, BCL6 binds to the promoter region of Gzmb and
represses its expression in CD8" Te cells (135). A recent study
disclosed that BCL6 directly represses a panel of genes involved in
the glycolysis pathway, including Slc2a1/3, Pkm & Hk2, in Th1 cells
exposed to low levels of IL-2 (136). Given that the differentiation
and function of effector/memory T cell is coupled with metabolic
reprogramming, and that inhibiting glycolysis favors the generation
of CD8" Tm cells (19), it is conceivable that BCL6 may regulate the
effector-versus-memory fate decision of T cells as well as their
proliferation & function via impacting metabolic pathways as well.

Two recent studies extended roles of BCL6 in T-cell
compartment from the periphery (differentiation and function)
to thymus (early development) (Figures 1A, B) (137, 138). Pre-
TCR signal upregulates BCL6 in DN3 to DP thymocytes, and
depletion of BCL6 from the DN2 stage onwards (Lck-Cre) results
in a reduced proliferative burst of 3-selected DN3 cells, impaired
survival of DN4 thymocytes, and an aberrantly augmented
NOTCHI activation in DP thymocytes (138). Given the
ineffectiveness of BCL6-ablation in DP stage (CD4-Cre) on
subsequent T-cell development (137), BCL6 seems to
specifically promote the differentiation of DN3 to DP stage of
conventional 3" T cells (138). By contrast, depletion of BCL6 in
DP thymocytes greatly impairs the development of iNKT and
MAIT cells (137). BCL6 is transiently expressed in CD24™¢"
iNKT cells (stage 0), and is required for their subsequent
transition into stage 1 (CD24'°"). Despite the normal
proliferation and survival, BCL6-deficient iNKT cells fail to
shape the chromatin accessibility and upregulate genes, such as
Zbtb16, required for innate-like T-cell development & function
(137). Given the essential role of ZBTB16 in other innate T cells
like " T cells, BCL6 may regulate their development and
function through ZBTB16 as well.

BCL6B (ZBTB28)
BCL6B, also known as ZBTB28 or BAZF (BCL6-associated ZF
protein) is 65%/94% identical at the BTB/ZF domain to that of its
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most closely related homologue BCL6, respectively (139). As
such, these two proteins not only bind to the same target
sequence, but also may form heterodimers via their BTB
domain & the middle portion to cooperatively regulate target
gene expression (140).

Mice with germline BCL6B-deficiency are grossly normal and
display no overt abnormalities in thymic T-cell development
(141, 142). BCL6B is rapidly upregulated in T cells after
activation, and highly expressed in CD4" and CD8" Tm cells.
Although BCL6B seems to specifically promote TCR-triggered
proliferation of CD4" Tn cells in vitro (Figure 2A) (142),
BCL6B-deficient mice exhibit no defects in CD4" T-cell
priming and T-cell dependent antibody productions in vivo
(141). Moreover, the absence of BCL6B has no impact on the
primary proliferation of CD8" T cells as well as the generation
and maintenance of CD8" Tm cells. However, BCL6B-ablated
CD8" Tm cells express little IL-2 and fail to undergo a robust
proliferation in the secondary response (Figure 2B) (141).

It has been reported that the BTB domain of BCL6B can not
recruit the BCoR or NCoR complex by itself, hence BCL6B needs
to associate with BCL6 to exert its repressive function (140).
Given the same DNA binding sequence in BCL6 & BCL6B and
that TBX21/BCL6 complex masks BCL6’s DNA-binding motif
(122, 123, 140), it is conceivable that BCL6B may compete with
TBX21 to dimerize with BCL6 and thereby augment its
repression of BCL6-, but not TBX21-, target genes in cells with
limited amount of BCL6. In this scenario, the reduced IL-2-
producing ability and secondary expansion of BCL6B-depleted
CD8" Tm cells may just be a reminiscent of the impaired
generation and expansion of CD8" Tcm cells resulting from
BCL6 deficiency.

HIC1 (ZBTB29)

HICI (hypermethylated in cancer 1), is a member of ZBTB
family (ZBTB29) that has been extensively studied in cancer.
HICI mainly acts as a tumor suppressor that regulates cellular
chromosome stability, survival and proliferation of various
tumors via TP53-dependent or independent mechanisms
(143). Recent studies identified HIC1 as an essential TF
regulating the intestinal immune homeostasis via off*, " T
cells and group 3 ILCs (Figures 1A, 2A, B) (144-146).

By using fluorescence-reporter mice (HIC1<""™), Burrows
et al. found that HICI is only expressed in intestinal immune
cells, including T cells, dendritic cells and macrophages, but not
B cells (146). Consistent with this restricted expression pattern,
HICI seems to be only induced in T cells during activation in the
presence of vitamin A metabolite, retinoic acid, which is
abundantly present in intestines. Moreover, specific depletion
of HIC1 in T cells (CD4-Cre) has no effect on thymic " T-cell
development as well as their phenotypes & numbers in
peripheral organs except the intestine (146). Deficiency of
HIC1 significantly reduces the number of CD4" & CD8" T
cells in intestinal lamina propria (LP) and intraepithelial (IE)
compartments (partially) by reducing surface expressions of
CD69 & CD103, two molecules mediating the retention of
tissue-resident cells (146). HIC1 is not involved in the
differentiation of Th1, Th2 and Treg cells, but binds to STAT3

and thereby inhibits the latter’s DNA binding and transcriptional
activation of Il17a. Functionally, depletion/overexpression of
HICI results in significantly increased/decreased productions
of IL-17A in Th cells, respectively. Intriguingly, in spite of the
augmented IL-17A-producing ability, HIC1-deficient CD4" T
cells are unable to elicit intestinal inflammation, but rather to
ameliorate intestinal tissue damages induced by innate immune
cells (146). Given that HICI directly represses SIRT1, which
promotes T-cell tolerance/quiescence by regulating the activity of
AP-1 or fatty acid oxidation (146-148), the upregulated SIRT1
expression/activity may account for the tolerogenic/dormant
phenotype of HIC1-deficient CD4" Th cells in vivo.

In humans, HICI precedes the expression of FOXP3 in iTreg
cells differentiated by IL-2, TGF-B and all-trans retinoic acid
(144). Although no effect on FOXP3 expression, knockdown of
HIC1 results in a downregulation of the majority of iTreg
signature genes (Tigit & Ctla4, etc), and a concomitant
upregulation of genes associated with effector function/
signaling (Ciita, Tbx21 & Gata3, etc), indicating that HICI-
deficiency alters the transcriptome of iTreg cells and prepares
cells for effector-like functions. Functionally, HIC1-deficient
iTreg cells are less suppressive but produce more IFN-y upon
reactivation (144). Therefore, HIC1 appears to represent an
important TF that programs and stabilizes human iTreg cells
in intestines with plenty of retinoic acid (149).

Recently it was found that depletion of HICI in
hematopoietic cells (Vav-Cre) significantly reduces the number
of 9" T cells and IL-22-producing ROR®" group 3 ILCs, thereby
rendering mice more susceptible to intestinal infections (145). As
no differences on ILCs-precursors were observed between
control and HICI-deficient mice, HIC1 seems to be required
for the homeostasis of group 3 ILCs in the intestine (145).
Nonetheless, the underlying mechanisms as well as the role of
HIC1 in the development/homeostasis and function of " T
cells remain unknown.

ZBTB32

ZBTB32, originally named as FAZF (fanconi anemia zinc finger)
due to its interaction with FANCC (fanconi anemia group C
protein), displays a high homology with ZBTB16 (150). ZBTB32
is dispensable for thymic T-cell development and the survival of
mature T cells as no significant differences in T cell compartment
were observed among control, ZBTB32-deficient and -transgenic
mice (151-153). Despite the low level of ZBTB32 in resting T
cells, it is rapidly upregulated by NF-ATc2 in Th cells upon TCR-
stimulation, and functions as a brake for T-cell activation/
proliferation by attenuating TCR signaling and inhibiting the
binding of NF-«B to II2’s promoter (Figures 2A, B) (151-153).
In line with in vitro findings showing that ZBTB32 binds to
GATA3 and represses the latter’s ability to transactivate target
Th2 cytokine genes, ZBTB32-deficient/transgenic mice exhibit
enhanced/reduced Th2 responses in vivo, respectively (154-156).
By contrast, comparable experimental autoimmune
encephalomyelitis (EAE) developments or diabetes incidences
were observed between control and ZBTB32-deficient mice on
the C57BL/6 or NOD background, respectively (153, 157-159).
These results indicate that other genes, in some contexts such as
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the genetic background of mice and/or type/duration of
inflammations, may compensate for the loss of ZBTB32 in
CD4" Th1/17 cells in vivo.

Interestingly, ZBTB32 represses the expression of IL-4 in
CD8" Tc2 cells independent of GATA3, but through recruiting
HDACI & HDAC2 to maintain a repressive chromatin state of
the II-4 locus (160). Depletion of ZBTB32 results in a hyper-
activation and -proliferation of CD8" T cells in vitro (152).
Accordingly, ZBTB32-deficiency in CD8" T cells significantly
augments the magnitude of effector responses and the generation
of antigen-specific CD8" Tm cells in virus-infected mice, while
its persistent expression exhibits an opposite effect (152, 161).
Mechanistically, ZBTB32 represses the expression of CD27 and
Eomes, two molecules known to promote the persistence and
survival of long-lived CD8" Tm cells, via collaborating with
PRDMI1, HDAC1 & HDAC2. ZBTB32 and PRDMI1 bind
together on the regulatory regions of Cd27 & Eomes, and in
the absence of ZBTB32, PRDMI is unable to suppress their
expressions. Likewise, the aberrantly increased ZBTB32,
resulting from the loss of PRDMI, fails to prevent the
overexpansion of effector and memory CD8" T cells at the late
stage of anti-viral responses either (161). Together, these data
indicate that ZBTB32 is a key TF that not only limits the effector
CD8" T cell response, likely via inhibiting TCR signaling &
NF-xB activity, but also cooperates with PRDM1 to restrain the
generation of memory responses via repressing CD27 & Eomes
(Figure 2B) (151, 153, 161).

Notably, given that ZBTB32-deficient CD8" T cells display no
defects in cytolytic functions, proliferate more robustly upon
secondary challenge, and are more refractory to clonal
exhaustion during persistent antigen stimulations (153, 161),
inhibiting its activity/expression may enhance the efficacy of
CAR-T-based immunotherapy in cancer patients. In addition,
considering ZBTB32-deficient memory B cells exhibit a cell-
intrinsic survival advantage owing to increased levels of proteins
promoting the cell-cycle progression (E2F3 & PCNA) and
mitochondrial function (MRPL-18/22/51) (162), whether these
mechanisms hold true in T cells warrant further investigations.

ZBTB24

Loss-of-function mutations of ZBTB24 result in Immunodeficiency,
Centromeric instability, and Facial anomalies syndrome 2 (ICF2), a
rare autosomal recessive disease with main immunological
characteristics of hypogammaglobulinemia and respiratory/
gastrointestinal infections (163-165). Most ICF2 patients harbor
ZBTB24 nonsense mutations that generate premature stop codons,
and the rest have missense mutations affecting key residues in the
ZF domain that largely abrogate its DNA-binding capacity and
transcriptional activity (164, 166). Despite the normal amounts of
circulating T & B cells in most ICF2 patients upon diagnosis,
detailed immunological phenotyping has revealed a lack of
CD19°CD27" memory B cells, a progressive depletion of B &
CD4" Th cells and an inverted CD4/CD8 ratio in circulations of
ICF2 patients (167, 168). Apart from infections, autoimmune
manifestations, inflammatory bowel diseases and malignancies
have all been reported in ICF2 patients (169), arguing a
dysregulated T-cell function in vivo.

Indeed, the antigen-stimulated expansion of peripheral T cells
are significantly reduced in most ICF2 cases tested (164, 165,
170), possibly stemming from chromosome separation defects
and/or increased cellular apoptosis (165, 171). In human T cells,
knockdown of ZBTB24 demethylates the promoter region of
TNFRSFI0A (encoding TRAIL receptor 1) likely via repressing
CDCA?7 (cell division cycle associated 7) (171). CDCA?7 binds to
chromatin, recruits HELLS (helicase, lymphoid specific) and
remodels nucleosomes to facilitate DNMT3B-mediated DNA
methylation (172). ZBTB24-downregulated primary CD4" T
cells express increased levels of surface TRAIL receptor 1 and
are more susceptible to TRAIL-induced apoptosis (171).
Moreover, CHIP-Seq followed by ingenuity pathway analysis
(IPA) showed an enriched binding of ZBTB24 to the promoters
of genes involved in Thl and Th2 activation pathways and
cellular metabolic processes (173), although ZBTB24 neither
heterodimerizes with nor affects the expression/transcriptional
activity of BCL6 (174). Apart from functioning as a TF that
directly transactivates target genes or as a chromatin remodeler
by cooperating with CDCA7/HELLS & DNMT3B (173, 175),
ZBTB24 directly interacts with PARP1 through its ZF domains,
and is guided to DNA breaks (23). This interaction prolongs the
stability of PARP1 at DNA damage sites, facilitates the assembly
of LIG4/XRCC4 complex, and thus promotes error-free
nonhomologous end-joining (NHE]J) and class-switch
recombination (23). Intriguingly, the repertoires of BCR and
TCR seem to be normal in ICF2 patients (23, 165), indicating
that developing T/B cells employ other mechanisms to
compensate for the lack of ZBTB24 during the VD]
recombination process.

Collectively, although ZBTB24 is dispensable for thymic T-
cell development, the genotype-phenotype association study in
ZBTB24-disrupted ICF2 patients and in vitro functional analyses
demonstrated a cell-autonomous role of ZBTB24 in the survival,
proliferation and function of T cells in humans (Figure 2A).
Surprisingly, total body knockout of Zbtb24 is embryonic lethal
in mice (176), thus mice with an inducible or cell/stage-specific
deletion of Zbtb24 are needed to address its role in T cells in vivo.

ZBTB20

Recently, mutations of ZBTB20, most of which result in amino
acid substitutions in distal regions of its ZF motifs, were
discovered to be responsible for primrose syndrome with
multisystem failures (177). ZBTB20 is widely expressed in
hematopoietic tissues, and promotes the long-term antibody
responses by increasing the survival of BM plasma cells (22).
ZBTB20 is transiently upregulated in activated CD8" T cells, and
in the steady state, its levels in CD8" T-cell compartment are
CD62L"CD44" Tem > CD62L'CD44" Tem = CD62L"CD44™ Tn
> CD62L°CD44  Te cells (178). Depletion of ZBTB20 in activated
CD8" Te cells, mediated by Gzmb-Cre, enhances the cellular
glycolytic and mitochondrial metabolisms, and increases their
mitochondrial fuel flexibility. Importantly, ZBTB20-deficiency
renders CD8" T cells, both phenotypically and transcriptionally,
toward memory cells with an enhanced ability to mount
secondary responses (178). Thus, ZBTB20 represents an
important regulator that restrains CD8" T cell metabolism and
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Tm differentiation in mice (Figure 2B). Detailed phenotypic and
functional analyses on T cells in patients with dysfunctional
ZBTB20 will shed more light on its role in human T cells.

ZBTB33 (KAISO)

Despite the diverse roles of ZBTB33 (KAISO) in cell-cycle
progression, genome stability and tumor invasion, ZBTB33-
deficient mice are grossly normal, and exhibit comparable
composition and phenotype of peripheral leukocytes as control
mice (179-181). ZBTB33 binds to a motif in the Ctse locus in a
methylation-dependent manner, and subsequently represses the
expression of Cathepsin E and IL-10 in murine thymoma EL-4
cells, and in CD4" T cells of MRL/lpr mice or patients with
systemic lupus erythematosus (SLE) (182). In addition to the
nucleus, ZBTB33 also localizes in the cytosol and membrane of
cells, where it interacts with RhoH (Ras homolog family member
H) and regulates chemokine-induced cytoskeletal reorganization
and migration of both human Jurkat and murine splenic CD4" T
cells (Figure 2B) (183). Interestingly, RhoH seems to mediate the
nuclear translocation of ZBTB33 in T cells following chemokine
or TCR stimulation, but the functional consequence remains
unknown (183).

ZBTB PROTEINS IN T-CELL MALIGNANCY

Since the discovery of chromosomal translocations of ZBTB16 in
human acute promyelocytic leukemia and BCL6 in B-cell
lymphomas in the 1990s, numerous studies have been
performed to investigate roles of ZBTB proteins in the
development, function and neoplastic transformation of
hematopoietic cells (21, 26, 184). Apart from modulating the
expression/activity of TP53 and BCL2 in developing thymocytes
as discussed above, ZBTB17 may promote the cell-cycle
progression or malignant transformation of T cells by
interacting with BCL6, GFI-1 and/or MYC (185, 186).
Consequently, disrupting the interaction between ZBTB17 and
MYC may render current acute lymphoblastic leukemia (ALL)
chemotherapies more effective (187). Despite barely detectable in
normal thymic CD3" T cells, ZBTB7A is highly expressed in a
subset of human T-cell lymphoma, and its overexpression
induces the development of a mouse precursor T-cell
lymphoma by directly repressing the transcription of the
tumor suppressor gene Cdkn2a (Arf) (188). Likewise,
constitutive expression of ZBTB7B during thymopoiesis
propagates a preleukemic and self-renewing DN4 lymphoma
progenitor population with mutations leading to enhanced
NOTCHLI signaling and/or repressed tumor suppressors IKZF1
(Ikaros) & PTEN, which gives rise to T-cell lymphomas in the
periphery (189). Moreover, a great proportion of human
angioimmunoblastic T-cell lymphoma (AITL) express
ZBTB7B, which appears to correlate with poor prognosis
(190). ZBTB1 seems to specifically regulate asparagine
synthesis in many T-lineage ALL (T-ALL) cell lines (like
CUTTL-1, Jurkat & SUPT-1) by directly promoting the
transcription of ASNS (asparagine synthetase), and thus may

represent a potential target in the treatment of patients with T-
ALL (191).

The malignant cell lines with abnormal expressions/activities
of ZBTB proteins are excellent model cells for uncovering
upstream signaling pathways/molecules regulating their
expressions, and for deciphering molecular mechanisms
underlying their roles in regulating the genome integrity and/
or cell cycle progression, such as identifying target genes,
interacting partners and key residues/motifs mediating these
functions. These mechanistic studies not only further our
understanding on their roles in hematopoietic cells, but also
may inspire the design and test of novel agents with the ability to
interfere the expression/function of ZBTB proteins. For example,
given the essential role of BCL6 BTB domain in recruiting
SMRT, NCoR and BCoR corepressors, small cell-penetrating
peptide or compounds targeting the BCL6-BTB lateral groove
pocket have been designed/identified, which are capable of
killing B-cell lymphomas by inhibiting BCL6’s repressor
function (192, 193). Nevertheless, their in vivo effect on
lymphomas as well as on the function of primary lymphocytes
needs further investigations.

CONCLUDING REMARKS

As outlined above, ZBTB proteins play a fundamental and
indispensable role in almost every aspect of T cell biology.
They promote the survival & proliferation of early developing
thymocytes, control the CD4 vs. CD8 lineage choice of
conventional T cells, coordinate the development and effector
function of innate-like T cells, and regulate the differentiation
and function of mature Th and Tc cells. Although most of the
aforementioned roles of ZBTB proteins in T cell biology are
nonredundant, redundant functions of ZBTB7A and ZBTB7B in
maintaining the integrity and effector potential of mature CD4"
T cells have been observed (87, 88). Despite that the ZF motifs
bind to DNA and thus determine the transcriptional specificity
of ZBTB proteins, they may regulate gene transcription in a cell
type/subset specific fashion. It has been reported that binding
motifs of BCL6 vary substantially among primary Th,
macrophages and B cells (24). This context-dependent binding
of BCL6 to genome sequence is likely attributed to the presence
of interacting partners, such as TBX21 in Thl cells, that mask
BCL6’s DNA-binding ZF motifs, and/or different levels of
proteins, such as STAT5 in Tth and Th9 cells, capable of
competing for bindings to the same DNA region (24, 129,
130). Apart from bindings to specific DNA sequences,
interactions with different partners through the BTB or ZF
domains of ZBTB proteins greatly impact their functions. For
example, ZBTB17 regulates early T-cell development in a MYC-
independent manner, while its role in T lymphoid malignancy is
largely MYC-dependent (185).

Thus, new studies are required to further delineate the
molecular mechanisms responsible for the subset- and stage-
specific effect of ZBTB proteins in modulating gene expressions
and cellular functions in T-cell compartment. Elucidating/
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identifying (i) how the expression of ZBTB TFs is
transcriptionally/epigenetically regulated, (ii) how ZBTB
proteins are post-translationally modified (i.e., phosphorylated
& ubiquitinated, etc), (iii) what partners interact with ZBTB
proteins, and (iv) how these modifications/interactions regulate
the stability, transcriptional activity and specificity of ZBTB
proteins, will shed new light on our understandings of their
action mechanisms along the T-cell development and
differentiation program. Notably, other functions, beyond
chromatin remodeling and transcriptional activity, of ZBTB
proteins should not be ignored as they may also directly
participate in cellular processes like DNA-repair as reported
for ZBTB24 (23). The combination of structural/computational
studies, immunoprecipitation-mass spectrometry (IP-MS),
epigenome (i.e., using the Assay for Transposase-Accessible
Chromatin/ATAC technique) alongside transcriptome
sequencing analyses will provide new insights into the
assembly of ZBTB-containing protein complex and their
mechanics of chromatin remodeling/transcription-dependent
and -independent activities. Finally, inducible and cell/stage-
specific manipulations of ZBTB expression/function would help
clarify its significance under different in vivo conditions.
Notably, although ZBTB is a conserved family of TFs, their
functions may differ substantially among different species. For
instance, ZBTB24 is apparently dispensable for human
embryonic development, while its deficiency is embryonic

REFERENCES

1. Rothenberg EV, Kueh HY, Yui MA, Zhang JA. Hematopoiesis and T-Cell
Specification as a Model Developmental System. Immunol Rev (2016) 271
(1):72-97. doi: 10.1111/imr.12417

2. Yui MA, Rothenberg EV. Developmental Gene Networks: A Triathlon on the
Course to T Cell Identity. Nat Rev Immunol (2014) 14(8):529-45. doi: 10.1038/
nri3702

3. Hosokawa H, Rothenberg EV. How Transcription Factors Drive Choice of the
T Cell Fate. Nat Rev Immunol (2021) 21(3):162-76. doi: 10.1038/s41577-020-
00426-6

4. De Obaldia ME, Bell JJ, Wang X, Harly C, Yashiro-Ohtani Y, DeLong JH, et al.
T Cell Development Requires Constraint of the Myeloid Regulator C/EBP-
Alpha by the Notch Target and Transcriptional Repressor Hes1. Nat Immunol
(2013) 14(12):1277-84. doi: 10.1038/ni.2760

5. Scripture-Adams DD, Damle SS, Li L, Elihu KJ, Qin S, Arias AM, et al. GATA-3
Dose-Dependent Checkpoints in Early T Cell Commitment. ] Immunol (2014)
193(7):3470-91. doi: 10.4049/jimmunol.1301663

6. Weber BN, Chi AW, Chavez A, Yashiro-Ohtani Y, Yang Q, Shestova O, etal. A
Critical Role for TCF-1 in T-Lineage Specification and Differentiation. Nature
(2011) 476(7358):63-8. doi: 10.1038/nature10279

7. Johnson JL, Georgakilas G, Petrovic J, Kurachi M, Cai S, Harly C, et al. Lineage-
Determining Transcription Factor TCF-1 Initiates the Epigenetic Identity of T
Cells. Immunity (2018) 48(2):243-57 €10. doi: 10.1016/j.immuni.2018.01.012

8. Miyazaki M, Miyazaki K, Chen K, Jin Y, Turner J, Moore AJ, et al. The E-Id
Protein Axis Specifies Adaptive Lymphoid Cell Identity and Suppresses Thymic
Innate Lymphoid Cell Development. Immunity (2017) 46(5):818-34.
doi: 10.1016/j.immuni.2017.04.022

9. Seo W, Taniuchi I. Transcriptional Regulation of Early T-Cell Development in
the Thymus. Eur ] Immunol (2016) 46(3):531-8. doi: 10.1002/eji.201545821

10. Owen DL, Sjaastad LE, Farrar MA. Regulatory T Cell Development in the

Thymus. J Immunol (2019) 203(8):2031-41. doi: 10.4049/jimmunol.1900662

11. Ciofani M, Zuniga-Pflucker JC. Determining Gammadelta Versus Alphass T Cell

Development. Nat Rev Immunol (2010) 10(9):657-63. doi: 10.1038/nri2820

lethal in mice (176). Therefore, detailed longitudinal
characterizations of immune cells in individuals with
dysfunctional ZBTB16, ZBTB20 or ZBTB24 (47, 163, 177), in
combination with in vitro knockdown/overexpression
approaches and sequencing techniques, will provide invaluable
insights into fundamental cellular pathways and functions
regulated by ZBTB members in health and disease.

AUTHOR CONTRIBUTIONS

ZYC and TTH collected literatures and drafted the manuscript.
ZYC and JW generated the figures. XMG discussed the
literatures and revised the manuscript. YZ and JW designed
the work, collected literatures, drafted, and revised the
manuscript. All authors contributed to the article and
approved the submitted version.

ACKNOWLEDGMENTS

The authors’ work is made possible by the National Key Research
and Development Program of China (2017YFA0104502),
National Natural Science Foundation of China (31670888/
81970371/81470564), and Priority Academic Program
Development of Jiangsu Higher Education Institutions (PAPD).

12. Sumaria N, Martin S, Pennington DJ. Developmental Origins of Murine
Gammadelta T-Cell Subsets. Immunology (2019) 156(4):299-304.
doi: 10.1111/imm.13032

Gapin L. Development of Invariant Natural Killer T Cells. Curr Opin Immunol
(2016) 39:68-74. doi: 10.1016/j.c01.2016.01.001

Pellicci DG, Koay HF, Berzins SP. Thymic Development of Unconventional T
Cells: How NKT Cells, MAIT Cells and Gammadelta T Cells Emerge. Nat Rev
Immunol (2020) 20(12):756-70. doi: 10.1038/s41577-020-0345-y

Godfrey DI, Koay HF, McCluskey J, Gherardin NA. The Biology and
Functional Importance of MAIT Cells. Nat Immunol (2019) 20(9):1110-28.
doi: 10.1038/541590-019-0444-8

Zhu J. T Helper Cell Differentiation, Heterogeneity, and Plasticity. Cold
Spring Harb Perspect Biol (2018) 10(10):a030338. doi: 10.1101/cshperspect.
2030338

Mittrucker HW, Visekruna A, Huber M. Heterogeneity in the Differentiation
and Function of CD8(+) T Cells. Arch Immunol Ther Exp (Warsz) (2014) 62
(6):449-58. doi: 10.1007/s00005-014-0293-y

Chapman NM, Boothby MR, Chi H. Metabolic Coordination of T Cell
Quiescence and Activation. Nat Rev Immunol (2020) 20(1):55-70.
doi: 10.1038/s41577-019-0203-y

Zhang L, Romero P. Metabolic Control of CD8(+) T Cell Fate Decisions and
Antitumor Immunity. Trends Mol Med (2018) 24(1):30-48. doi: 10.1016/
j.molmed.2017.11.005

Chandra S, Kronenberg M. Activation and Function of iNKT and MAIT Cells.
Adv Immunol (2015) 127:145-201. doi: 10.1016/bs.ai.2015.03.003

Maeda T. Regulation of Hematopoietic Development by ZBTB Transcription
Factors. Int ] Hematol (2016) 104(3):310-23. doi: 10.1007/s12185-016-2035-x
Zhu C, Chen G, Zhao Y, Gao XM, Wang J. Regulation of the Development
and Function of B Cells by ZBTB Transcription Factors. Front Immunol
(2018) 9:580. doi: 10.3389/fimmu.2018.00580

Helfricht A, Thijssen PE, Rother MB, Shah RG, Du L, Takada S, et al. Loss of
ZBTB24 Impairs Nonhomologous End-Joining and Class-Switch
Recombination in Patients With ICF Syndrome. J Exp Med (2020) 217(11):
€20191688. doi: 10.1084/jem.20191688

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Frontiers in Immunology | www.frontiersin.org

July 2021 | Volume 12 | Article 713294


https://doi.org/10.1111/imr.12417
https://doi.org/10.1038/nri3702
https://doi.org/10.1038/nri3702
https://doi.org/10.1038/s41577-020-00426-6
https://doi.org/10.1038/s41577-020-00426-6
https://doi.org/10.1038/ni.2760
https://doi.org/10.4049/jimmunol.1301663
https://doi.org/10.1038/nature10279
https://doi.org/10.1016/j.immuni.2018.01.012
https://doi.org/10.1016/j.immuni.2017.04.022
https://doi.org/10.1002/eji.201545821
https://doi.org/10.4049/jimmunol.1900662
https://doi.org/10.1038/nri2820
https://doi.org/10.1111/imm.13032
https://doi.org/10.1016/j.coi.2016.01.001
https://doi.org/10.1038/s41577-020-0345-y
https://doi.org/10.1038/s41590-019-0444-8
https://doi.org/10.1101/cshperspect.a030338
https://doi.org/10.1101/cshperspect.a030338
https://doi.org/10.1007/s00005-014-0293-y
https://doi.org/10.1038/s41577-019-0203-y
https://doi.org/10.1016/j.molmed.2017.11.005
https://doi.org/10.1016/j.molmed.2017.11.005
https://doi.org/10.1016/bs.ai.2015.03.003
https://doi.org/10.1007/s12185-016-2035-x
https://doi.org/10.3389/fimmu.2018.00580
https://doi.org/10.1084/jem.20191688
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Cheng et al.

T-Cell Regulation by ZBTB Proteins

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

Liu X, Lu H, Chen T, Nallaparaju KC, Yan X, Tanaka S, et al. Genome-Wide
Analysis Identifies Bcl6-Controlled Regulatory Networks During T Follicular
Helper Cell Differentiation. Cell Rep (2016) 14(7):1735-47. doi: 10.1016/
j.celrep.2016.01.038

Reeves R, Nissen MS. The A.T-DNA-Binding Domain of Mammalian High
Mobility Group I Chromosomal Proteins. A Novel Peptide Motif for
Recognizing DNA Structure. J Biol Chem (1990) 265(15):8573-82.
doi: 10.1016/S0021-9258(19)38926-4

Kelly KF, Daniel JM. POZ for Effect-POZ-ZF Transcription Factors in Cancer
and Development. Trends Cell Biol (2006) 16(11):578-87. doi: 10.1016/
j.tcb.2006.09.003

Punwani D, Simon K, Choi Y, Dutra A, Gonzalez-Espinosa D, Pak E, et al.
Transcription Factor Zinc Finger and BTB Domain 1 Is Essential for
Lymphocyte Development. J Immunol (2012) 189(3):1253-64. doi: 10.4049/
jimmunol.1200623

Siggs OM, Li X, Xia Y, Beutler B. ZBTBI is a Determinant of Lymphoid
Development. J Exp Med (2012) 209(1):19-27. doi: 10.1084/jem.20112084
Lu Y, Zhang X, Bouladoux N, Kaul SN, Jin K, Sant’Angelo D, et al. Zbtb1 Controls
NKp46(+) ROR-Gamma-T(+) Innate Lymphoid Cell (ILC3) Development.
Oncotarget (2017) 8(34):55877-88. doi: 10.18632/oncotarget.19645

Cao X, Lu Y, Zhang X, Kovalovsky D. Zbtb1 Safeguards Genome Integrity and
Prevents P53-Mediated Apoptosis in Proliferating Lymphoid Progenitors.
J Immunol (2016) 197(4):1199-211. doi: 10.4049/jimmunol.1600013

Kim H, Dejsuphong D, Adelmant G, Ceccaldi R, Yang K, Marto JA, et al.
Transcriptional Repressor ZBTB1 Promotes Chromatin Remodeling and
Translesion DNA Synthesis. Mol Cell (2014) 54(1):107-18. doi: 10.1016/
j.molcel.2014.02.017

Lalli E, Sassone-Corsi P, Ceredig R. Block of T Lymphocyte Differentiation by
Activation of the cAMP-Dependent Signal Transduction Pathway. EMBO ]
(1996) 15(3):528-37. doi: 10.1002/.1460-2075.1996.tb00385.x

Liu Q, Yao F, Wang M, Zhou B, Cheng H, Wang W, et al. Novel Human BTB/
POZ Domain-Containing Zinc Finger Protein ZBTB1 Inhibits
Transcriptional Activities of CRE. Mol Cell Biochem (2011) 357(1-2):405-
14. doi: 10.1007/s11010-011-0911-5

Cao X, Ma XX, Du JL, Zeng Y, Zhang XY, Lu Y, et al. Reciprocal Suppression
Between Zbtbl Expression and IL-7Ralpha Signalling During T-Cell
Development. ] Cell Mol Med (2018) 22(8):4012-15. doi: 10.1111/jcmm.13663
Adhikary S, Peukert K, Karsunky H, Beuger V, Lutz W, Elsasser H-P, et al.
Mizl Is Required for Early Embryonic Development During Gastrulation.
Mol Cell Biol (2003) 23(21):7648-57. doi: 10.1128/mcb.23.21.7648-7657.2003
Kosan C, Saba I, Godmann M, Herold S, Herkert B, Eilers M, et al.
Transcription Factor Miz-1 is Required to Regulate Interleukin-7 Receptor
Signaling at Early Commitment Stages of B Cell Differentiation. Immunity
(2010) 33(6):917-28. doi: 10.1016/j.immuni.2010.11.028

Saba I, Kosan C, Vassen L, Moroy T. IL-7R-Dependent Survival and
Differentiation of Early T-Lineage Progenitors Is Regulated by the BTB/
POZ Domain Transcription Factor Miz-1. Blood (2011) 117(12):3370-81.
doi: 10.1182/blood-2010-09-310680

Lawir DF, Iwanami N, Schorpp M, Boehm T. A Missense Mutation in Zbtb17
Blocks the Earliest Steps of T Cell Differentiation in Zebrafish. Sci Rep (2017)
7:44145. doi: 10.1038/srep44145

Saba I, Kosan C, Vassen L, Klein-Hitpass L, Moroy T. Miz-1 Is Required to
Coordinate the Expression of TCRbeta and P53 Effector Genes at the Pre-TCR
“Beta-Selection” Checkpoint. ] Immunol (2011) 187(6):2982-92. doi: 10.4049/
jimmunol.1101451

Rashkovan M, Vadnais C, Ross J, Gigoux M, Suh W-K, Gu W, et al. Miz-1
Regulates Translation of Trp53 via Ribosomal Protein L22 in Cells
Undergoing V(D)] Recombination. Proc Natl Acad Sci (2014) 111(50):
E5411-E9. doi: 10.1073/pnas.1412107111

Miao L, Song Z, Jin L, Zhu YM, Wen LP, Wu M. ARF Antagonizes the Ability
of Miz-1 to Inhibit P53-Mediated Transactivation. Oncogene (2010) 29
(5):711-22. doi: 10.1038/0nc.2009.372

Cao X, Ma XX, Xue Y], Zeng Y, Zhang XY, Lu Y, et al. PLZF Play as an Indirect
Facilitator of Thymic Retention for the Innate-Like T-Cells to Aquire Innate-Like
Functions. Cell Death Dis (2018) 9(10):1044. doi: 10.1038/s41419-018-1075-y

Lu Y, Cao X, Zhang X, Kovalovsky D. PLZF Controls the Development of
Fetal-Derived IL-17+Vgamma6+ Gammadelta T Cells. J Immunol (2015) 195
(9):4273-81. doi: 10.4049/jimmunol.1500939

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Alonzo ES, Sant’Angelo DB. Development of PLZF-Expressing Innate T Cells.
Curr Opin Immunol (2011) 23(2):220-7. doi: 10.1016/j.c0i.2010.12.016
Constantinides MG, McDonald BD, Verhoef PA, Bendelac A. A Committed
Precursor to Innate Lymphoid Cells. Nature (2014) 508(7496):397-401.
doi: 10.1038/nature13047

Mao AP, Constantinides MG, Mathew R, Zuo Z, Chen X, Weirauch MT, et al.
Multiple Layers of Transcriptional Regulation by PLZF in NKT-Cell Development.
Proc Natl Acad Sci US.A. (2016) 113(27):7602-7. doi: 10.1073/pnas.1601504113
Eidson M, Wahlstrom J, Beaulieu AM, Zaidi B, Carsons SE, Crow PK, et al.
Altered Development of NKT Cells, Gammadelta T Cells, CD8 T Cells and
NK Cells in a PLZF Deficient Patient. PloS One (2011) 6(9):e24441.
doi: 10.1371/journal.pone.0024441

Kovalovsky D, Uche OU, Eladad S, Hobbs RM, Yi W, Alonzo E, et al. The
BTB-Zinc Finger Transcriptional Regulator PLZF Controls the Development
of Invariant Natural Killer T Cell Effector Functions. Nat Immunol (2008) 9
(9):1055-64. doi: 10.1038/ni.1641

Savage AK, Constantinides MG, Han J, Picard D, Martin E, Li B, et al. The
Transcription Factor PLZF Directs the Effector Program of the NKT Cell
Lineage. Immunity (2008) 29(3):391-403. doi: 10.1016/j.immuni.2008.07.011
Gleimer M, von Boehmer H, Kreslavsky T. PLZF Controls the Expression of a
Limited Number of Genes Essential for NKT Cell Function. Front Immunol
(2012) 3:374. doi: 10.3389/fimmu.2012.00374

Darcy PW, Jin K, Osorio L, Denzin LK, Sant’Angelo DB. Coexpression of YY1
Is Required to Elaborate the Effector Functions Controlled by PLZF in NKT
Cells. ] Immunol (2019) 203(3):627-38. doi: 10.4049/jimmunol.1900055
Park J-Y, DiPalma DT, Kwon J, Fink J, Park J-H. Quantitative Difference in
PLZF Protein Expression Determines iNKT Lineage Fate and Controls Innate
Cd8 T Cell Generation. Cell Rep (2019) 27(9):2548-57.e4. doi: 10.1016/
j.celrep.2019.05.012

Constantinides MG, Picard D, Savage AK. Bendelac A. A Naive-Like
Population of Human CDI1d-Restricted T Cells Expressing Intermediate
Levels of Promyelocytic Leukemia Zinc Finger. J Immunol (2011) 187
(1):309-15. doi: 10.4049/jimmunol.1100761

Kreslavsky T, Savage AK, Hobbs R, Gounari F, Bronson R, Pereira P, et al.
TCR-Inducible PLZF Transcription Factor Required for Innate Phenotype of
a Subset of Gammadelta T Cells With Restricted TCR Diversity. Proc Natl
Acad Sci U.S.A. (2009) 106(30):12453-8. doi: 10.1073/pnas.0903895106
Alonzo ES, Gottschalk RA, Das ], Egawa T, Hobbs RM, Pandolfi PP, et al.
Development of Promyelocytic Zinc Finger and ThPOK-Expressing Innate
Gamma Delta T Cells is Controlled by Strength of TCR Signaling and Id3.
J Immunol (2010) 184(3):1268-79. doi: 10.4049/jimmunol.0903218

Kumar A, Pyaram K, Yarosz EL, Hong H, Lyssiotis CA, Giri S, et al. Enhanced
Oxidative Phosphorylation in NKT Cells is Essential for Their Survival and
Function. Proc Natl Acad Sci USA (2019) 116(15):7439-48. doi: 10.1073/
pnas.1901376116

Rahimpour A, Koay HF, Enders A, Clanchy R, Eckle SBG, Meehan B, et al.
Identification of Phenotypically and Functionally Heterogeneous Mouse
Mucosal-Associated Invariant T Cells Using MR1 Tetramers. ] Exp Med
(2015) 212(7):1095-108. doi: 10.1084/jem.20142110

Sheng H, Marrero I, Maricic I, Fanchiang SS, Zhang S, Sant’Angelo DB, et al.
Distinct PLZF(+)CD8alphaalpha(+) Unconventional T Cells Enriched in
Liver Use a Cytotoxic Mechanism to Limit Autoimmunity. J Immunol
(2019) 203(8):2150-62. doi: 10.4049/jimmunol. 1900832

Koay HF, Su S, Amann-Zalcenstein D, Daley SR, Comerford I, Miosge L, et al.
A Divergent Transcriptional Landscape Underpins the Development and
Functional Branching of MAIT Cells. Sci Immunol (2019) 4(41):eaay6039.
doi: 10.1126/sciimmunol.aay6039

Drashansky TT, Helm EY, Curkovic N, Cooper ], Cheng P, Chen X, et al. BCL11B
is Positioned Upstream of PLZF and RORgammat to Control Thymic
Development of Mucosal-Associated Invariant T Cells and MAIT17 Program.
iScience (2021) 24(4):102307. doi: 10.1016/j.is¢1.2021.102307

Seiler MP, Mathew R, Liszewski MK, Spooner CJ, Barr K, Meng F, et al.
Elevated and Sustained Expression of the Transcription Factors Egrl and Egr2
Controls NKT Lineage Differentiation in Response to TCR Signaling. Nat
Immunol (2012) 13(3):264-71. doi: 10.1038/ni.2230

Mao AP, Ishizuka IE, Kasal DN, Mandal M, Bendelac A. A Shared RunxI-
Bound Zbtb16 Enhancer Directs Innate and Innate-Like Lymphoid Lineage
Development. Nat Commun (2017) 8(1):863. doi: 10.1038/s41467-017-00882-0

Frontiers in Immunology | www.frontiersin.org

July 2021 | Volume 12 | Article 713294


https://doi.org/10.1016/j.celrep.2016.01.038
https://doi.org/10.1016/j.celrep.2016.01.038
https://doi.org/10.1016/S0021-9258(19)38926-4
https://doi.org/10.1016/j.tcb.2006.09.003
https://doi.org/10.1016/j.tcb.2006.09.003
https://doi.org/10.4049/jimmunol.1200623
https://doi.org/10.4049/jimmunol.1200623
https://doi.org/10.1084/jem.20112084
https://doi.org/10.18632/oncotarget.19645
https://doi.org/10.4049/jimmunol.1600013
https://doi.org/10.1016/j.molcel.2014.02.017
https://doi.org/10.1016/j.molcel.2014.02.017
https://doi.org/10.1002/j.1460-2075.1996.tb00385.x
https://doi.org/10.1007/s11010-011-0911-5
https://doi.org/10.1111/jcmm.13663
https://doi.org/10.1128/mcb.23.21.7648-7657.2003
https://doi.org/10.1016/j.immuni.2010.11.028
https://doi.org/10.1182/blood-2010-09-310680
https://doi.org/10.1038/srep44145
https://doi.org/10.4049/jimmunol.1101451
https://doi.org/10.4049/jimmunol.1101451
https://doi.org/10.1073/pnas.1412107111
https://doi.org/10.1038/onc.2009.372
https://doi.org/10.1038/s41419-018-1075-y
https://doi.org/10.4049/jimmunol.1500939
https://doi.org/10.1016/j.coi.2010.12.016
https://doi.org/10.1038/nature13047
https://doi.org/10.1073/pnas.1601504113
https://doi.org/10.1371/journal.pone.0024441
https://doi.org/10.1038/ni.1641
https://doi.org/10.1016/j.immuni.2008.07.011
https://doi.org/10.3389/fimmu.2012.00374
https://doi.org/10.4049/jimmunol.1900055
https://doi.org/10.1016/j.celrep.2019.05.012
https://doi.org/10.1016/j.celrep.2019.05.012
https://doi.org/10.4049/jimmunol.1100761
https://doi.org/10.1073/pnas.0903895106
https://doi.org/10.4049/jimmunol.0903218
https://doi.org/10.1073/pnas.1901376116
https://doi.org/10.1073/pnas.1901376116
https://doi.org/10.1084/jem.20142110
https://doi.org/10.4049/jimmunol.1900832
https://doi.org/10.1126/sciimmunol.aay6039
https://doi.org/10.1016/j.isci.2021.102307
https://doi.org/10.1038/ni.2230
https://doi.org/10.1038/s41467-017-00882-0
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Cheng et al.

T-Cell Regulation by ZBTB Proteins

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Zhang S, Laouar A, Denzin LK, Sant’Angelo DB. Zbtb16 (PLZF) is Stably
Suppressed and Not Inducible in Non-Innate T Cells via T cell receptor-
mediated signaling. Sci Rep (2015) 5:12113. doi: 10.1038/srep12113
Kovalovsky D, Alonzo ES, Uche OU, Eidson M, Nichols KE, Sant’Angelo DB.
PLZF Induces the Spontaneous Acquisition of Memory/Effector Functions in
T Cells Independently of NKT Cell-Related Signals. J Immunol (2010) 184
(12):6746-55. doi: 10.4049/jimmunol.1000776

Raberger J, Schebesta A, Sakaguchi S, Boucheron N, Blomberg KE, Berglof A,
et al. The Transcriptional Regulator PLZF Induces the Development of CD44
High Memory Phenotype T Cells. Proc Natl Acad Sci USA (2008) 105
(46):17919-24. doi: 10.1073/pnas.0805733105

Savage AK, Constantinides MG, Bendelac A. Promyelocytic Leukemia Zinc
Finger Turns on the Effector T Cell Program Without Requirement for
Agonist TCR Signaling. ] Immunol (2011) 186(10):5801-6. doi: 10.4049/
jimmunol.1100119

Kang BH, Park HJ, Lee JI, Park SH, Jung KC. PLZF(+) Innate T Cells Support
the TGF-Beta-Dependent Generation of Activated/Memory-Like Regulatory
T Cells. Mol Cells (2016) 39(6):468-76. doi: 10.14348/molcells.2016.0004
Singh SP, Zhang HH, Tsang H, Gardina P], Myers TG, Nagarajan V, et al.
PLZF Regulates CCR6 and is Critical for the Acquisition and Maintenance of
the Th17 Phenotype in Human Cells. J Immunol (2015) 194(9):4350-61.
doi: 10.4049/jimmunol.1401093

Gerart S, Siberil S, Martin E, Lenoir C, Aguilar C, Picard C, et al. Human iNKT
and MAIT Cells Exhibit a PLZF-Dependent Proapoptotic Propensity That is
Counterbalanced by XIAP. Blood (2013) 121(4):614-23. doi: 10.1182/blood-
2012-09-456095

Donaldson NS, Nordgaard CL, Pierre CC, Kelly KF, Robinson SC, Swystun L,
et al. Kaiso Regulates Znf131-Mediated Transcriptional Activation. Exp Cell
Res (2010) 316(10):1692-705. doi: 10.1016/j.yexcr.2010.03.011

Robinson SC, Donaldson-Kabwe NS, Dvorkin-Gheva A, Longo J, He L, Daniel
JM. The POZ-ZF Transcription Factor Znf131 is Implicated as a Regulator of
Kaiso-Mediated Biological Processes. Biochem Biophys Res Commun (2017)
493(1):416-21. doi: 10.1016/j.bbrc.2017.09.007

Iguchi T, Aoki K, Ikawa T, Taoka M, Taya C, Yoshitani H, et al. BTB-ZF
Protein Znfl31 Regulates Cell Growth of Developing and Mature T Cells.
J Immunol (2015) 195(3):982-93. doi: 10.4049/jimmunol.1500602

Iguchi T, Miyauchi E, Watanabe S, Masai H. Miyatake S. A BTB-ZF Protein,
ZNF131, is Required for Early B Cell Development. Biochem Biophys Res
Commun (2018) 501(2):570-5. doi: 10.1016/j.bbrc.2018.05.044

He X, Park K, Kappes DJ. The Role of ThPOK in Control of CD4/CD8
Lineage Commitment. Annu Rev Immunol (2010) 28:295-320. doi: 10.1146/
annurev.immunol.25.022106.141715

He X, Park K, Wang H, Zhang Y, Hua X, Li Y, et al. CD4-CD8 Lineage
Commitment is Regulated by a Silencer Element at the ThPOK Transcription-
Factor Locus. Immunity (2008) 28(3):346-58. doi: 10.1016/
jimmuni.2008.02.006

Wang L, Wildt KF, Zhu ], Zhang X, Feigenbaum L, Tessarollo L, et al. Distinct
Functions for the Transcription Factors GATA-3 and ThPOK During
Intrathymic Differentiation of CD4(+) T Cells. Nat Immunol (2008) 9
(10):1122-30. doi: 10.1038/ni.1647

Tanaka H, Naito T, Muroi S, Seo W, Chihara R, Miyamoto C, et al. Epigenetic
Thpok Silencing Limits the Time Window to Choose CD4(+) Helper-Lineage
Fate in the Thymus. EMBO ] (2013) 32(8):1183-94. doi: 10.1038/
emboj.2013.47

Karimi MM, Guo Y, Cui X, Pallikonda HA, Horkova V, Wang YF, et al. The
Order and Logic of CD4 Versus CD8 Lineage Choice and Differentiation in
Mouse Thymus. Nat Commun (2021) 12(1):99. doi: 10.1038/s41467-020-
20306-w

He X, Dave VP, Zhang Y, Hua X, Nicolas E, Xu W, et al. The Zinc Finger
Transcription Factor Th-POK Regulates CD4 Versus CD8 T-Cell Lineage
Commitment. Nature (2005) 433(7028):826-33. doi: 10.1038/nature03338
Sun G, Liu X, Mercado P, Jenkinson SR, Kypriotou M, Feigenbaum L, et al.
The Zinc Finger Protein cKrox Directs CD4 Lineage Differentiation During
Intrathymic T Cell Positive Selection. Nat Immunol (2005) 6(4):373-81.
doi: 10.1038/ni1183

Egawa T, Littman DR. ThPOK Acts Late in Specification of the Helper T Cell
Lineage and Suppresses Runx-Mediated Commitment to the Cytotoxic T Cell
Lineage. Nat Immunol (2008) 9(10):1131-9. doi: 10.1038/ni.1652

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Luckey MA, Kimura MY, Waickman AT, Feigenbaum L, Singer A, Park JH.
The Transcription Factor ThPOK Suppresses Runx3 and Imposes CD4(+)
Lineage Fate by Inducing the SOCS Suppressors of Cytokine Signaling. Nat
Immunol (2014) 15(7):638-45. doi: 10.1038/ni.2917

Chopp LB, Gopalan V, Ciucci T, Ruchinskas A, Rae Z, Lagarde M, et al. An
Integrated Epigenomic and Transcriptomic Map of Mouse and Human
Alphabeta T Cell Development. Immunity (2020) 53(6):1182-201 e8.
doi: 10.1016/j.immuni.2020.10.024

Muroi S, Naoe Y, Miyamoto C, Akiyama K, Ikawa T, Masuda K, et al.
Cascading Suppression of Transcriptional Silencers by ThPOK Seals Helper T
Cell Fate. Nat Immunol (2008) 9(10):1113-21. doi: 10.1038/ni.1650

Maeda T, Merghoub T, Hobbs RM, Dong L, Maeda M, Zakrzewski J, et al.
Regulation of B Versus T Lymphoid Lineage Fate Decision by the Proto-
Oncogene LRF. Science (2007) 316(5826):860-6. doi: 10.1126/science.1140881
Lee SU, Maeda M, Ishikawa Y, Li SM, Wilson A, Jubb AM, et al. LRF-
Mediated DIl4 Repression in Erythroblasts is Necessary for Hematopoietic
Stem Cell Maintenance. Blood (2013) 121(6):918-29. doi: 10.1182/blood-
2012-03-418103

Carpenter AC, Grainger JR, Xiong Y, Kanno Y, Chu HH, Wang L, et al. The
Transcription Factors Thpok and LRF are Necessary and Partly Redundant
for T Helper Cell Differentiation. Immunity (2012) 37(4):622-33.
doi: 10.1016/j.immuni.2012.06.019

Vacchio MS, Wang L, Bouladoux N, Carpenter AC, Xiong Y, Williams LC,
et al. A ThPOK-LRF Transcriptional Node Maintains the Integrity and
Effector Potential of Post-Thymic CD4+ T Cells. Nat Immunol (2014) 15
(10):947-56. doi: 10.1038/1i.2960

Wang L, Wildt KF, Castro E, Xiong Y, Feigenbaum L, Tessarollo L, et al. The
Zinc Finger Transcription Factor Zbtb7b Represses CD8-Lineage Gene
Expression in Peripheral CD4+ T Cells. Immunity (2008) 29(6):876-87.
doi: 10.1016/j.immuni.2008.09.019

Carpenter AC, Wohlfert E, Chopp LB, Vacchio MS, Nie J, Zhao Y, et al. Control of
Regulatory T Cell Differentiation by the Transcription Factors Thpok and LRF.
J Immunol (2017) 199(5):1716-28. doi: 10.4049/jimmunol.1700181

Twu YC, Teh HS. The ThPOK Transcription Factor Differentially Affects the
Development and Function of Self-Specific CD8(+) T Cells and Regulatory
CD4(+) T Cells. Immunology (2014) 141(3):431-45. doi: 10.1111/imm.12205
Sujino T, London M, Hoytema van Konijnenburg DP, Rendon T, Buch T,
Silva HM, et al. Tissue Adaptation of Regulatory and Intraepithelial CD4(+) T
Cells Controls Gut Inflammation. Science (2016) 352(6293):1581-6.
doi: 10.1126/science.aaf3892

Vacchio MS, Ciucci T, Gao Y, Watanabe M, Balmaceno-Criss M, McGinty
MT, et al. A Thpok-Directed Transcriptional Circuitry Promotes Bcl6 and
Maf Expression to Orchestrate T Follicular Helper Differentiation. Immunity
(2019) 51(3):465-78. doi: 10.1016/j.immuni.2019.06.023

Jenkinson SR, Intlekofer AM, Sun G, Feigenbaum L, Reiner SL, Bosselut R.
Expression of the Transcription Factor Ckrox in Peripheral CD8 T Cells
Reveals Substantial Postthymic Plasticity in CD4-CD8 Lineage
Differentiation. ] Exp Med (2007) 204(2):267-72. doi: 10.1084/jem.20061982
Setoguchi R, Taniuchi I, Bevan MJ]. ThPOK Derepression Is Required for
Robust CD8 T Cell Responses to Viral Infection. J Immunol (2009) 183
(7):4467-74. doi: 10.4049/jimmunol.0901428

Ciucci T, Vacchio MS, Gao Y, Tomassoni Ardori F, Candia ], Mehta M, et al.
The Emergence and Functional Fitness of Memory CD4(+) T Cells Require
the Transcription Factor Thpok. Immunity (2019) 50(1):91-105 e4.
doi: 10.1016/j.immuni.2018.12.019

Wang L, Carr T, Xiong Y, Wildt KF, Zhu ], Feigenbaum L, et al. The
Sequential Activity of Gata3 and Thpok Is Required for the Differentiation
of CD1d-Restricted CD4+ NKT Cells. Eur | Immunol (2010) 40(9):2385-90.
doi: 10.1002/€ji.201040534

Engel I, Hammond K, Sullivan BA, He X, Taniuchi I, Kappes D, et al. Co-
Receptor Choice by V Alphal4i NKT Cells is Driven by Th-POK Expression
Rather Than Avoidance of CD8-Mediated Negative Selection. /] Exp Med
(2010) 207(5):1015-29. doi: 10.1084/jem.20090557

Kappes DJ. Expanding Roles for ThPOK in Thymic Development. Immunol
Rev (2010) 238(1):182-94. doi: 10.1111/j.1600-065X.2010.00958.x

100. Park K, He X, Lee HO, Hua X, Li Y, Wiest D, et al. TCR-Mediated ThPOK

Induction Promotes Development of Mature (CD24-) Gammadelta
Thymocytes. EMBO ] (2010) 29(14):2329-41. doi: 10.1038/embo;j.2010.113

Frontiers in Immunology | www.frontiersin.org

July 2021 | Volume 12 | Article 713294


https://doi.org/10.1038/srep12113
https://doi.org/10.4049/jimmunol.1000776
https://doi.org/10.1073/pnas.0805733105
https://doi.org/10.4049/jimmunol.1100119
https://doi.org/10.4049/jimmunol.1100119
https://doi.org/10.14348/molcells.2016.0004
https://doi.org/10.4049/jimmunol.1401093
https://doi.org/10.1182/blood-2012-09-456095
https://doi.org/10.1182/blood-2012-09-456095
https://doi.org/10.1016/j.yexcr.2010.03.011
https://doi.org/10.1016/j.bbrc.2017.09.007
https://doi.org/10.4049/jimmunol.1500602
https://doi.org/10.1016/j.bbrc.2018.05.044
https://doi.org/10.1146/annurev.immunol.25.022106.141715
https://doi.org/10.1146/annurev.immunol.25.022106.141715
https://doi.org/10.1016/j.immuni.2008.02.006
https://doi.org/10.1016/j.immuni.2008.02.006
https://doi.org/10.1038/ni.1647
https://doi.org/10.1038/emboj.2013.47
https://doi.org/10.1038/emboj.2013.47
https://doi.org/10.1038/s41467-020-20306-w
https://doi.org/10.1038/s41467-020-20306-w
https://doi.org/10.1038/nature03338
https://doi.org/10.1038/ni1183
https://doi.org/10.1038/ni.1652
https://doi.org/10.1038/ni.2917
https://doi.org/10.1016/j.immuni.2020.10.024
https://doi.org/10.1038/ni.1650
https://doi.org/10.1126/science.1140881
https://doi.org/10.1182/blood-2012-03-418103
https://doi.org/10.1182/blood-2012-03-418103
https://doi.org/10.1016/j.immuni.2012.06.019
https://doi.org/10.1038/ni.2960
https://doi.org/10.1016/j.immuni.2008.09.019
https://doi.org/10.4049/jimmunol.1700181
https://doi.org/10.1111/imm.12205
https://doi.org/10.1126/science.aaf3892
https://doi.org/10.1016/j.immuni.2019.06.023
https://doi.org/10.1084/jem.20061982
https://doi.org/10.4049/jimmunol.0901428
https://doi.org/10.1016/j.immuni.2018.12.019
https://doi.org/10.1002/eji.201040534
https://doi.org/10.1084/jem.20090557
https://doi.org/10.1111/j.1600-065X.2010.00958.x
https://doi.org/10.1038/emboj.2010.113
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Cheng et al.

T-Cell Regulation by ZBTB Proteins

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

Engel I, Zhao M, Kappes D, Taniuchi I, Kronenberg M. The Transcription
Factor Th-POK Negatively Regulates Th17 Differentiation in Valphal4i
NKT Cells. Blood (2012) 120(23):4524-32. doi: 10.1182/blood-2012-01-
406280

Enders A, Stankovic S, Teh C, Uldrich AP, Yabas M, Juelich T, et al. ZBTB7B
(Th-POK) Regulates the Development of IL-17-Producing CD1d-Restricted
Mouse NKT Cells. J Immunol (2012) 189(11):5240-9. doi: 10.4049/
jimmunol.1201486

Serroukh Y, Gu-Trantien C, Hooshiar Kashani B, Defrance M, Vu Manh TP,
Azouz A, et al. The Transcription Factors Runx3 and ThPOK Cross-Regulate
Acquisition of Cytotoxic Function by Human Th1 Lymphocytes. Elife (2018)
7:¢30496. doi: 10.7554/eLife.30496

Fedele M, Crescenzi E, Cerchia L. The POZ/BTB and AT-Hook Containing
Zinc Finger 1 (PATZ1) Transcription Regulator: Physiological Functions
and Disease Involvement. Int J Mol Sci (2017) 18(12):2524. doi: 10.3390/
ijms18122524

Bilic I, Koesters C, Unger B, Sekimata M, Hertweck A, Maschek R, et al.
Negative Regulation of CD8 Expression via Cd8 Enhancer-Mediated
Recruitment of the Zinc Finger Protein MAZR. Nat Immunol (2006) 7
(4):392-400. doi: 10.1038/ni1311

Sakaguchi S, Hombauer M, Bilic I, Naoe Y, Schebesta A, Taniuchi I, et al. The
Zinc-Finger Protein MAZR is Part of the Transcription Factor Network That
Controls the CD4 Versus CD8 Lineage Fate of Double-Positive Thymocytes.
Nat Immunol (2010) 11(5):442-8. doi: 10.1038/ni.1860

Sakaguchi S, Hainberger D, Tizian C, Tanaka H, Okuda T, Taniuchi I, et al.
MAZR and Runx Factors Synergistically Repress ThPOK During CD8+ T
Cell Lineage Development. ] Immunol (2015) 195(6):2879-87. doi: 10.4049/
jimmunol.1500387

Orola MJ, Tizian C, Zhu C, Andersen L, Giilich AF, Alteneder M, et al. The
Zinc-Finger Transcription Factor MAZR Regulates iNKT Cell Subset
Differentiation. Cell Mol Life Sci (2019) 76(21):4391-404. doi: 10.1007/
s00018-019-03119-z

Tuttle KD, Krovi SH, Zhang ], Bedel R, Harmacek L, Peterson LK, et al. TCR
Signal Strength Controls Thymic Differentiation of iNKT Cell Subsets. Nat
Commun (2018) 9(1):2650. doi: 10.1038/s41467-018-05026-6

Andersen L, Giilich AF, Alteneder M, Preglej T, Orola MJ, Dhele N, et al. The
Transcription Factor MAZR/PATZ1 Regulates the Development of FOXP3+
Regulatory T Cells. Cell Rep (2019) 29(13):4447-59. doi: 10.1016/
j.celrep.2019.11.089

Gulich AF, Rica R, Tizian C, Viczenczova C, Khamina K, Faux T, et al.
Complex Interplay Between MAZR and Runx3 Regulates the Generation of
Cytotoxic T Lymphocyte and Memory T Cells. Front Immunol (2021)
12:535039. doi: 10.3389/fimmu.2021.535039

Keskin N, Deniz E, Eryilmaz ], Un M, Batur T, Ersahin T, et al. PATZI Is a
DNA Damage-Responsive Transcription Factor That Inhibits P53 Function.
Mol Cell Biol (2015) 35(10):1741-53. doi: 10.1128/MCB.01475-14
Valentino T, Palmieri D, Vitiello M, Simeone A, Palma G, Arra C, et al.
Embryonic Defects and Growth Alteration in Mice With Homozygous
Disruption of the Patzl Gene. J Cell Physiol (2013) 228(3):646-53.
doi: 10.1002/jcp.24174

Choi J, Crotty S. Bcl6-Mediated Transcriptional Regulation of Follicular
Helper T Cells (TFH). Trends Immunol (2021) 42(4):336-49. doi: 10.1016/
j.it.2021.02.002

Duckworth BC, Groom JR. Conversations That Count: Cellular Interactions
That Drive T Cell Fate. Immunol Rev (2021) 300(1):203-19. doi: 10.1111/
imr.12945

Long X, Zhang L, Zhang Y, Min M, Lin B, Chen J, et al. Histone
Methyltransferase Nsd2 is Required for Follicular Helper T Cell
Differentiation. J Exp Med (2020) 217(1):e20190832. doi: 10.1084/
jem.20190832

Yu D, Rao S, Tsai LM, Lee SK, He Y, Sutcliffe EL, et al. The Transcriptional
Repressor Bcl-6 Directs T Follicular Helper Cell Lineage Commitment.
Immunity (2009) 31(3):457-68. doi: 10.1016/j.immuni.2009.07.002

Nurieva RI, Chung Y, Martinez GJ, Yang XO, Tanaka S, Matskevitch TD,
et al. Bcl6 Mediates the Development of T Follicular Helper Cells. Science
(2009) 325(5943):1001-5. doi: 10.1126/science.1176676

Choi YS, Eto D, Yang JA, Lao C, Crotty S. Cutting Edge: STAT1 is Required
for IL-6-Mediated Bcl6 Induction for Early Follicular Helper Cell

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

Differentiation. J Immunol (2013) 190(7):3049-53. doi: 10.4049/
jimmunol.1203032

Misawa T, SoRelle JA, Choi JH, Yue T, Wang KW, McAlpine W, et al.
Mutual Inhibition Between Prkd2 and Bcl6 Controls T Follicular Helper
Cell Differentiation. Sci Immunol (2020) 5(43):eaaz0085. doi: 10.1126/
sciimmunol.aaz0085

Alterauge D, Bagnoli JW, Dahlstrom F, Bradford BM, Mabbott NA, Buch T,
et al. Continued Bcl6 Expression Prevents the Transdifferentiation of
Established Tfh Cells Into Thl Cells During Acute Viral Infection. Cell
Rep (2020) 33(1):108232. doi: 10.1016/j.celrep.2020.108232

OQestreich KJ, Huang AC, Weinmann AS. The Lineage-Defining Factors T-
Bet and Bcl-6 Collaborate to Regulate Th1 Gene Expression Patterns. ] Exp
Med (2011) 208(5):1001-13. doi: 10.1084/jem.20102144

Qestreich KJ, Mohn SE, Weinmann AS. Molecular Mechanisms That
Control the Expression and Activity of Bcl-6 in TH1 Cells to Regulate
Flexibility With a TFH-Like Gene Profile. Nat Immunol (2012) 13(4):405-
11. doi: 10.1038/ni.2242

Sawant DV, Sehra S, Nguyen ET, Jadhav R, Englert K, Shinnakasu R, et al.
Bcl6é Controls the Th2 Inflammatory Activity of Regulatory T Cells by
Repressing Gata3 Function. ] Immunol (2012) 189(10):4759-69.
doi: 10.4049/jimmunol.1201794

Koh B, Ulrich BJ, Nelson AS, Panangipalli G, Kharwadkar R, Wu W, et al.
Bcl6 and Blimp1 Reciprocally Regulate ST2(+) Treg-Cell Development in the
Context of Allergic Airway Inflammation. J Allergy Clin Immunol (2020) 146
(5):1121-36. doi: 10.1016/j.jaci.2020.03.002

Chung Y, Tanaka S, Chu F, Nurieva RI, Martinez GJ, Rawal S, et al. Follicular
Regulatory T Cells Expressing Foxp3 and Bcl-6 Suppress Germinal Center
Reactions. Nat Med (2011) 17(8):983-8. doi: 10.1038/nm.2426

Linterman MA, Pierson W, Lee SK, Kallies A, Kawamoto S, Rayner TF, et al.
Foxp3+ Follicular Regulatory T Cells Control the Germinal Center Response.
Nat Med (2011) 17(8):975-82. doi: 10.1038/nm.2425

Li Y, Wang Z, Lin H, Wang L, Chen X, Liu Q, et al. Bcl6 Preserves the
Suppressive Function of Regulatory T Cells During Tumorigenesis. Front
Immunol (2020) 11:806. doi: 10.3389/fimmu.2020.00806

Bassil R, Orent W, Olah M, Kurdi AT, Frangieh M, Buttrick T, et al. BCL6
Controls Th9 Cell Development by Repressing 119 Transcription. ] Immunol
(2014) 193(1):198-207. doi: 10.4049/jimmunol.1303184

Liao W, Spolski R, Li P, Du N, West EE, Ren M, et al. Opposing Actions of
IL-2 and IL-21 on Th9 Differentiation Correlate With Their Differential
Regulation of BCL6 Expression. Proc Natl Acad Sci USA (2014) 111(9):3508-
13. doi: 10.1073/pnas.1301138111

Ichii H, Sakamoto A, Kuroda Y, Tokuhisa T. Bcl6 Acts as an Amplifier for
the Generation and Proliferative Capacity of Central Memory CD8+ T Cells.
J Immunol (2004) 173(2):883-91. doi: 10.4049/jimmunol.173.2.883

Liu Z, Guo Y, Tang S, Zhou L, Huang C, Cao Y, et al. Cutting Edge:
Transcription Factor BCL6 Is Required for the Generation, But Not
Maintenance, of Memory CD8+ T Cells in Acute Viral Infection.
J Immunol (2019) 203(2):323-7. doi: 10.4049/jimmunol.1900014

Gong Y, Suzuki T, Kozono H, Kubo M, Nakano N. Tumor-Infiltrating
CD62L+PD-1-CD8 T Cells Retain Proliferative Potential via Bcl6 Expression
and Replenish Effector T Cells Within the Tumor. PloS One (2020) 15(8):
€0237646. doi: 10.1371/journal.pone.0237646

Ichii H, Sakamoto A, Arima M, Hatano M, Kuroda Y, Tokuhisa T. Bcl6 is
Essential for the Generation of Long-Term Memory CD4+ T Cells. Int
Immunol (2007) 19(4):427-33. doi: 10.1093/intimm/dxm007

Yoshida K, Sakamoto A, Yamashita K, Arguni E, Horigome S, Arima M, et al.
Bcl6é Controls Granzyme B Expression in Effector CD8+ T Cells. Eur |
Immunol (2006) 36(12):3146-56. doi: 10.1002/¢ji.200636165

Oestreich KJ, Read KA, Gilbertson SE, Hough KP, McDonald PW,
Krishnamoorthy V, et al. Bcl-6 Directly Represses the Gene Program of
the Glycolysis Pathway. Nat Immunol (2014) 15(10):957-64. doi: 10.1038/
ni.2985

Gioulbasani M, Galaras A, Grammenoudi S, Moulos P, Dent AL, Sigvardsson
M, et al. The Transcription Factor BCL-6 Controls Early Development of
Innate-Like T Cells. Nat Immunol (2020) 21(9):1058-69. doi: 10.1038/
$41590-020-0737-y

Solanki A, Yanez DC, Lau CI, Rowell J, Barbarulo A, Ross S, et al. The
Transcriptional Repressor Bcl6 Promotes Pre-TCR-Induced Thymocyte

Frontiers in Immunology | www.frontiersin.org

July 2021 | Volume 12 | Article 713294


https://doi.org/10.1182/blood-2012-01-406280
https://doi.org/10.1182/blood-2012-01-406280
https://doi.org/10.4049/jimmunol.1201486
https://doi.org/10.4049/jimmunol.1201486
https://doi.org/10.7554/eLife.30496
https://doi.org/10.3390/ijms18122524
https://doi.org/10.3390/ijms18122524
https://doi.org/10.1038/ni1311
https://doi.org/10.1038/ni.1860
https://doi.org/10.4049/jimmunol.1500387
https://doi.org/10.4049/jimmunol.1500387
https://doi.org/10.1007/s00018-019-03119-z
https://doi.org/10.1007/s00018-019-03119-z
https://doi.org/10.1038/s41467-018-05026-6
https://doi.org/10.1016/j.celrep.2019.11.089
https://doi.org/10.1016/j.celrep.2019.11.089
https://doi.org/10.3389/fimmu.2021.535039
https://doi.org/10.1128/MCB.01475-14
https://doi.org/10.1002/jcp.24174
https://doi.org/10.1016/j.it.2021.02.002
https://doi.org/10.1016/j.it.2021.02.002
https://doi.org/10.1111/imr.12945
https://doi.org/10.1111/imr.12945
https://doi.org/10.1084/jem.20190832
https://doi.org/10.1084/jem.20190832
https://doi.org/10.1016/j.immuni.2009.07.002
https://doi.org/10.1126/science.1176676
https://doi.org/10.4049/jimmunol.1203032
https://doi.org/10.4049/jimmunol.1203032
https://doi.org/10.1126/sciimmunol.aaz0085
https://doi.org/10.1126/sciimmunol.aaz0085
https://doi.org/10.1016/j.celrep.2020.108232
https://doi.org/10.1084/jem.20102144
https://doi.org/10.1038/ni.2242
https://doi.org/10.4049/jimmunol.1201794
https://doi.org/10.1016/j.jaci.2020.03.002
https://doi.org/10.1038/nm.2426
https://doi.org/10.1038/nm.2425
https://doi.org/10.3389/fimmu.2020.00806
https://doi.org/10.4049/jimmunol.1303184
https://doi.org/10.1073/pnas.1301138111
https://doi.org/10.4049/jimmunol.173.2.883
https://doi.org/10.4049/jimmunol.1900014
https://doi.org/10.1371/journal.pone.0237646
https://doi.org/10.1093/intimm/dxm007
https://doi.org/10.1002/eji.200636165
https://doi.org/10.1038/ni.2985
https://doi.org/10.1038/ni.2985
https://doi.org/10.1038/s41590-020-0737-y
https://doi.org/10.1038/s41590-020-0737-y
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Cheng et al.

T-Cell Regulation by ZBTB Proteins

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

Differentiation and Attenuates Notchl Activation. Development (2020) 147
(19):dev192203. doi: 10.1242/dev.192203

Okabe S, Fukuda T, Ishibashi K, Kojima S, Okada S, Hatano M, et al. BAZF, a
Novel Bcl6 Homolog, Functions as a Transcriptional Repressor. Mol Cell Biol
(1998) 18(7):4235-44. doi: 10.1128/MCB.18.7.4235

Takenaga M, Hatano M, Takamori M, Yamashita Y, Okada S, Kuroda Y,
et al. Bcl6-Dependent Transcriptional Repression by BAZF. Biochem Biophys
Res Commun (2003) 303(2):600-8. doi: 10.1016/s0006-291x(03)00396-6
Manders PM, Hunter PJ, Telaranta AI, Carr JM, Marshall JL, Carrasco M,
et al. BCL6b Mediates the Enhanced Magnitude of the Secondary Response
of Memory CD8+ T Lymphocytes. Proc Natl Acad Sci USA (2005) 102
(21):7418-25. doi: 10.1073/pnas.0501585102

Takamori M, Hatano M, Arima M, Sakamoto A, Fujimura L, Hartatik T,
et al. BAZF is Required for Activation of Naive CD4 T Cells by TCR
Triggering. Int Immunol (2004) 16(10):1439-49. doi: 10.1093/intimm/
dxh144

Szczepny A, Carey K, McKenzie L, Jayasekara WSN, Rossello F, Gonzalez-
Rajal A, et al. The Tumor Suppressor Hicl Maintains Chromosomal Stability
Independent of Tp53. Oncogene (2018) 37(14):1939-48. doi: 10.1038/
s41388-017-0022-1

Ubaid U, Andrabi SBA, Tripathi SK, Dirasantha O, Kanduri K, Rautio S,
et al. Transcriptional Repressor HIC1 Contributes to Suppressive Function
of Human Induced Regulatory T Cells. Cell Rep (2018) 22(8):2094-106.
doi: 10.1016/j.celrep.2018.01.070

Burrows K, Antignano F, Chenery A, Bramhall M, Korinek V, Underhill TM,
et al. HIC1 Links Retinoic Acid Signalling to Group 3 Innate Lymphoid Cell-
Dependent Regulation of Intestinal Immunity and Homeostasis. PloS Pathog
(2018) 14(2):e1006869. doi: 10.1371/journal.ppat.1006869

Burrows K, Antignano F, Bramhall M, Chenery A, Scheer S, Korinek V, et al. The
Transcriptional Repressor HIC1 Regulates Intestinal Immune Homeostasis.
Mucosal Immunol (2017) 10(6):1518-28. doi: 10.1038/mi.2017.17

Chen WY, Wang DH, Yen RC, Luo J, Gu W, Baylin SB. Tumor Suppressor
HIC1 Directly Regulates SIRT1 to Modulate P53-Dependent DNA-Damage
Responses. Cell (2005) 123(3):437-48. doi: 10.1016/j.cell.2005.08.011
Zhang ], Lee SM, Shannon S, Gao B, Chen W, Chen A, et al. The Type III
Histone Deacetylase Sirt1 is Essential for Maintenance of T Cell Tolerance in
Mice. J Clin Invest (2009) 119(10):3048-58. doi: 10.1172/JCI38902

Wang ], Huizinga TW, Toes RE. De Novo Generation and Enhanced
Suppression of Human CD4+CD25+ Regulatory T Cells by Retinoic Acid.
J Immunol (2009) 183(6):4119-26. doi: 10.4049/jimmunol.0901065

Hoatlin ME, Zhi Y, Ball H, Silvey K, Melnick A, Stone S, et al. A Novel BTB/
POZ Transcriptional Repressor Protein Interacts With the Fanconi Anemia
Group C Protein and PLZF. Blood (1999) 94(11):3737-47. doi: 10.1182/
blood.V94.11.3737.423k39_3737_3747

Miaw SC, Kang BY, White IA, Ho IC. A Repressor of GATA-Mediated
Negative Feedback Mechanism of T Cell Activation. J Immunol (2004) 172
(1):170-7. doi: 10.4049/jimmunol.172.1.170

Piazza F, Costoya JA, Merghoub T, Hobbs RM, Pandolfi PP. Disruption of
PLZP in Mice Leads to Increased T-Lymphocyte Proliferation, Cytokine
Production, and Altered Hematopoietic Stem Cell Homeostasis. Mol Cell
Biol (2004) 24(23):10456-69. doi: 10.1128/MCB.24.23.10456-10469.2004
Kang BY, Miaw SC, Ho IC. ROG Negatively Regulates T-Cell Activation But
is Dispensable for Th-Cell Differentiation. Mol Cell Biol (2005) 25(2):554-62.
doi: 10.1128/MCB.25.2.554-562.2005

Miaw SC, Choi A, Yu E, Kishikawa H, Ho IC. ROG. Repressor of GATA,
Regulates the Expression of Cytokine Genes. Immunity (2000) 12(3):323-33.
doi: 10.1016/s1074-7613(00)80185-5

Hirahara K, Yamashita M, Iwamura C, Shinoda K, Hasegawa A, Yoshizawa
H, et al. Repressor of GATA Regulates TH2-Driven Allergic Airway
Inflammation and Airway Hyperresponsiveness. J Allergy Clin Immunol
(2008) 122(3):512-20. doi: 10.1016/j.jaci.2008.06.004

Hirasaki Y, Iwamura C, Yamashita M, Ito T, Kitajima M, Shinoda K, et al.
Repressor of GATA Negatively Regulates Murine Contact Hypersensitivity
Through the Inhibition of Type-2 Allergic Responses. Clin Immunol (2011)
139(3):267-76. doi: 10.1016/j.clim.2011.02.009

Coley WD, Zhao Y, Benck CJ, Liu Y, Hotta-Iwamura C, Rahman M], et al.
Loss of Zbtb32 in NOD Mice Does Not Significantly Alter T Cell Responses.
F1000Res (2018) 7:318. doi: 10.12688/f1000research.13864.2

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

Gaublomme JT, Yosef N, Lee Y, Gertner RS, Yang LV, Wu C, et al. Single-
Cell Genomics Unveils Critical Regulators of Th17 Cell Pathogenicity. Cell
(2015) 163(6):1400-12. doi: 10.1016/j.cell.2015.11.009

Price JD, Hotta-Iwamura C, Zhao Y, Beauchamp NM, Tarbell KV. DCIR2+
Cdc2 DCs and Zbtb32 Restore CD4+ T-Cell Tolerance and Inhibit Diabetes.
Diabetes (2015) 64(10):3521-31. doi: 10.2337/db14-1880

Omori M, Yamashita M, Inami M, Ukai-Tadenuma M, Kimura M, Nigo Y,
et al. CD8 T Cell-Specific Downregulation of Histone Hyperacetylation and
Gene Activation of the IL-4 GeneRepressor of GATA. Immunity (2003) 19
(2):281-94. doi: 10.1016/s1074-7613(03)00210-3

Shin HM, Kapoor VN, Kim G, Li P, Kim HR, Suresh M, et al. Transient
Expression of ZBTB32 in Anti-Viral CD8+ T Cells Limits the Magnitude of
the Effector Response and the Generation of Memory. PloS Pathog (2017) 13
(8):e1006544. doi: 10.1371/journal.ppat.1006544

Jash A, Wang Y, Weisel FJ, Scharer CD, Boss JM, Shlomchik MJ, et al.
ZBTB32 Restricts the Duration of Memory B Cell Recall Responses.
J Immunol (2016) 197(4):1159-68. doi: 10.4049/jimmunol.1600882

de Greef JC, Wang ], Balog J, den Dunnen JT, Frants RR, Straasheijm KR,
et al. Mutations in ZBTB24 are Associated With Immunodeficiency,
Centromeric Instability, and Facial Anomalies Syndrome Type 2. Am ]
Hum Genet (2011) 88(6):796-804. doi: 10.1016/j.ajhg.2011.04.018
Weemaes CM, van Tol MJ, Wang J, van Ostaijen-ten Dam MM, van
Eggermond MC, Thijssen PE, et al. Heterogeneous Clinical Presentation in
ICF Syndrome: Correlation With Underlying Gene Defects. Eur ] Hum
Genet (2013) 21(11):1219-25. doi: 10.1038/ejhg.2013.40

von Bernuth H, Ravindran E, Du H, Frohler S, Strehl K, Kramer N, et al.
Combined Immunodeficiency Develops With Age in Immunodeficiency-
Centromeric Instability-Facial Anomalies Syndrome 2 (ICF2). Orphanet |
Rare Dis (2014) 9:116. doi: 10.1186/5s13023-014-0116-6

Wu H, Vonk KKD, van der Maarel SM, Santen GWE, Daxinger L. A
Functional Assay to Classify ZBTB24 Missense Variants of Unknown
Significance. Hum Mutat (2019) 40(8):1077-83. doi: 10.1002/humu.23786
Kamae C, Imai K, Kato T, Okano T, Honma K, Nakagawa N, et al. Clinical
and Immunological Characterization of ICF Syndrome in Japan. J Clin
Immunol (2018) 38(8):927-37. doi: 10.1007/s10875-018-0559-y

Sogkas G, Dubrowinskaja N, Bergmann AK, Lentes ], Ripperger T,
Fedchenko M, et al. Progressive Immunodeficiency With Gradual
Depletion of B and CD4+ T Cells in Immunodeficiency, Centromeric
Instability and Facial Anomalies Syndrome 2 (ICF2). Diseases (2019) 7
(2):34. doi: 10.3390/diseases7020034

Banday AZ, Jindal AK, Kaur A, Kumar Y, Nameirakpam J, Patra PK, et al. A
Young Girl With Hypogammaglobulinemia and Granulomatous Hepatitis
Caused by a Novel Mutation in ZBTB24 Gene: A Case Based Analysis.
Immunobiology (2020) 225(3):151912. doi: 10.1016/j.imbio.2020.151912
Sterlin D, Velasco G, Moshous D, Touzot F, Mahlaoui N, Fischer A, et al. Genetic,
Cellular and Clinical Features of ICF Syndrome: A French National Survey. ] Clin
Immunol (2016) 36(2):149-59. doi: 10.1007/s10875-016-0240-2

Qin X-Y, Feng J, Chen G, Dou X-W, Dai X-Q, Dong H-L, et al. ZBTB24 Regulates
the Apoptosis of Human T Cells via CDCA7/TRAIL-receptor axis. Biochem
Biophys Res Commun (2019) 514(1):259-65. doi: 10.1016/j.bbrc.2019.04.147
Jenness C, Giunta S, Muller MM, Kimura H, Muir TW, Funabiki H. HELLS
and CDCA7 Comprise a Bipartite Nucleosome Remodeling Complex
Defective in ICF Syndrome. Proc Natl Acad Sci USA (2018) 115(5):E876-
E85. doi: 10.1073/pnas.1717509115

Thompson JJ, Kaur R, Sosa CP, Lee JH, Kashiwagi K, Zhou D, et al. ZBTB24 is a
Transcriptional Regulator That Coordinates With DNMT3B to Control DNA
Methylation. Nucleic Acids Res (2018) 46(19):10034-51. doi: 10.1093/nar/gky682
Liang J, Yan R, Chen G, Feng J, Wu WW, Ren W, et al. Downregulation of
ZBTB24 Hampers the GO0/1- to S-Phase Cell-Cycle Transition via
upregulating the expression of IRF-4 in human B cells. Genes Immun
(2016) 17(5):276-82. doi: 10.1038/gene.2016.18

Ren R, Hardikar S, Horton JR, Lu Y, Zeng Y, Singh AK, et al. Structural Basis
of Specific DNA Binding by the Transcription Factor ZBTB24. Nucleic Acids
Res (2019) 47(16):8388-98. doi: 10.1093/nar/gkz557

Wu H, Thijssen PE, de Klerk E, Vonk KK, Wang J, den Hamer B, et al.
Converging Disease Genes in ICF Syndrome: ZBTB24 Controls Expression
of CDCA7 in Mammals. Hum Mol Genet (2016) 25(18):4041-51.
doi: 10.1093/hmg/ddw243

Frontiers in Immunology | www.frontiersin.org

July 2021 | Volume 12 | Article 713294


https://doi.org/10.1242/dev.192203
https://doi.org/10.1128/MCB.18.7.4235
https://doi.org/10.1016/s0006-291x(03)00396-6
https://doi.org/10.1073/pnas.0501585102
https://doi.org/10.1093/intimm/dxh144
https://doi.org/10.1093/intimm/dxh144
https://doi.org/10.1038/s41388-017-0022-1
https://doi.org/10.1038/s41388-017-0022-1
https://doi.org/10.1016/j.celrep.2018.01.070
https://doi.org/10.1371/journal.ppat.1006869
https://doi.org/10.1038/mi.2017.17
https://doi.org/10.1016/j.cell.2005.08.011
https://doi.org/10.1172/JCI38902
https://doi.org/10.4049/jimmunol.0901065
https://doi.org/10.1182/blood.V94.11.3737.423k39_3737_3747
https://doi.org/10.1182/blood.V94.11.3737.423k39_3737_3747
https://doi.org/10.4049/jimmunol.172.1.170
https://doi.org/10.1128/MCB.24.23.10456-10469.2004
https://doi.org/10.1128/MCB.25.2.554-562.2005
https://doi.org/10.1016/s1074-7613(00)80185-5
https://doi.org/10.1016/j.jaci.2008.06.004
https://doi.org/10.1016/j.clim.2011.02.009
https://doi.org/10.12688/f1000research.13864.2
https://doi.org/10.1016/j.cell.2015.11.009
https://doi.org/10.2337/db14-1880
https://doi.org/10.1016/s1074-7613(03)00210-3
https://doi.org/10.1371/journal.ppat.1006544
https://doi.org/10.4049/jimmunol.1600882
https://doi.org/10.1016/j.ajhg.2011.04.018
https://doi.org/10.1038/ejhg.2013.40
https://doi.org/10.1186/s13023-014-0116-6
https://doi.org/10.1002/humu.23786
https://doi.org/10.1007/s10875-018-0559-y
https://doi.org/10.3390/diseases7020034
https://doi.org/10.1016/j.imbio.2020.151912
https://doi.org/10.1007/s10875-016-0240-2
https://doi.org/10.1016/j.bbrc.2019.04.147
https://doi.org/10.1073/pnas.1717509115
https://doi.org/10.1093/nar/gky682
https://doi.org/10.1038/gene.2016.18
https://doi.org/10.1093/nar/gkz557
https://doi.org/10.1093/hmg/ddw243
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Cheng et al.

T-Cell Regulation by ZBTB Proteins

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

Melis D, Carvalho D, Barbaro-Dieber T, Espay AJ, Gambello MJ, Gener B,
et al. Primrose Syndrome: Characterization of the Phenotype in 42 Patients.
Clin Genet (2020) 97(6):890-901. doi: 10.1111/cge.13749

Sun Y, Preiss NK, Valenteros KB, Kamal Y, Usherwood YK, Frost HR, et al.
Zbtb20 Restrains CD8 T Cell Immunometabolism and Restricts Memory
Differentiation and Antitumor Immunity. J Immunol (2020) 205(10):2649-
66. doi: 10.4049/jimmunol.2000459

Choi SH, Koh DI, Cho SY, Kim MK, Kim KS, Hur MW. Temporal and
Differential Regulation of KAISO-Controlled Transcription by
Phosphorylated and Acetylated P53 Highlights a Crucial Regulatory Role
of Apoptosis. | Biol Chem (2019) 294(35):12957-74. doi: 10.1074/
jbc.RA119.008100

Pierre CC, Hercules SM, Yates C, Daniel JM. Dancing From Bottoms Up -
Roles of the POZ-ZF Transcription Factor Kaiso in Cancer. Biochim Biophys
Acta Rev Cancer (2019) 1871(1):64-74. doi: 10.1016/j.bbcan.2018.10.005
Prokhortchouk A, Sansom O, Selfridge J, Caballero IM, Salozhin S,
Aithozhina D, et al. Kaiso-Deficient Mice Show Resistance to Intestinal
Cancer. Mol Cell Biol (2006) 26(1):199-208. doi: 10.1128/MCB.26.1.199-
208.2006

Hiramatsu S, Watanabe KS, Zeggar S, Asano Y, Miyawaki Y, Yamamura Y,
et al. Regulation of Cathepsin E Gene Expression by the Transcription Factor
Kaiso in MRL/lpr Mice Derived CD4+ T Cells. Sci Rep (2019) 9(1):3054.
doi: 10.1038/541598-019-38809-y

Mino A, Troeger A, Brendel C, Cantor A, Harris C, Ciuculescu MF, et al. RhoH
Participates in a Multi-Protein Complex With the Zinc Finger Protein Kaiso That
Regulates Both Cytoskeletal Structures and Chemokine-Induced T Cells. Small
GTPases (2018) 9(3):260-73. doi: 10.1080/21541248.2016.1220780

Siggs OM, Beutler B. The BTB-ZF Transcription Factors. Cell Cycle (2012) 11
(18):3358-69. doi: 10.4161/cc.21277

Moroy T, Saba I, Kosan C. The Role of the Transcription Factor Miz-1 in
Lymphocyte Development and Lymphomagenesis-Binding Myc Makes the
Difference. Semin Immunol (2011) 23(5):379-87. doi: 10.1016/
j.smim.2011.09.001

Phan RT, Saito M, Basso K, Niu H, Dalla-Favera R. BCL6 Interacts With the
Transcription Factor Miz-1 to Suppress the Cyclin-Dependent Kinase
Inhibitor P21 and Cell Cycle Arrest in Germinal Center B Cells. Nat
Immunol (2005) 6(10):1054-60. doi: 10.1038/ni1245

187.

188.

189.

190.

191.

192.

193.

Ross J, Rashkovan M, Fraszczak J, Joly-Beauparlant C, Vadnais C, Winkler R,
et al. Deletion of the Miz-1 POZ Domain Increases Efficacy of Cytarabine
Treatment in T- and B-ALL/Lymphoma Mouse Models. Cancer Res (2019)
79(16):4184-95. doi: 10.1158/0008-5472.CAN-18-3038

Maeda T, Hobbs RM, Merghoub T, Guernah I, Zelent A, Cordon-Cardo C,
et al. Role of the Proto-Oncogene Pokemon in Cellular Transformation and
AREF Repression. Nature (2005) 433(7023):278-85. doi: 10.1038/nature03203
Lee HO, He X, Mookerjee-Basu J, Zhongping D, Hua X, Nicolas E, et al.
Disregulated Expression of the Transcription Factor ThPOK During T-Cell
Development Leads to High Incidence of T-Cell Lymphomas. Proc Natl Acad
Sci U.S.A. (2015) 112(25):7773-8. doi: 10.1073/pnas.1424104112
Matsumoto Y, Nagoshi H, Yoshida M, Kato S, Kuroda J, Shimura K, et al.
Expression of Master Regulators of T-Cell, Helper T-Cell and Follicular
Helper T-Cell Differentiation in Angioimmunoblastic T-Cell Lymphoma.
Intern Med (2017) 56(21):2851-6. doi: 10.2169/internalmedicine.8570-16
Williams RT, Guarecuco R, Gates LA, Barrows D, Passarelli MC, Carey B,
et al. ZBTBI Regulates Asparagine Synthesis and Leukemia Cell Response to
L-Asparaginase. Cell Metab (2020) 31(4):852-61 e6. doi: 10.1016/
j.cmet.2020.03.008

Cerchietti LC, Ghetu AF, Zhu X, Da Silva GF, Zhong S, Matthews M, et al. A
Small-Molecule Inhibitor of BCL6 Kills DLBCL Cells in vitro and in vivo.
Cancer Cell (2010) 17(4):400-11. doi: 10.1016/j.ccr.2009.12.050

Polo JM, Dell’Oso T, Ranuncolo SM, Cerchietti L, Beck D, Da Silva GF, et al.
Specific Peptide Interference Reveals BCL6 Transcriptional and Oncogenic
Mechanisms in B-Cell Lymphoma Cells. Nat Med (2004) 10(12):1329-35.
doi: 10.1038/nm1134

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Cheng, He, Gao, Zhao and Wang. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

July 2021 | Volume 12 | Article 713294


https://doi.org/10.1111/cge.13749
https://doi.org/10.4049/jimmunol.2000459
https://doi.org/10.1074/jbc.RA119.008100
https://doi.org/10.1074/jbc.RA119.008100
https://doi.org/10.1016/j.bbcan.2018.10.005
https://doi.org/10.1128/MCB.26.1.199-208.2006
https://doi.org/10.1128/MCB.26.1.199-208.2006
https://doi.org/10.1038/s41598-019-38809-y
https://doi.org/10.1080/21541248.2016.1220780
https://doi.org/10.4161/cc.21277
https://doi.org/10.1016/j.smim.2011.09.001
https://doi.org/10.1016/j.smim.2011.09.001
https://doi.org/10.1038/ni1245
https://doi.org/10.1158/0008-5472.CAN-18-3038
https://doi.org/10.1038/nature03203
https://doi.org/10.1073/pnas.1424104112
https://doi.org/10.2169/internalmedicine.8570-16
https://doi.org/10.1016/j.cmet.2020.03.008
https://doi.org/10.1016/j.cmet.2020.03.008
https://doi.org/10.1016/j.ccr.2009.12.050
https://doi.org/10.1038/nm1134
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	ZBTB Transcription Factors: Key Regulators of the Development, Differentiation and Effector Function of T Cells
	Introduction
	Early T-Cell Development in the Thymus
	Differentiation and Function of T Cells in the Periphery
	ZBTB Proteins

	ZBTB Proteins Mainly Involved in Thymic T-Cell Development
	ZBTB1
	ZBTB17 (MIZ-1)
	ZBTB16 (PLZF)

	ZBTB Proteins Regulating Both the Development and Function of T Cells
	ZNF131 (ZBTB35)
	ZBTB7B (THPOK) and ZBTB7A (LRF)
	PATZ1 (ZBTB19 or MAZR)

	ZBTB Proteins Mainly Affecting the Function of T Cells
	BCL6 (ZBTB27)
	BCL6B (ZBTB28)
	HIC1 (ZBTB29)
	ZBTB32
	ZBTB24
	ZBTB20
	ZBTB33 (KAISO)

	ZBTB Proteins in T-Cell Malignancy
	Concluding Remarks
	Author Contributions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


