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Leukemogenesis, uncontrolled proliferation of dysfunctional, transformed
immature lymphocytes, appears, especially in children, to be associated with
abrogation of normal lymphopoiesis, and thymopoiesis in the case of T cell
leukemias. Sequence specific transcription factors (SSTFs) are nuclear
control switches that respond to cellular signals to alter cell state and cell fate
by controlling gene transcription. Their activities are highly and precisely
regulated by diverse means such as alterations in protein stability, posttranslational modifications (PTMs) and/or protein-protein interactions. Several
SSTFs have been identified as “T cell lineage-determining factors” essential
for proper maturation of thymocytes into T cells in immune system

development. Mutations or dysregulation of these T cell lineage-specifying
SSTFs are associated with leukemogenesis.
SSTFs act in coordination to regulate gene transcription in multi-protein
complexes. There are millions of potential combinations of SSTFs available to
fine-tune repression or activation of individual genes in response to multiple,
complex extracellular and intracellular signaling inputs. To narrow our studies
to SSTFs most likely to be of consequence in leukemogenesis, we focused
on modifications and interactions between lineage-determining SSTFs in the
thymocyte maturation process. Tcf1 is a T cell lineage-determining SSTF and
has been identified as the nuclear effector of Wnt/Gsk3/β-catenin -dependent
signaling. Bcl11b is a nuclear target of the T-cell receptor (TCR)-mediated
MAP Kinase (MAPK) signaling cascade, but there is no indication from the
literature that an interaction between Tcf1 and Bcl11b has been investigated.
As an impetus for this investigation, another group demonstrated the ability of
Bcl11b to regulate Wnt target genes in a different system, but a molecular link
between the Wnt signaling pathway and Bcl11b was not established. Through
our studies in primary murine thymocytes (mostly double positive (DP) cells),
we identified a previously unknown physical interaction between Bcl11b and
Tcf1, and among Bcl11B, TCF1 and β-catenin in Jurkat cells, a human T cell
leukemia cell line. Our further studies in mutant Jurkat cells revealed that
neither sumoylation nor up to 285 C terminal amino acids in Bcl11b are
required for BCL11B to complex with TCF1 or β-catenin. We identified several
thousand gene promoter regions that are co-occupied by the two factors,

suggesting that the Bcl11b-Tcf1 interaction may coordinately regulate many
genes required for thymocyte maturation. Using a gene reporter assay, we
identified that the Bcl2l1 gene, encoding for the anti-apoptotic protein Bcl-xl, is
co-regulated by BCL11B and TCF1.
Treatment of thymocytes to mimic stimulation of the Wnt/Gsk3 signaling
pathway also resulted in significant changes in the PTMs of Bcl11b, including
increased sumoylation and decreased phosphorylation. Previous studies
identified two kinases that are involved in modification of Bcl11b, Erk1/2 and
p38 MAPK; in this study we identified a third candidate kinase, Gsk3, that
may be responsible for basal phosphorylation. Inhibition of Gsk3 in
thymocytes, mimicking canonical Wnt pathway activation, reduced the Tcf1Bcl11b interaction, suggesting a potential mechanism by which Bcl11b
regulates Wnt target genes.
By investigating DN3-like P2C2 cells, a cell line from an earlier stage in
thymocyte development relative to DP cells, we observed different patterns of
PTM kinetics in response to signaling pathway activation, as compared to
primary thymocytes. Treatment to mimic pre-TCR/MAP kinase pathway
activation in P2C2 cells mostly replicated findings in primary thymocytes in
terms of BCL11B PTM kinetic changes, with the P2C2 cells having a slightly
delayed time course overall. However, this delay creates a situation in which
desumoylation and dephosphorylation occurs simultaneously, in contrast to
the opposing modifications by sumoylation and phosphorylation observed in
DP thymocytes in response to MAPK pathway activation. Nevertheless, the

opposite regulation of phosphorylation and sumoylation that we observed in
primary thymocytes is mimicked under other conditions in the DN-like cells.
Hyper-phosphorylation of Bcl11b after treatment with a broad phosphatase
inhibitor coincided with near complete desumoylation. Additionally, activation
of Wnt/Gsk3-dependent signaling in P2C2 cells resulted in composite
dephosphorylation and sumoylation of Bcl11b. P2C2 cells displayed a higher
basal level of β-catenin than primary thymocytes, and a higher ratio of long
(β-catenin responsive) to short (β-catenin independent) Tcf1 isoforms. Unlike
in DP thymocytes, we did not observe an interaction between Bcl11b and
Tcf1 in the DN-like cells. Our results demonstrate that PTMs and specific
interacting partners of Bcl11b in P2C2 cells are distinct from those previously
characterized in DP thymocytes.
Our results contribute to the existing knowledge regarding dynamic regulation
of Bcl11b PTMs, and the interaction of Bcl11b with specific transcriptional
complexes during distinct stages of T cell development. These findings may
contribute to a better understanding of the molecular mechanisms that
regulate Bcl11b transcriptional activity in different cell types, potentially
leading to novel treatments for T cell leukemias.
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Bcl11b is at the nexus of Wnt and MAP Kinase signaling
pathways in two stages of thymocyte development

Chapter 1

General introduction
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1.1 Acute lymphoblastic leukemia
Acute lymphoblastic leukemia (ALL) is the most common childhood
malignancy, and arises from clonal expansion of malignant transformed lymphoid
progenitors [1-3]. Eighty percent of ALL cases are diagnosed in children.
However, ALL in adults is considered one of the most challenging malignancies
as regards to therapy with only a 40% long term, causes-free survival rate [1, 2].
T-cell acute lymphoblastic leukemia (T-ALL) represents 15-25% of all ALL cases
[4], and has a worse prognosis than B-cell lineage ALL [5, 6]. As an aggressive
disease that invades multiple organs and is associated with immune deficiency,
initial prognosis was historically poor [7]. Modern intensive chemotherapy
regimens have vastly improved the 10 year remission rate [8, 9]. However, the
long term medical consequences of chemotherapy treatment are unpredictable
and include, but are not limited to, early mortality [10, 11]. Therefore, there is a
critical need to develop better therapeutic agents with fewer side effects and lower
lethality.
Childhood T-ALL is understood to be caused by abnormal maturation of
thymocytes which leads to malignant transformation of immature T cells [12]. A
detailed understanding of the molecular mechanisms that orchestrate the normal
process of T cell development will enable us to better understand the aberrant
events that lead to leukemogenesis and provide insights into new
pharmacological target(s) with the ultimate goal of improving treatment options in
T-ALL.
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1.2 T cell development
Intra-thymic T cell maturation proceeds in discrete stepwise developmental
stages to produce appropriate numbers of functional mature T cells [13]. T cell
development starts when thymocyte progenitors from fetal liver or from bone
marrow after birth enter the thymus where differentiation is tightly controlled by
cell-bound and soluble activators [14-17]. The earliest thymocyte immature
progenitors lack expression of the key cell surface markers CD4 and CD8 and are
therefore termed double negative (DN) thymocytes [14, 17]. The DN thymocytes
are further subdivided into at least four consecutive developmental stages,
subtyped based on expression of CD44 and CD25 cell surface markers: DN1
(CD44+ CD25-), DN2 (CD44+ CD25+), DN3 (CD44- CD25+), and DN4 (CD44CD25-)[18, 19]. Subsequent developmental stages are characterized by
expression of CD4 and/or CD8 and include immature single positive (ISP, CD8+),
double positive (DP, CD4+ CD8+) and single positive (SP, CD4+ or CD8+)
thymocytes [18, 20, 21]. Maturation of DN to DP thymocytes is mediated by the
essential differentiation checkpoint known as β-selection [22, 23]. DP thymocytes
are winnowed by positive and negative selection and progress into mature CD4+
or CD8+ SP cells which are then released into the peripheral circulation [18, 20,
21] (Fig. 1.1)
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Figure 1.1. Stages of T cell development. Thymocytes undergo distinct stages
in development to T cells, starting with migration of bone-marrow (BM)-derived T
cell progenitors (orange band) into thymus (yellow and green bands). In the
thymus, cells commit to the T cell lineage, and initiate further differentiation and
specification of T cell subtypes; . Next, the immature T cells distribute into the
blood and lymphatic systems (periphery, pink) accompanied by final maturation
and specification of the CD4 and CD8 SP subtypes. Arrows indicate stages of
development in which an essential role of the BCL11B transcription factor has
been established. Abbreviations for cell subtypes: B cells (B), macrophages
(mɸ), dendritic cells (DC), natural killer (NK), natural killer T cells (NKT), ɣδ T
cells (ɣδ), regulatory T cells (Treg), helper T cells (Th), cytotoxic T lymphocytes
(CTL), double negative thymocytes (DN), intermediate single positive thymocytes
(ISP), double positive thymocytes (DP), single CD4 or CD8 positive thymocytes
(CD4 or CD8). Adapted from [24].

1.3 T cell receptor complexes and thymocyte development
Developmental progression of thymocytes into mature T cells is associated
with changes in composition of the plasma membrane-spanning T cell receptor
(TCR) complexes [23] that respond to antigens (see Fig. 1.2). Initially, a pre-TCR
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complex is expressed on DN3 thymocytes that is critical for development to the
DP stage [8, 25]. Next, an immature TCR complex is initially expressed on DP
thymocytes, followed by the fully mature TCR complex expressed on mature αβ T
cells [26]. TCR complexes are formed by heterodimerized α and β chains
covalently linked by disulfide bonds and complexed non-covalently with CD3
subunits γ, δ, ε and ζ [26-29] .
1.4 Structural differences between pre-TCR and TCR complexes
Differences among the pre-, immature-, and mature TCR complexes
appear to reside primarily in the α and β chains. The pre-TCR complex is
composed of a non-completely rearranged TCRβ chain covalently paired with an
invariant, nascent pre-TCRα chain (pre-Tα), forming a pre-Tα/non-completely
rearranged TCR β heterodimer [1-3]. The immature-TCR complex is composed
of a rearranged TCR β chain covalently bound to a nascent non-completely
rearranged TCRα chain [30]. The mature TCR complex is composed of
heterodimerized, highly variable rearranged α and β chains linked by disulfide
bonds [26].
Pre-TCR signaling pathway components in DN thymocytes are similar to
the TCR receptor in regards to some proximal signaling components, but there
are structural differences between them [25]. Distinct from the TCR initially
expressed on DP thymocytes, the murine pre-Tα chain in the pre-TCR has only
one IgG-like extracellular loop compared to two loops in the TCRα chain [31]. In
addition, the pre-Tα has a longer cytoplasmic tail of about 30 amino acids in
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mouse pre-Tα versus 6 amino acids in mouse TCRα suggesting a specific role
for the pre-Tα in DN thymocytes [31] (Fig. 1.2). DN cells devoid of a pre-Tα
subunit are shunted from the dominant αβ T cell lineage pathway towards the γδ
T cell lineage [32, 33]. Replacement of the pre-Tα subunit with TCRα at the DN
stage does not rescue pre-Tα negative DN cells from a primarily γδ T cell lineage,
and instead results in increased apoptosis and decreased proliferation of DN
thymocytes. These studies indicated that the pre-Tα is uniquely required for
proper maturation of DN thymocytes and the TCRα is not a substitute [33].
In contrast to the TCR complex, pre-TCR complexes are expressed on the
plasma membrane of immature DN thymocytes at a very low level, about 100fold lower than expression of TCR complexes [34]. In terms of structural
differences between pre-TCR and TCR complexes, besides the α subunit, the
CD3ζ subunit associates more weakly with the pre-TCR, but it is still
physiologically linked to pre-TCR complex signaling [35]
Immature TCRs are composed of more CD3 γε subunit pairs and fewer
CD3 δε pairs relative to mature TCRs. Each of these non-covalent heterodimers
is associated with a specific CD3-associated protein (CD3AP) and can form
signaling complexes independent of a TCRα chain, called the clonotypeindependent CD3 (CIC) complex. CICs are expressed in early DN thymocytes
through the DP stage [36]. Upon stimulation with anti-CD3 antibody, CIC
complexes are capable of transducing intracellular signals to drive maturation of
DN thymocytes to DP thymocytes both in vivo and in vitro [5, 37-39].
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Figure 1.2. Differences between pre-TCR and immature TCR
receptors: Structures of the pre-TCR on DN thymocytes and immature TCR on
DP thymocytes. External domains are shown above the yellow bar indicating the
plasma membrane. All subunits contain a single transmembrane domain. Grey
bars overlaying internal structures indicate immunoreceptor tyrosine-based
activation motifs (ITAMs). The cartoon illustrates covalent association of the
TCRβ subunit with either invariant pre-Tα chain in the pre-Tα complex or noncompletely rearranged TCRα chain in the immature TCR complex with CD3ε, δ,
γ, and ζ subunits. The pre-Tα subunit in the pre-TCR has only one IgG like
extracellular domain compared with two IgG-like extracellular domains of the
TCRα subunit. Additionally, the pre-Tα subunit has a longer cytoplasmic tail
compared to TCRα. Illustration adapted from [16, 23, 26, 31]

1.5 Differences in intracellular signaling pathways initiated via pre-TCR and
TCR complexes
Downstream of the different TCR complexes in maturing thymocytes--preTCR, immature TCR and mature TCR--the intracellular signaling pathways are
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likely wired into different networks causing divergent functions [23]. For example,
pre-TCR-expressing DN3 thymocytes exist in a distinct cellular context from DP
cells and respond distinctly to certain stimuli. Stimulation of DN and DP
thymocytes with the same anti-CD3 antibody resulted in proliferation of DN cells
but death of DP thymocytes [40]. The structural and mechanistic basis for this
and other different outcomes are not well understood. Another example, protein
kinase C θ (PKCθ), a Ca++-independent PKC expressed selectively in T
lymphocytes [41], is critical for T cell activation through mature TCR signaling
[42]. In contrast, PKCθ does not appear to play a leading role in mediating
signaling downstream of the pre-TCR and immature TCR complexes [23, 43].
The exact mechanism by which pre-TCR signaling is triggered remains
elusive [25]. Unlike TCR activation, pre-TCR engagement with a specific ligand
(antigen) does not appear to be required for initiation of pre-TCR signaling [25,
44, 45]. Two alternative mechanisms have been proposed in initiation of pre-TCR
signaling, both of which suggest that assembly of the pre-TCR subunits is
sufficient [23, 25]. One model holds that surface expression of the pre-TCR
complex is required for activation of pre-TCR signaling [25] while a competing
model suggests that internal assembly is sufficient for initiation of pre-TCR
signaling [25].
Upon pre-TCR activation, downstream signaling events seem to depend
on activation of complex signaling molecules involving, but not limited to,
recruitment of the non-receptor tyrosine kinase LCK/Fyn [23, 46-48]. LCK, which
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plays a central role in regulating proximal signaling after pre-TCR assembly [49],
phosphorylates several immunoreceptor tyrosine-based activation motifs (ITAMs)
in the cytoplasmic domain of the pre-TCR ζ chain to provide docking sites for
Zap-70/Syk kinase [16, 23]. Zap-70/Syk is activated by phosphorylation after
binding to phosphorylated ζ chain [23]. Activated ZAP-70/Syk recruits a guanine
nucleotide exchange protein such as Vav-1 [23, 50] and phosphorylates the
adapter proteins SLP-76 and LAT [23, 51]. SLP-76 activates several kinases
which activate downstream signaling enzymes/pathways including phospholipase
C γ1 (PLCγ1), PKC, calcium mobilization, and the Ras-Raf –MAPK (Erk-1/2)
cascade [16, 52] ( Fig. 1.3).
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Figure 1.3. Signaling molecules linked to pre-TCR activation. Signal
initiated by stimulation of pre-TCR complex activates (phosphorylates) several
proximal kinases such as LCK, and Zap-70/Syk which activate adaptor proteins
such as LAT and SLP-76 leading to activation of several kinases which in turn
activate PLCγ1. Activated PLCγ1 hydrolyzes the membrane lipid PIP 2 generating
IP3 and DAG. IP3 and DAG in turn trigger pathways which increase cytosolic Ca++
and activate PKC. Activated PCK initiates the Raf-Erk1/2 cascade. Activation of
PKC, Erk1/2, and accumulation of cytosolic Ca++ contribute to stimulation of
cellular programs. Illustration adapted from [23, 26, 53-55]

1.6 T cell development and MAPK signaling
Mitogen-activated protein kinases (MAPK) are protein serine/threonine
kinases that play vital roles in transduction of extracellular signals to a network of
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cellular response programs such as proliferation, differentiation and apoptosis
[56, 57]. Each MAPK is composed of at least three sequentially acting kinases: a
MAPK kinase kinase (MAPKKK or MEKK), a MAPK kinase (MAPKK or MEK) and
MAPK [56, 57]. In thymocytes, activation of Ras through activation of pre-TCR or
TCR signaling pathways results in recruitment of Raf1 which acts as a MAPKKK,
which will then activate a series of MEK and MAPKs including, but not limited to,
Erk1/2 [52, 58]. Erk1/2 activation ultimately results in changes in gene expression
through regulation of transcription factors [23, 52, 58]. Interestingly, it has been
reported that PCK activation is sufficient to activate the MEK-Erk pathway
independent of Ras but dependent on Raf1 [55, 58]. Erk is necessary for
proliferation and survival of DN3 thymocytes, but is not required for differentiation
of DN4 cells to the DP stage [59]. Later in DP cells, Erk activity is critical again in
selection signals that differentiate positive and negative selection. Elevated MEKErk stimulation results in negative selection, or death, whereas intermediate
MEK-Erk allows for positive selection, or survival, of DP cells in transition to SP
[59, 60]. Moreover, Erk activation favors the CD4+ SP lineage over CD8+ during
development [61, 62].

2 Transcription Factors in T cell development
T cell development is strictly guided by site-specific transcription factors
(SSTF), DNA binding proteins or DNA-binding complex-associated proteins that
regulate cell function or cell fate in response to cellular signaling by altering gene
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transcription programs [63]. Mutations and abbreviations in the expression of
several SSTFs are associated with leukemogenesis [64-73] linked to abnormal Tcell development.
2.1 BCL11B
The transcription factor B cell leukemia/lymphoma 11B (BCL11B) is a
C2H2-zinc finger SSTF that was originally named COUP-TF interacting protein 2
(CTIP2) [74], and plays a role in the development of several organs and tissues,
including but not limited to, the immune [75-79], integumentary [80-86], and
central nervous systems. [87-90]. In the immune system, BCL11B is exclusively
expressed in T cells and progenitor thymocytes and plays a crucial role in
maintaining proper development and cellular identity [77]. The Bcl11b gene
consists of 4 exons and encodes two alternatively spliced variants in thymocytes;
the long (1,2,3,4) variant is compiled from all four exons while the short (1,2,4)
variant is lacking exon 3 [91]. As a haploinsufficient gene, Bcl11b is mutated or
disrupted in many cases of T cell malignancy including 9-14% of human T-ALL
patient samples [65, 70, 92], suggesting that BCL11B functions as a tumor
suppressor in developing thymocytes or T cells [69].
Dysregulation of BCL11B has been linked to T-cell malignancies [65, 93].
High expression of BCL11B was reported to be associated with acute myeloid
leukemia [94], and is considered an indicator of poor prognosis in adult T-ALL
patients [92]. Moreover, BCL11B expression was higher in some T-ALL cell lines
which are free from human T-cell leukemia-lymphoma virus such Jurkat, PEER,
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and MOLT-4 cell lines [95]. On the other hand, BCL11B levels were reported to
be reduced in other T-ALL patient derived cell lines which are positive for human
T-cell leukemia-lymphoma virus such as MT1, OMT, and KKI cells [95]. Ectopic
expression of BCL11B resulted in significant inhibition of growth of some T-ALL
cell lines such as MOLT-4, but not for others such as Jurkat cells [95]. Therefore,
precise regulation of proper BCL11B levels appears to be important to protect
thymocytes from malignant transformation.
BCL11B plays essential roles in T-cell maturation and maintenance of
their identity [77] during at least three major checkpoints in thymocyte
development: T cell commitment ,which is development of DN2 to DN3
thymocytes [96-98], β-selection [99], and positive selection ([76, 100] and see
Fig. 1.1) . BCL11B is also required for thymocyte survival [99, 100].
2.2 TCF1
T-cell factor 1 (TCF1, TCF7 gene product), is a HMG-box SSTF [101, 102]
whose expression rises prior to that of BCL11B in the sequence of thymocyte
maturation [103]. TCF1 is enriched at the promoters of key T-cell transcription
factor genes including Bcl11b [104]. In thymocytes, TCF1 is expressed as at
least 8 different splice variant isoforms [105]. All TCF1 isoforms contain an HMGbox DNA binding domain, an adjacent nuclear localization signal, interaction sites
for Groucho/TLE corepressor proteins [106, 107], and a recently discovered
histone deacetylase (HDAC) domain [108]. TCF1 isoforms can be broadly
divided into two groups: the full-length (long) TCF1 isoforms have an N-terminal
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β-catenin binding domain and thus form an active transcription complex upon
interaction with β-catenin. The short TCF1 isoforms are N-terminally truncated,
lack the β-catenin binding domain, and appear to repress Wnt target genes by
competing with long TCF1 at DNA binding sites [72, 105, 109]. However, TCF1
short isoforms appear to do more than serve as antagonists to long TCF1, and
were recently shown to support normal expression of a majority of TCF1 target
genes and maturation of DN3 thymocytes independent of long TCF1 isoforms
[110].
TCF1 is considered the nuclear effector of the canonical Wnt pathway [72,
111]. Wnt signaling promotes thymocyte proliferation, differentiation, and survival
[111-113]. Abnormal activation of the Wnt signaling pathway was reported as an
oncogenic event in many cases of childhood T-ALL [12]. Further, a deficiency of
short TCF1 that predisposes to T-ALL development indicates its role as a tumor
suppressor [72, 73, 114]. In addition to its role in T cell lineage determination and
DP cell survival [104, 115, 116], TCF1 regulates thymic T cell development at
various stages including specification (transition of DN1 into DN2), commitment
(transition of DN2 into DN3; [104], and transition of ISP to DP cells [117]. TCF1
also participates in negative selection [118].
In the absence of Wnt activation, GSK3 phosphorylates β-catenin, the key
mediator of this pathway, which results in proteasomal degradation of β-catenin.
Activation of Wnt signaling results in inhibition of GSK3, resulting in accumulation
of dephosphorylated β-catenin and its translocation into the cell nucleus to
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activate TCF and LEF, a partially redundant homolog of TCF1; [119] which then
activate Wnt responsive genes [120]. However, TCF1 has also β-cateninindependent functions [113, 121]. For example, β-catenin-independent TCF1
association with the ATF2 transcription factor promotes the growth of
hematopoietic malignant cells including Jurkat cells (a leukemic T-cell line) and
human lymphoma cell lines [122].
3 Posttranslational modifications regulate the activity of SSTFs
During thymocyte development, regulation of gene expression by SSTFs occurs
in a combinatorial fashion, in that coordinated interaction of multiple SSTFs is
usually required for temporally and quantitatively refined gene transcription [123].
In their dynamic role, SSTFs are the nuclear effectors and critical targets of
multiple signaling pathways [124, 125]. Signaling pathways modulate the activity
of SSTFs most often through attachment of different combinations of frequently
reversible posttranslational modifications (PTMs) [126, 127]. PTMs work to
create a molecular barcode that can differentiate among and integrate incoming
signals [128], thus regulating communication between extracellular physiological
cues and cellular responses [128]. PTMs are biochemical modifications that
consist of covalent addition of small molecule functional groups (such as
phosphorylation and glycosylation), addition of polypeptide chains (such as
sumoylation and ubiquitination), alteration of the chemical nature of the amino
acids in a protein (such as acetylation and deamination), or cleavage by
proteolysis resulting in covalent modification of the protein sequence after it has

16
been translated [129-132]. Almost 90,000 PTMs have been detected by
biochemical and biophysical assays [133, 134], and about 5% of the human
genome encodes enzymes that catalyze the chemical reactions to produce
different PTMs [133, 135].
Given the vast and diverse functions of SSTFs in terms of highly
regulated and defined activities at individual genes, and the fact that the number
of genes encoding for SSTFs is much lower than expected or required in higher
eukaryotes, PTMs provide complexity and diversity to SSTFs beyond what is
made possible by gene transcripts [136-138]. PTMs of proteins expand the
classical concept of the central dogma in molecular biology, which was
established in a bacterial system where one gene gives rise to one protein with
one function [136]. Therefore, unravelling the function of multiple PTMs and how
they both subtly and overtly modulate the activity of SSTFs will help us better
understand the mechanisms by which cellular characteristics and processes are
orchestrated by a relatively limited number of SSTFs.
PTMs regulate the activity of SSTFs in many ways including, but not
limited to, regulation of subcellular localization by increasing or decreasing the
nuclear occupancy of SSTFs and access to DNA, controlling the interaction of
SSTFs with DNA, regulating the interactions among different combinations of
SSTFs, precisely controlling the molecular structure of SSTFs, regulating their
stability, and altering transcriptional regulatory activity in epigenetic regulation of
gene expression [126, 130, 137, 139].
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PTMs are central to all aspects of signaling pathways linked to SSTFs.
Abbreviations of PTMs have been linked to many diseases such cancer [138],
and can also be utilized as biomarkers of disease states [126]. Given the
importance of decoration of SSTFs by PTMs in regulation of various cellular
functions, modulations of these PTMs are emerging as drug targets [126]. For
example, imatinib, which can be used in treatment of cancer and rheumatoid
arthritis, acts by inhibiting phosphorylation of many SSTFs either directly, such as
STAT, or indirectly, as with c-JUN, RB1, TP73, and YAP1 [126, 140]. However,
drugs that are designed and directed specifically to alter the PTMs of SSTFs are
still rare [126]. More exploration of the modulation of SSTFs by PTMs is likely to
yield insights that will allow for the development of more effective therapeutic
interventions into diseases such as cancer.
3.1 Phosphorylation
Phosphorylation appears to be the most common PTM by which proteins are
regulated [141-143], and consists of adding a γ phosphate group through an
ester bond to a polar group of amino acid residues. Phosphorylation results in the
creation of a negative charge and increased hydrophilicity at the modification site
that frequently alters protein conformation and intermolecular interactions [126,
144].
Phosphorylation is catalyzed by protein kinases which mediate the
transfer of a phosphate from ATP (or GTP) to specific amino acids in the
substrate [144, 145]. Dephosphorylation is catalyzed by protein phosphatases
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which mediate transfer of a phosphate from phosphorylated substrate to a water
molecule [144-146]. The most commonly phosphorylated amino acids sites in a
protein are serine (86.4%), followed by threonine (11.8%), tyrosine (1.8%), and
rarely, phosphorylation of histidine and aspartate where the modification is less
stable [144, 147, 148].
Many SSTFs have multiple phosphorylation sites which may act either
cooperatively or antagonistically in response to different signaling pathways [126,
141]. Moreover, multi-phosphorylation sites can diversify the functional outputs
which result from signaling through a specific kinase [149]. For example, ELK-1
is phosphorylated by Erk2 at eight sites located on its transcriptional activation
domain. The phosphorylation pattern of these sites occurs at different rates-slow, intermediate, and fast. Phosphorylation of fast and intermediate sites leads
to recruitment of transcriptional activators to an ELK-1 complex and gene
transcription. However, slow phosphorylation of other sites inhibits the
transcriptional activity of the ELK-1 and provides a time-delimited check on ELK1 activation in response to Erk2 independent of phosphatase activities [149].
The processes of phosphorylation and dephosphorylation are complex and
interconnected. A single kinase or phosphatase may simultaneously modify
many substrates and may be involved in multiple distinct signaling pathways
[144]. Some phosphatases are activated by kinases in either downstream
cascades mixing consecutive phosphatase and kinase steps or in negative
feedback loops. For example, protein kinase A phosphorylates B56δ, the
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regulatory subunit of protein phosphatase 2A, resulting in its activation [150].
The balance between protein phosphorylation and dephosphorylation is an
essential cellular regulatory mechanism that is important for coordination of
SSTF activities in cellular process such as proliferation, differentiation, and
apoptosis [126, 141, 144].
Defects in phosphorylation-dependent regulatory mechanisms are linked
to many diseases including cancer [144, 151-153]. Cancer is not only a disease
of genetic mutation, but also a disease of epigenetic changes such as
abbreviation of signaling transduction pathways [154, 155]. For example, in
chronic myeloid leukemia when an abnormal chromosomal translocation forms
an aberrantly spliced chromosome called the Philadelphia chromosome, a new
gene is created that encodes for a chimeric tyrosine kinase protein called BCLABL. BCL-ABL, as a result of fusion of the ABL kinase with BCL, is constitutively
active and stimulates uncontrolled proliferation of leukemia cells [156] in chronic
myelogenous leukemia. Kinases inhibitors are used clinically to treat certain
cancers. For example, Imatinib (Glivec ®) is an inhibitor of BCL-ABL kinase and
is used effectively to treat chronic myeloid leukemia [157, 158].
3.2 Sumoylation
Sumoylation is a reversible, covalent attachment of a small ubiquitin-like modifier
(SUMO1-5) peptide to the ε-amino group in an acceptor lysine in a target protein
[126, 159-161]. Many sumoylated lysine residues are found within the short
consensus sequence ψKx(D/E), where ψ is a large aliphatic hydrophobic amino
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acid and X can be any amino acid [126, 162]. Sumo peptides are approximately
100 amino acids with a molecular mass of approximately 12 KDa [126, 161, 163].
Interestingly, mono-sumoylation of a protein at one site or poly-sumoylation at
multiple sites can double the mass and surface area of the modified protein
[126].
Attachment of sumo moieties to a target protein occurs through many
specific activating and ligating enzymes [161], starting with sumo-activating
enzyme E1 which activates the sumo C terminus by an ATP dependent
mechanism. Activated sumo is then transferred to a conjugating enzyme called
E2 (Ubc9), before the sumo moieties are transferred to a target protein by one of
multiple sumo ligase enzymes (E3S) [162]. Poly-sumoylation of a protein may
promote subsequent ubiquitinylation via a specific E3S enzyme called a
sumoylated ubiquitin ligase (STUbL) [126]. Sumo-specific proteases (SENP) are
responsible for maintenance of equilibrium of sumoylated/ non-sumoylated
proteins by hydrolysis of sumo peptide from a sumo modified protein [164, 165].
Sumoylation is important for many cellular processes. Generally,
sumoylation of SSTFs tends to enhance transcriptional repression [126, 166].
However, sumoylation can activate transcription through de-repression and
attraction of transcriptional activators as seen with the SSTFs Ikaros [167],
BCL11B [168] and P53 [169]. Sumoylation has been shown in various contexts
to regulate the activity, stability, subcellular localization and interactions of many
SSTFs [161, 170]. Sumoylation has also been found to regulate mitochondrial
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activity and programmed cell death [161]. Deregulation of sumoylation have been
linked to many diseases such as cancer where an increase in sumoylation is
linked to carcinogenesis and metastatic processes [160, 171]. For example,
increased sumoylation of reptin maintains downregulation of KAI1, a metastasis
repressor gene, which enhances the invasive activity of cancer cells [172].
Interestingly, endogenous reptin is highly sumoylated in metastasized prostate
cancer distinct from normal prostate cells [173]. In another example, inhibition of
sumoylation suppresses the ability of the aberrant oncogenic protein Myc to
promote tumorgenicity of human breast cancer cell lines [171]. Given the
importance of sumoylation in regulation of multiple cellular functions and its
implication in diseases, sumoylation can be considered a promising novel
therapeutic target.
3.3 Ubiquitination
Ubiquitination is a cascade of enzymatic reactions involving addition of
ubiquitin polypeptides to specific lysine residues in a target protein [174].
Ubiquitin is structurally related to sumo peptides [174, 175], and it is attached to
a target protein by a three enzyme cascade including E1 ubiquitin-activating
enzyme [176], E2 ubiquitin-conjugating enzyme [177] and distinct E3 ubiquitin
ligases [178-181]. Ubiquitinylation is removed from substrates by deubiquitylases
(DUBs) [182, 183]. Ubiquitinylation may occur in different versions with either one
ubiquitin molecule attached to the ε-amino group of a lysine residue to produce
mono-ubiquitinylated protein, or on multiple lysine residues forming multi-
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monoubiquitylation protein [184]. Moreover, since the ubiquitin peptide includes
seven lysine residues in itself, orthogonal ubiquitin chains can form in addition to
serial ubiquitinalytion through aminal terminus attachment forming polymeric
ubiquitinylated chains [184]. Interestingly, ubiquitin is also a substrate for further
PTMs creating modifications such as phospho-ubiquitin and acetylated ubiquitin
[184, 185], and adopting an abundance of distinct conformations that mediate
different signals with diverse biological outcomes called ubiquitin code [181, 185,
186].
Ubiquitinylation regulates many cellular processes, the best understood of
which is protein degradation mediated by the 26S proteasome [139, 187].
Ubiquitinylation also regulates transcriptional activity either by direct regulation of
SSTFs in a proteosome-independent manner [188] or indirectly through
proteosomal-dependent degradation of SSTFs and other corepressors or
coactivators [189-191]. Ubiquitinylation also regulates intracellular transport,
protein interactions and localization of many cellular protein such as SSTFs [174,
192]. Abnormal regulation of ubiquitinylation enzymes is linked to many diseases
such as cancer and neurodegenerative diseases, and is also associated with
developmental disorders [193]. For example, thalidomide, which is a compound
that was once prescribed to manage the symptoms of morning sickness in
pregnant women, is associated with severe developmental disorders in newborns
such as short upper limbs [194, 195]. Thalidomide is suggested to initiate its
teratogenic effect through binding to cereblon, an adaptor protein which is
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required for E3 ubiquitin ligase to form a complex with damaged DNA binding
protein 1 (DDB1) and Cul4A. This complex is responsible for selecting molecules
for degradation and it is required for proper limb outgrowth. Therefore,
thalidomide inhibition of ubiquitin ligase activity leads to abnormal regulation of
ubiquitinylation and abnormal signaling in development [194, 195].
A wide range of cellular functions are regulated by ubiquitinylation, which
encourages many researchers to investigate more and obtain a better
understanding of the ubiquitinylation biochemistry to offer unique opportunities
for developing new therapeutic approaches.
4 Research Objectives
In these studies, we first identified a previously unknown, dynamically
regulated interaction between BCL11B and TCF1 in primary thymocytes (mostly
DP thymocytes). Also, we identified BCL11B as a novel target of the Wnt/GSK3mediated signaling pathway, as indicated by dramatic changes in BCL11B PTMs
after stimulation of the canonical Wnt pathway in primary thymocytes using LiCl,
as detailed in chapter 2. In chapter 3, we characterized for the first time the
alterations of BCL11B PTMs in a specific subset of DN thymocytes (DN3 cells)
upon stimulation of pre-TCR/MAPK and Wnt/GSK3 mediated signaling pathways.
Based on our data in primary thymocytes and DN3 cells, we proposed that
BCL11B is a nuclear convergence point for MAPK and Wnt/GSK3 mediated
signaling pathways in developing thymocytes.
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Chapter 2

Bcl11b is at the nexus of Wnt and MAP Kinase signaling
pathways in thymocytes

Wisam H. Selman, Walter K. Vogel, Hua Wise, Alamjit K. Nagra, Arun J.
Singh, Mark Leid and Theresa M. Filtz

2.1

Abstract
Sequence specific transcription factors (SSTFs) are nuclear proteins that

integrate cellular signals into gene expression programs that underlie the
phenotypic properties of all cells. Several SSTFs have been identified as “T cell
lineage-determining factors” required for proper maturation of thymocytes into T
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cells. In the multi-step sequence of thymocyte maturation, lineage-determining
SSTFs operate in a cooperative, combinatorial fashion as they respond to
multiple inputs. However, the mechanisms underlying cooperativity among
lineage-determining SSTFs are not all known. Among the T cell lineagedetermining SSTFs, Tcf1 is known as the nuclear effector of Wnt/Gsk3/β-catenin
-dependent signaling in T cells and Bcl11b is a known nuclear target of the T-cell
receptor (TCR)-mediated MAP Kinase (MAPK) signaling cascade. In other cell
types, Bcl11b has been identified as regulating Wnt target genes, but a molecular
link between Wnt signaling pathway proteins and Bcl11b has not been previously
established. Through co-immunoprecipitation studies, we identified a previously
unknown physical interaction in primary murine thymocytes between Bcl11b and
Tcf1, and among BCL11B, TCF1 and β-catenin in Jurkat cells. CRISPR/Cas9mediated genome editing to generate two C terminally-truncated forms of Bcl11b
lacking sumoylation sites revealed that neither sumoylation of BCL11B nor up to
285 C terminal amino acids in BCL11B are required for the protein to complex
with Tcf1 or β-catenin. We observed that the Tcf1–Bcl11b interaction was
dynamically regulated by Wnt pathway activation, which lead to decreased
association between the two SSTFs.
We identified several thousand gene promoter regions that are cooccupied by the two factors suggesting that the Bcl11b -Tcf1 interaction may
coordinately regulate many genes required for thymocyte maturation. Using a
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gene reporter assay, we identified the Bcl2l1 gene, encoding the anti-apoptotic
protein Bcl-xl, as co-regulated by BCL11B and TCF1.
Stimulation of Wnt/Gsk3 signaling also resulted in significant changes in
the posttranslational modifications (PTMs) of Bcl11b. Our previous studies
identified two kinases that are involved in modification of Bcl11b (Erk1/2 and p38
MAPK); in this study we identified a third candidate (Gsk3). The dynamically
regulated interaction between Tcf1 and Bcl11b may serve as a mechanism by
which these two SSTFs integrate signals and coordinate responses to coincident
or successive signals in the sequential, externally coordinated process of
thymocyte maturation.

2.2

Introduction:
The combinatorial activities of SSTFs during thymic T-cell development

control molecular events accompanying initiation, proliferation, differentiation and
survival of thymocytes in a well-defined process to produce functional, mature αβ
T cells [1]. SSTFs are nuclear proteins that respond to cellular signals to dictate
cell state and fate by controlling gene expression. The products of the target
genes regulated by SSTFs in thymocytes determine proper cellular maturation by
balancing cell proliferation, differentiation, survival and apoptosis [2]. When the
process of maturation goes awry, as in cells where lineage-determining SSTFs
are mutated, thymocytes are susceptible to uncontrolled proliferation and
leukemogenesis [3-12].
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T lymphocytes represent a critical cellular arm of the adaptive immune
responses that are crucial for targeting and eradicating a wide range of invading
pathogens [13, 14]. T-lymphocyte development is a multiple-stage process
occurring within the thymus; the earliest stage is the seeding of lymphoid
progenitor cells from bone marrow or fetal liver into thymus to initiate
differentiation [15-17]. The earliest thymocytes lack expression of both CD4 and
CD8 cell-surface markers, and are therefore known as double-negative (DN) [15,
16]. DN thymocytes pass through at least four developmental stages that are
further defined by expression of CD44 and CD25 cell surface markers: DN1
(CD44+ CD25-), DN2 (CD44+ CD25+), DN3 (CD44- CD25+), and DN4 (CD44CD25-). The β-selection checkpoint ensures that only DN3 thymocytes which
have generated a functional T cell receptor β chain develop beyond the DN3
stage [18, 19]. Later development is defined by CD4 or CD8 expression, starting
with CD8+ immature single positive (ISP) cells, progressing to CD4+ CD8+
double-positive (DP) cells, and finally passing through positive and negative
selection to mature CD4+ or CD8+ single-positive (SP) cells [20-22].
This highly coordinated, sequential development of thymocytes is guided
by different combinations of many SSTFs [22, 23]. Among these SSTFs, Bcl11b
and Tcf1 play an essential role in maintaining proper T-cell development [24].
Bcl11b, a C2H2-zinc finger SSTF that was originally named COUP-TF interacting
protein 2 (CTIP2) [25], plays a role in the development of several organs and
tissues, including but not limited to, the immune [26-30], integumentary [31-37],
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and central nervous systems [38-41]. In the immune system, Bcl11b is
exclusively expressed in T cells and progenitor thymocytes, where it is essential
for thymocyte survival, development and cellular identity at multiple differentiation
steps [27, 28, 30, 42-46] including T-cell commitment at the DN2 stage [45, 47,
48], β-selection at the DN3 stage [30], and positive selection at the DP stage [27,
42]. As a haploinsufficient tumor suppressor gene, Bcl11b, when mutated, is
associated with susceptibility to radiation-induced lymphomas in mice [6, 11] and
with a substantial subset of T-cell acute lymphoblastic leukemias (T-ALL) in
humans [4, 5, 10]. In mouse thymocytes, Bcl11b appears to function largely as a
transcriptional repressor in the context of the NuRD (Nucleosome Remodeler and
Deacetylase) complex [27, 49]. Conversely, Bcl11b can act also as a
transcriptional activator in T cells [27, 50]. Bcl11b is highly modified by posttranslational modifications (PTMs), and we previously identified a
dephosphorylation–sumoylation switch that is coincident with alleviation of the
transcriptional repressive activity of Bcl11b at the oncogenic Id2 target gene [51].
The Bcl11b gene is a direct target of T-cell factor 1 (Tcf1, Tcf7 gene
product), whose expression precedes that of Bcl11b in the sequence of
thymocyte maturation [52]. Tcf1 is a HMG-box SSTF [53, 54] that is enriched at
the promoters of key T-cell transcription factor genes including Bcl11b [55]. In
thymocytes, Tcf1 is expressed as at least 8 different splice variant isoforms [56].
All Tcf1 isoforms contain an HMG-box DNA binding domain, an adjacent nuclear
localization signal, interaction sites for Groucho/TLE corepressor proteins [57,
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58], and a recently discovered histone deacetylase (HDAC) domain [59]. Tcf1
isoforms can be broadly divided into two groups: the full-length (long) Tcf1
isoforms have an N-terminal β-catenin binding domain and thus form an active
transcription complex upon interaction with β-catenin; the short Tcf1 isoforms are
N-terminally truncated, lack the β-catenin binding domain, and appear to repress
Wnt target genes by competing with long Tcf1 at DNA binding sites [9, 56, 60].
However, Tcf1 short isoforms appear to do more than serve as antagonists to
long Tcf1, and were recently shown to support normal expression of a majority of
Tcf1 target genes that are required for differentiation of DN3 thymocytes
independent of long Tcf1 isoforms [14].
Tcf1 is considered the nuclear effector of the canonical Wnt pathway [9,
61]. Wnt signaling promotes thymocyte proliferation, differentiation, and survival
[61-63]. Abnormal activation of the Wnt signaling pathway was reported as an
oncogenic event in many cases of childhood T-ALL [64]. Further, a deficiency of
short Tcf1 that predisposes to T-ALL development indicates its role as a tumor
suppressor [9, 12, 65]. In addition to its role in T cell lineage determination and
DP cell survival [55, 66, 67], Tcf1 regulates thymic T cell development at various
stages including specification (transition of DN1 into DN2), commitment
(transition of DN2 into DN3; [55]), and transition of ISP to DP cells [68]. Tcf1 also
participates in negative selection [69].
Best studied in Drosophila and Xenopus model systems, Tcf1 has been
shown to interact with Groucho/TLE corepressor proteins to repress Wnt target

41
genes in the absence of canonical Wnt signaling activation [70-72]. Upon
stimulation of the Wnt signaling pathway, inactivation of the constitutively active
kinase Gsk3 leads to de-phosphorylation of cytosolic β-catenin and transport into
the nucleus. Nuclear accumulation of β-catenin displaces the Groucho/TLE
complex to associate with Tcf1 and LEF (a partially redundant homolog of Tcf1;
[73]), inducing expression of Wnt target genes [61, 74, 75]. However, Tcf1 also
has β-catenin-independent functions [63, 76]. For example, Tcf1, independent of
β-catenin, associates with the ATF2 transcription factor to promote the growth of
hematopoietic malignant cells, including Jurkat cells (a leukemic T-cell line) and
human lymphoma cell lines [77].
While the roles of Bcl11b and Tcf1 are somewhat understood individually
in thymocytes, the combinatorial effect of co-expression and putative cooperative
interactions of these regulators is relatively unknown. We hypothesized that in
developing thymocytes, Bcl11b might participate in a complex that also contains
Tcf1, co-regulating specific genes required for step-wise maturation of
thymocytes. We tested our hypothesis through co-immunoprecipitation studies of
these SSTFs in native murine thymocytes, and further probed the signaling
pathways that are involved in modulation of Bcl11b PTMs in thymocytes by
treatment with LiCl, a widely used Gsk3 inhibitor, to mimic Wnt signaling
activation.
2.3

Methods
Cell culture
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Primary murine thymocytes were isolated from 4 to 5-week-old wild-type
mice and cultured at 37 °C, 5% CO2 in RPMI-1640 medium plus 2.5% fetal
bovine serum (FBS) (Hyclone), 1% sodium pyruvate,1% nonessential amino
acids, and penicillin/streptomycin for 5 h prior to stimulation. All procedures
involving mice were conducted according to the protocol reviewed and approved
by the Oregon State University Institutional Animal Care and Use Committee.
Jurkat cells were cultured as described above, but with 10% FBS which was then
reduced to 2.5% for 24 h prior to harvest. HEK-293T were grown in DMEM
medium augmented with 10% FBS and penicillin/ streptomycin and incubated at
the same conditions described above.
Chemical stimulation
To mimic stimulation of Wnt signaling pathway, thymocytes were treated
with 20mM LiCl (EMD Millipore, Darmstadt, Germany) or with water as vehicle
control. In some experiments, cells were treated with 50 nM calyculin A (Cell
Signaling Technology, Danvers, MA), with 100 nM phorbol 12,13-dibutyrate and
500 nM A23187 (P/A), or with 0.1% DMSO as vehicle control.
Harvesting and cell lysis
After chemical stimulation, thymocytes were diluted in ice-cold PBS,
centrifuged at 2000 × g for 5 min for collection, and then lysed by one of two
methods depending on the experimental aim. First, for studies of protein-protein
interactions, lysis occurred under mild conditions designed to preserve native
protein complexes by using “native” lysis buffer (20 mM HEPES, pH 7.4, 250 mM
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NaCl, 2 mM EDTA, 10% glycerol, and 0.5% NP-40 plus the protease inhibitor
cocktail 0.1 mM PMSF; 1μg/mL pepstatin A; 5 μg/mL leupeptin; 10 μM E64). NaF
(50 mM) and Na2P2O4 (5 mM) was added to all buffers to preserve
phosphorylation; N-ethylmaleimide (10 mM) also was added to all buffers to
preserve sumoylation. Cells were incubated on ice for 30 minutes in the
presence of lysis buffer with vortexing every 5 min and then sonicated to
complete lysis and shear DNA, resulting in “native” lysates. Before processing of
native lysates for immunoprecipitation studies, 1.5% of samples were taken and
concentrated by chloroform/methanol extraction [78] to be used as input samples
on Western blots.
For studies of posttranslational modifications (PTMs), a more stringent
procedure that results in near complete denaturation and loss of protein–protein
interactions utilized a rapid lysis buffer (20 mM HEPES, pH 7.4; 200 mM NaCl; 2
mM EDTA; 10% glycerol; 1% SDS, with the protease inhibitor cocktail, and
compounds for preservation of sumoylation and phosphorylation as described
above). Upon suspension of cells in rapid lysis buffer, samples were immediately
placed in a boiling hot water bath for 15 min. Denatured lysates were sonicated
to shear DNA, and 1.5% of samples were taken to be used as input samples.
The remaining denatured lysates were diluted 10-fold in rapid lysis buffer lacking
SDS but containing 1.1%Triton-X100 before proceeding to immunoprecipitation
[51, 79].
Immunoprecipitation and western blotting
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To immunoprecipitate Tcf1 from native lysates, we used either anti-Tcf1
monoclonal antibody C46C7 for detection of all Tcf1 isoforms, (#2206, rabbit,
Cell Signaling, 1:100 dilution) or anti-Tcf1 monoclonal antibody C63D9 selective
for long Tcf1 isoforms containing the β-catenin binding domain (#2203, rabbits,
Cell Signaling, 1:100 dilution). Immunoprecipitation of Bcl11b protein from lysates
was performed with either rat anti-Bcl11b antibody (clone 25B6, Abcam,
#ab18465) or goat anti-Bcl11b antibody covalently linked to agarose beads.
Immunoprecipitates were subjected to SDS-PAGE then immunoblotting
with one or more of the following antibodies: anti-Tcf1 (#2206, rabbit, Cell
Signaling, 1:1,000 dilution); anti-Bcl11b (#ab18465, rat, Abcam, 0.5 ng/ml); antiβ-Catenin (# 8480, Cell Signaling, rabbit, 1:1,000 dilution); anti-MTA2 (#A300395A, rabbit, Bethyl Laboratories,1:5,000); anti-HDAC2 (#A300-705A, rabbit,
Bethyl Laboratories,1:5,000); anti-phospho-threonine/serine (# 9381,Cell
Signaling, mouse, 1:1,000 dilution); anti-SUMO-1 (# ab32058, Abcam,
rabbit,1:1,000 dilution); anti-SUMO-2/3 (# ab3742, Abcam, rabbit, 1:1,000
dilution); anti-GSK-3α/β (# sc-7291, Santa Cruz, mouse, 1:500 dilution); antiphospho-GSK-3α/β(Ser21/9) (#9331, Cell Signaling, rabbit, 1:1,000 dilution);
anti-Erk 1/2 (# sc-292838, Santa Cruz, rabbit, 1:1,000 dilution); anti-phosphoErk1 (pT202/pY204)/phospho-Erk2 (pT185/pY187) (# ab50011 , Abcam, mouse,
1:10,000 dilution).
Immunoreactive bands were detected with the following fluorescentlytagged secondary anti-IgG antibodies (LI-COR): anti-rabbit IgG, 800 nm, 1:5,000
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dilution; anti-rat IgG, 680 nm, 1:20,000 dilution; anti-mouse IgG, 800 nm, 1:5,000
dilution; anti-mouse IgG, 600 nm, 1:20,000 dilution; anti-rabbit IgG, 600 nm,
1:20,000 dilution. The intensities of resultant fluorescent bands were quantitated
using a LI-COR Odyssey instrument and ImageStudio, version 2.1, (LI-COR)
software.
CRISPR/Cas9-mediated BCL11B genome editing
To generate C-terminally truncated mutants of human BCL11B that
encompass one or both of the sumoylation sites originally identified in mouse
Bcl11b, we used a CRISPR/Cas9 approach. A pair of sgRNAs to target exon 4 of
BCL11B (sgRNA1 and sgRNA3; table 2.1) were designed using the MIT CRISPR
Design Tool (http://crispr.mit.edu/) to minimize off-target effects. Each sequence
was cloned into pSpCas9 (BB)-2A-GFP (pX458, Addgene vector # 48138) using
the BbsI restriction enzyme site [80]. For transfection of the pX458 vectors
containing the sgRNA sequences, Jurkat cells were seeded in a 6-well plate at
the concentration of 4x105 cells/ml. Equimolar ratios of pX458 containing
sgRNA1 and sgRNA3, or empty pX458 vector as control were mixed and 500 ng
total DNA was used with TransIT®-Jurkat Transfection Reagent (Mirus Bio LLC,
Madison WI) according to the manufacturer’s instructions. The transfected cells
were sorted on a Sony SH800 cell sorter (Sony Biotechnology, San Jose, CA) 48
h post transfection, and the top ~3% of GFP-positive cells were collected.
CRISPR-targeted cell clones were obtained by limiting dilution into 96 well plates
[81]. Individual clones were expanded for 2 weeks into colonies, and biallelic
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deletion clones were identified by PCR screening of genomic DNA using PCR
primers EX4-3F and EX4-3R (Table2 .1). Sequencing revealed that two C
terminal BCL11B truncation mutant Jurkat cell lines were created; one mutant,
ΔC1, contained a C terminal truncation of 95 aa, encompassing K887,
homologous to mouse Bcl11b sumoylation site K877, and the second mutant,
ΔC2, contained a C terminal truncation of 285 aa, encompassing K689 and
K887, homologous to both sumoylation sites defined in mouse Bcl11b, K679 and
K877.
Table 2.1. Sequences of oligonucleotides used for CrispR-Cas9 mutation
and sequencing.
Primer name

Sequence

Usage

Bcl11B-gRNA-1-FW

CACCGCTAGGCGCACTGCCGCAGTA

Oligo annealing to create

Bcl11B-gRNA-1-RV

AAACTACTGCGGCAGTGCGCCTAGC

sgRNA-1

Bcl11B-gRNA-3-FW

CACCGCGAGTACACGTTCTCGGAC

Oligo annealing to create

Bcl11B-gRNA-3-RV

AAACGTCCGAGAACGTGTACTCGC

sgRNA-3

EX4-3F

AGCTGCTACTGGAGAACGAGAGCC

Detect and sequence

EX4-3R

GTTCTCGGACGAGTGCTCGGACGA

Bcl11B deletions

Bioinformatic Data Analysis
Data from chromatin immunoprecipitation followed by high-throughput
sequencing (ChIP-seq) studies were obtained from the Sequence Read Archive
(SRA) accession numbers SRP022127 [82] and SRP044930 (Bcl11b) and
aligned to the mouse GRCm38/mm10 reference genome assembly using BWA
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(version 0.6.2, [83]). MACS (version 2.0.10, [84]) was used to identify peaks of
enriched ChIP-seq reads over input controls (q-value ≤ 0.05) and BEDTools
(version 2.25, [85]) was used to calculate peak overlaps in gene promoter
regions (–1000 to +500 bp of transcription start sites). Peak overlaps were
visualized as area proportional Venn diagrams generated with eulerAPE (version
3, [86]).
Luciferase Reporter Gene Assays
DNA Constructs
Mammalian expression vector pcDNA3 containing cDNA for human TCF1 was
purchased from Addgene. A plasmid containing the human BCL11B (1-2-3-4
splice variant) cDNA sequence was purchased from abm Inc. by Dr. Mark Leid
and gifted to us. The human BCL11B sequence was PCR amplified to include
BamHI and XbaI restriction enzyme sites at the 5’ and 3’ ends, and directionally
subcloned into the corresponding multiple cloning sites of the pcDNA3
mammalian expression vector. A luciferase reporter construct was created in the
pGL3 vector (Promega) by inserting a 2 kb fragment of the Bcl2l1 promoter
immediately upstream of the transcription start site of the luciferase gene. All
constructs were verified by DNA sequencing.
Transfection
HEK-293T cells (104 cells/μl) were seeded into 96 well plates, 100 μl per well,
and transfected 24 h later using jetPRIME® transfection reagents (cat #114-07).
Cells were transfected with constant amount of reporter gene construct (37.5 ng)
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and varying concentrations of BCL11B and/or TCF-1 pcDNA3 mammalian
expression plasmids and incubated for 48 hours prior to assay. The total amount
of DNA in each well was kept constant at 100 ng by supplementing with empty
pcDNA3 vector as needed.
On the day of assay, medium was removed and 20 μl each of 1X PBS and
OneGlo™ Luciferase buffer from Promega were added to each well and mixed
thoroughly according to manufacturer's instructions. Resulting luminescence
intensity for each well was quantified using a microplate reader luminometer
(Synergy® .HT BioTek, Winooski, VT)
Statistical Analysis
Data were analyzed statistically by using Student's t-test and one-way
analysis of variance (ANOVA) followed by less significance difference (LSD). A
p-value ≤ 0.05 was considered statistically significant.

2.4

Results

Bcl11b interacts with Tcf1 in thymocytes
To test our hypothesis that Bcl11b and Tcf1 physically interact in
thymocytes, we prepared cell extracts from primary murine thymocytes under
lysis conditions that preserve protein–protein interactions. These lysates were
immunoprecipitated with either rabbit IgG (control) or rabbit monoclonal antibody
raised against Tcf1, and size separated by SDS-PAGE. Blots were then probed
with antibodies against Tcf1and Bcl11b. Bcl11b co-immunoprecipitated with Tcf1
(Fig. 2.1A). Tcf1 is composed of several isoforms that migrate between
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approximately 36 and 72 kDa, the longest of which contain a β-catenin binding
domain. Although the migration of the highest-molecular-weight isoforms of Tcf1
were close to the IgG heavy chain bands, multiple bands corresponding to Tcf1
isoforms were clearly seen.
Bcl11b migrated as a doublet of two splice variants of approximately 130135 KDa in addition to higher molecular weight bands (up to nearly 250 kDa),
which we previously identified as SUMO1 and SUMO2/3 adducts of Bcl11b [51].
The Bcl11b-Tcf1 interaction in thymocytes was also confirmed by reciprocal
immunoprecipitation (Fig. 2.1B) using antibody against Bcl11b covalently linked
to agarose beads. Tcf1 was clearly seen in the Bcl11b-immunoprecipitated
samples and completely lacking at the level of detection in the IgG control lane.
We quantified the relative amount of “short” Tcf1 (36 – 45 kDa bands,
lower box in Fig. 2.1B) and “long” Tcf1 (45 –72 kDa bands, upper box in Fig.
2.1B) isoforms in the Bcl11b-immunoprecipitated samples, corrected for input.
Quantification of Tcf1 long and short isoforms revealed an approximately two-fold
increase, 2.25 ± 0.18 (mean ± SEM), in the ratio of short Tcf1 isoforms that
immunoprecipitated with Bcl11b relative to the amount of long isoforms of Tcf1,
suggesting that Bcl11b somewhat preferentially, but not exclusively interacts with
the short isoforms of Tcf1.
To further test the hypothesis that Bcl11b preferentially interacts with short
isoforms of Tcf1, we used a commercial antibody directed against the β-catenin
binding domain selective for long Tcf1 isoforms for co-immunoprecipitation of
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Bcl11b and compared to immunoprecipitates with the anti-Tcf1 antibody that
detects all Tcf1 isoforms for the presence of Bcl11b. Consistent with our
hypothesis, there was 2.7 ± 0.5 (mean ± SEM)-fold less Bcl11b in samples
immunoprecipitated with antibody selective for Tcf1 long isoforms relative to
samples immunoprecipitated with antibody against total Tcf1 (Fig.2.1C).
Dynamic change in Bcl11b–Tcf1 interaction following 24 h LiCl stimulation
of thymocytes
Given the interaction of Bcl11b with Tcf1, the effector of Wnt signaling, we
hypothesized that the interaction between factors was regulated by Wnt pathway
activation. To mimic stimulation of the canonical Wnt signaling pathway, we
treated thymoycytes with 20 mM LiCl, a widely used classical Wnt pathway
activator that inhibits Gsk3 to promote stabilization and accumulation of β-catenin
([87] and Fig. 2.2C).
Prior to harvest and lysis of thymocytes as described for Figure 1, we
treated cells for 8 and 24 h with LiCl or vehicle. Lysates were immunoprecipitated
as described above with anti-Tcf1 antibody (directed against total Tcf1) and then
immunoblotted for the presence of Tcf1 and Bcl11b. Treatment of thymocytes
with LiCl resulted in a reduction of co-immunoprecipitation of Bcl11b with Tcf1 in
a time-dependent manner (Fig. 2.2A). Reduced co-immunoprecipitation with LiCl
treatment was confirmed by reciprocal immunoprecipitation with anti-Bcl11b
antibody (Fig.2.2B). LiCl treatment of T-cells previously was shown to stimulate
accumulation of β-catenin and reduce levels of short Tcf1 isoforms relative to
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long [87]. We verified that 24 h LiCl reduced the ratio of short Tcf1 to long
isoforms by 40 ± 3% (range based on quantitation of data shown in Fig. 2.2A and
2.2B, Input blots). We also observed accumulation of β-catenin with 24 h LiCl
treatment (Fig. 2.2C) and no change in Gsk3 protein levels (Fig. 2.2C),
coincident with the decrease in Bcl11b and Tcf1 co-immunoprecipitation.
Interestingly, there was no change in Bcl11b levels up to 24 h after LiCl
treatment (Fig. 2.2A and B, input). We previously showed that stimulation of the
MAPK pathway in thymocytes using a drug combination of phorbol ester and
calcium ionophore (P/A) resulted in degradation of Bcl11b after 24 h [51]. This
finding reveals divergent effects of Wnt and MAPK pathways on stability of
Bcl11b in thymocytes.
BCL11B can simultaneously complex with β-catenin and TCF1 in Jurkat
cells.
Decreased association between BCL11B and TCF1 upon stimulation of
the canonical Wnt signaling pathway by LiCl coincided with accumulation of βcatenin. To investigate a potential role for β-catenin in dismissing BCL11B from a
TCF1 transcriptional complex, we utilized Jurkat cells, a T-cell acute
lymphoblastic leukemia cell line, as a model system. Jurkat cells have a high
basal level of β-catenin compared to other lymphocytes [88]. We prepared native
lysates from Jurkat cells to preserve protein-protein interactions and then
immunoprecipitated the lysates with either control IgG (goat origin) or antiBCL11B antibody (goat origin) covalently linked to agarose beads.
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Immunoprecipitates were processed for size separation by SDS-PAGE, proteins
immunoblotted onto nitrocellulose, and the resultant blot was probed with
antibodies selective for BCL11B, β-catenin, and TCF1. Surprisingly, β-catenin
(band at 92 kDa, Fig. 2.3A) co-immunoprecipitated with BCL11B in Jurkat cells
(Fig. 2.3A). The β-catenin-BCL11B association was further confirmed by
reciprocal immunoprecipitation using anti-total β-catenin antibody (rabbit origin).
BCL11B co-immunoprecipitated with β-catenin. Further, as expected, only the
long isoforms of TCF1 that contain the β-catenin binding domain also coimmunoprecipitated with β-catenin. Long TCF1 migrates on SDS-PAGE near but
sufficiently distinct from the IgG bands at approximately 55 kDa (Fig. 2.3B). We
provide evidence for the first time that BCL11B can participate in a complex(es)
with β-catenin and/or TCF1. In other words, β-catenin does not dismiss BCL11B
from a complex with TCF1.
Bcl11b and Tcf1 have differing interactions with NuRD complex proteins.
To further investigate the nature of the complexes formed by Bcl11b and
Tcf1 and the effects of LiCl or P/A treatment, we searched for co-precipitation of
core NuRD complex proteins. As seen in Fig. 2.4A, MTA2 and HDAC2 clearly coprecipitated with Bcl11b at levels that were largely unchanged by stimulation with
either LiCl or P/A. However, these same complex proteins did not co-precipitate
with Tcf1 at levels detectable by immunoblotting (Fig. 2.4B).
Co-immunoprecipitation of Bcl11b with Tcf1 is decreased with
phosphatase inhibitor treatment.
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We sought to investigate the effect of PTMs on the Bcl11b-Tcf1
interaction. We treated primary murine thymocytes with calyculin A, an inhibitor
of class 1 and 2A phosphatases, for up to 2 h. We previously showed that
calyculin A treatment resulted in hyperphosphorylation, a shift in gel mobility, and
apparently complete desumoylation of Bcl11b [51]. Calyculin A treatment
reduced co-immunoprecipitation of Bcl11b with Tcf1 (Fig. 2.4C), suggesting that
the interaction may be dynamically regulated by kinase- or phosphatasedependent signaling pathways.
BCL11B sumoylation is not critical for interaction with TCF1 and β-catenin
in Jurkat cells.
The decrease in BCL11B interaction with TCF1 after
hyperphosphorylation induced by calyculin A treatment may be a result of
obliteration of sumoylation on BCL11B. Stated another way, sumoylation of
BCL11B may be required for the BCL11B-TCF1 interaction in thymocytes. To
test this hypothesis, we used a CRISPR/Cas9-mediated genome editing
approach to generate two mutant lines of Jurkat cells that express two different
C-terminally truncated forms of BCL11B. The two mutant forms of human
BCL11B, ΔC1 and ΔC2, are missing 95 and 285 amino acids, respectively, and
missing either one or both of two lysines (K689 and K887), homologous to the
sumoylation sites previously established in mouse (K679 and K877). First, we
verified reduction or loss of sumoylation in the truncated forms of human
BCL11B. Jurkat cells were lysed under denaturing condition to preserve PTMs
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and subject to SDS-PAGE after immunoprecipitation of BCL11B. The resultant
blot was probed with antibodies against both total BCL11B protein and
sumoylated lysine (SUMO1). Truncated BCL11B in the ΔC2 mutant sample
appeared devoid of sumoylation, but BCL11B in the ΔC1 mutant sample retained
some, albeit less, sumoylation relative to wild-type BCL11B in control samples
(Fig. 2.5A).
Second, we determined whether BCL11B truncation mutant
immunoprecipitated with TCF1 in the mutated Jurkat cell lines. TCF1 was
immunoprecipitated from native lysates of mutant Jurkat cells, followed by
immunoblotting with anti-BCL11B and anti-TCF1 antibodies. Both truncated
forms of BCL11B co-immunoprecipitated with TCF1, suggesting that neither the
C terminus (up to aa 609) nor sumoylation is required for the BCL11B interaction
with TCF1 (Fig. 2.5B). Using similar protocols, we also demonstrated that partial
or complete loss of BCL11B sumoylation or truncation of up to 285 C terminal
amino acids did not affect BCL11B association with β-catenin in Jurkat cells (Fig.
2.5C).
TCF1 interacts with BCL11B and inhibits its transcriptional activator
activity on Bcl2l1 promoter.
We next sought to investigate the functional relevance of the BCL11BTCF1 interaction in regulation of the transcription of genes that are known to be
involved in thymocyte survival and differentiation, and whose dysregulation is
linked to T cell leukemia. As SSTFs, an association between BCL11B and TCF1
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may result in co-occupancy of promoters or DNA binding sites in co-regulation of
genes. To assess co-occupancy, we accessed ChIP-seq data for Bcl11b binding
sites from wild-type murine thymocytes collected by the Leid lab (Vogel, et al.,
manuscript in preparation). We compared Bcl11b ChIP-seq data to previously
published ChIP-seq data for Tcf1 binding sites from DP thymocytes [82].
Examining promoter binding sites (-1000 to + 500 bp surrounding annotated
transcriptional start sites), TCF1 occupied 10,389 promoter sites throughout the
genome, whereas Bcl11b occupied 5358, and the two SSTFs co-occupied the
promoter regions of 4127 genes, which is 77% and 40% of all Bcl11b and TCF1
sites, respectively (Fig. 2.6A).
To investigate a potential function for BCL11B-TCF1 promoter cooccupancy, we examined the Bcl2l1 gene which encodes the Bcl-xL protein, a
key mediator for inhibition of apoptosis [89-91]. Bcl-xL promotes thymocyte
survival, differentiation, and maturation at multiple checkpoints [92], and is an
appealing target for anticancer therapy [89]. A high expression level of Bcl-xL is
considered a characteristic feature in T-ALL [93] with Bcl-xL implicated in
maintaining T cell malignancies. Bcl11b-/- thymocytes display a reduced level of
Bcl-xL protein [94] relative to wild-type cells. Similarly, TCF1 deficient thymocytes
express a low level of Bcl-xL and show accelerated death [67, 95]. Interestingly,
our ChIP-seq data analysis and tracing display co-occupancy of the Bcl2l1 gene
promoter region by Bcl11b and Tcf1(Fig. 2.6B).
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Given that BCL11B and TCF1 were reported to individually promote
thymocyte survival through upregulation of the Bcl2l1 gene, and that both SSTFs
occupy the Bcl2l1 gene promoter, we hypothesized that Bcl11b and TCF1
interaction co-regulates expression of Bcl-xL protein. Using a luciferase reporter
assay, we determined the effect of BCL11B and TCF1 individually or together on
the Bcl2l1 promoter after co-transfection of HEK293T cells with the gene reporter
construct plus mammalian expression vectors encoding for BCL11B and/or TCF1
in a transient system. Easy to transfect, HEK293T are also reported to have a
functional Wnt signaling pathway [96], and we observed by Western blot that
HEK293T cells expressed detectable levels of β-catenin without transfection (Fig.
2.6C, Input blot).
Co-immunoprecipitation studies were conducted on native cellular extracts
prepared from transiently-transfected HEK293T cells, and revealed that BCL11B
and TCF1 interact in HEK293T cells (Fig. 2.6C IP blot). Further, the level of
expression of each SSTF did not change upon co-transfection relative to singly
transfected cells (Fig. 2.6C input blot).
In the same HEK293T system, we assessed the effects of BCL11B and
TCF1 on the Bcl2l1 gene promoter. Dose response curves of increasing amounts
of BCL11B or TCF1 expression vector in the presence of a constant amount of
Bcl2l1-luciferase reporter construct revealed maxima for each SSTF in the
luciferase gene reporter assay (Fig. 2.6D). At the maximum, 30 ng of BCL11B
construct and 20 ng of TCF1 construct induced 6.6 and 2.5-fold increases in
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luciferase activity, respectively (Fig. 2.6D). In contrast, when TCF1 and BCL11B
were co-transfected, the combined effect of BCL11B (30 ng) and TCF1 (20 ng)
on the promoter region of Bcl2l1 gene was significantly less than the effect
induced by BCL11B alone (Fig.2.6E), suggesting that TCF1 interferes with the
transcriptional activity of BCL11B at the Bcl2l1 promoter region.
Dynamic PTMs of Bcl11b after LiCl treatment of thymocytes
To investigate the potential role of Bcl11b as a nuclear target of Wnt
signaling, we assessed the effect of LiCl treatment on the PTMs of Bcl11b. As
above, we stimulated primary cultures of murine thymocytes with 20 mM LiCl and
harvested at varying times after treatment. Harvest involved a rapid denaturing
lysis of the cells to preserve PTMs (but which destroys protein complexes) as we
described previously [51, 79]. Analysis of composite Ser/Thr phosphorylation of
Bcl11b in thymocytes reveals a rapid, sustained and significant reduction in
Bcl11b phosphorylation up to 24 h after treatment with LiCl with maximum dephosphorylation at 2 h (Fig. 2.7A) . Distinct from the change in composite Bcl11b
phosphorylation after stimulation of MAPK signaling [51], de-phosphorylation of
Bcl11b after LiCl treatment was not preceded by a transient increased
phosphorylation.
We next sought to identify the enzyme(s) that may be involved in dephosphorylation of Bcl11b after treatment with LiCl, which is known to inhibit
Gsk3 [97, 98]. Phosphorylation of Gsk3 inhibits the activity of this enzyme [99].
To monitor GSK activity, we used antibodies selective for the inactive forms

58
(phospho-Ser21 in Gsk3α and phospho-Ser9 in Gsk3β [99]). We found that
treatment of thymocytes with LiCl resulted in significantly increased
phosphorylation (inhibition) of both Gsk3α and Gsk3β, while the total level of
Gsk3α and β was not changed (Fig. 2.7B), as expected. Our results suggest that
Gsk3 may be a candidate kinase for directly or indirectly maintaining the basal
phosphorylation state of Bcl11b in unstimulated thymocytes.
Similarly, we evaluated the effect of LiCl treatment on Erk activity in
primary thymocytes by monitoring for Erk1/2 phosphoryation, indicative of Erk
activation. We had previously identified Erk1/2 as a component of the signaling
pathway involved in regulation of Bcl11b composite phosphorylation following
P/A treatment of primary thymocytes [51]. Using antibodies specific for total
Erk1/2 or phosphorylated (active) Erk1/2 protein [100], we observed that LiCl
treatment did not alter Erk1/2 activation, unlike P/A treatment (Fig. 2.7C), and
ruling out an unexpected effect of LiCl on Erk.
Stimulation of Wnt/Gsk3 signaling pathway using lithium resulted in a
rapid, sustained and significant increase in sumoylation (SUMO1 adduction) of
Bcl11b up to 24 h post-treatment (Fig. 2.8A) with a maximum increase at 2 h in
murine thymocytes. The level of sumoylation with LiCl treatment at 2 h was
greater than that observed previously with MAPK activation ([51] and data not
shown). We observed similar levels of increased SUMO2/3 peptide adduction
(Fig. 2.8B). Increased sumoylation of Bcl11b after 24 h of lithium treatment did
not lead to protein degradation. Further, LiCl treatment appeared to induce
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sumoylation (SUMO1 or SUMO2/3 adduction) of only a relatively small number of
proteins in thymocyte lysates (Fig 8C1&2; Gsk3 levels were visualized as loading
controls for the immunoblots, and Fig 8C3). The small number of distinctly
sumoylated bands in Fig. 2.8C suggested that LiCl is not a major stimulant of
sumoylation in thymocytes and caused a somewhat selective effect on Bcl11b.
Stimulation of thymocytes with LiCl for up to 24 h did not produce notable
changes in ubiquitination status of Bcl11b protein either (Fig. 8D).

2.5

Discussion

Association of Bcl11b with Tcf1 and dynamic regulation by the Wnt/Gsk3
pathway
A high expression level of Tcf1, and nuclear accumulation of β-catenin
from an overstimulated Wnt signaling pathway, are strongly linked to
development of colon cancer [101]. Half of the β-catenin direct target genes in
human colon cancer cells were de-repressed after loss of one Bcl11b allele
[102]. Attenuation of Bcl11b in mouse and human colon crypt cells promoted the
development of intestinal tumors partly through abnormal expression of Wnt
target genes [102] . Given this information, we hypothesized an interaction, either
direct or indirect in a multi-protein complex, between Tcf1, the nuclear effector of
Wnt/Gsk3-dependent signaling, and Bcl11b in thymocytes [61].
We have identified a novel and dynamic interaction between Tcf1 and
Bcl11b. In addition, we demonstrated an interaction between BCL11B and TCF1
in regulation of the Bcl2l1 gene promoter; Bcl2l1 encodes the antiapoptotic
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protein Bcl-xL that is required for thymocytes survival. We have also identified
Bcl11b as a new nuclear target of Wnt/Gsk3-dependent signaling in thymocytes
using the Gsk3 inhibitor LiCl. As expected, LiCl treatment of murine thymocytes
stimulated accumulation of β-catenin, which activates Tcf1/LEF to regulate
expression of Wnt target genes [70, 87, 103]. Treatment of thymocytes with LiCl
for 8 to 24 h led to a reduction in the Bcl11b-Tcf1 interaction in time dependent
manner, coincident with the expected reduction in the ratio of short to long Tcf1
isoforms [87].
We postulate that Bcl11b may play a role in a repressor complex with Tcf1
to occupy some Wnt target genes in the absence of β-catenin. Although we
calculated a preferential reduction in the interaction between Bcl11b and short as
opposed to the long Tcf1 isoforms, interaction with long Tcf1 isoforms also
decreased. These results signify that Bcl11b may interact with a site common to
all Tcf1 isoforms that is modified by Wnt pathway stimulation. The Bcl11b-TCF1
interaction that we observe is dynamic and reduced upon stimulation of the Wnt
signaling pathway. Short Tcf1 isoforms have been postulated by others to
function as natural antagonists of β-catenin-dependent Tcf1 response element
binding [9].
One possible explanation for the reduction in the Bcl11b-Tcf1 interaction
upon stimulation of the canonical Wnt signaling pathway is that accumulation and
nuclear translocation of β-catenin may dismiss Bcl11b from a Tcf1 transcriptional
complex. To test this possibility, we used Jurkat cells as a model system as they
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have unusually high basal levels of β-catenin due to a deficiency of the dual
specificity phosphatase PTEN [87, 104]. PTEN normally functions to
dephosphorylate and decrease PIP3 levels [105, 106]. Reduced PTEN activity
leads to increased PIP3 levels that recruit and activate the AKT kinase [107]
which in turn phosphorylates (i.e. inactivates) Gsk3 [87, 108]. Increased PIP3
levels due to a deficiency of PTEN results in constitutive activation of AKT, which
leads to constitutive inhibition of Gsk3 and stabilization of β-catenin [87, 88, 109].
We hypothesized that high basal levels of β-catenin in Jurkat cells would inhibit
formation of a TCF1-BCL11B complex. Surprisingly, and contrary to our
hypothesis, we demonstrated that β-catenin appears in an immunoprecipitated
complex with BCL11B and TCF1 in Jurkat cells.
Along with increasing β-catenin levels and decreasing the Tcf1-Bcl11b
interaction, LiCl treatment of thymocytes reduced composite Ser/Thr
phosphorylation and enhanced sumoylation of Bcl11b over 2 to 24 h.
Additionally, de-sumoylation of Bcl11b after hyper-phosphorylation induced by
phosphatase inhibitor also coincided with a decrease in the Bcl11b-TCF1
interaction. Given this information, we hypothesized that sumoylation of Bcl11b
might be required for maintaining a Bcl11b-TCF1 interaction. However, our
studies using mutant Jurkat cell lines designed to express truncated forms of
BCL11B with partial or complete loss of sumoylation established that sumoylation
of BCL11B is not required for interaction with TCF1. Activation of Wnt/Gsk3related signaling does not solely induce sumoylation of BCL11B, but it also
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increases sumoylation of many other proteins. For example, TBL1-TBLR1 are
sumoylated upon Wnt pathway activation which results in dissociation of these
proteins from the corepressor complex (NCoR) and formation of a TBL1-TBLR1β-catenin complex that stimulates transcription of Wnt target genes [110]. In
addition, sumoylation of β-catenin occurs with Wnt pathway activation and is
necessary for β-catenin mediated transcriptional activation [111, 112].
Taken together, activation of the Wnt pathway induces sumoylation of
other proteins which might interfere with the BCL11B-TCF1 association. Further,
Wnt pathway activation may alter the PTMs of TCF1 (perhaps TCF1
sumoylation) which may result in dissociation from a BCL11B complex. Finally, if
not sumoylation then perhaps altered phosphorylation of BCL11B affects the
TCF1 interaction. Further investigation is required to determine the mechanism
responsible for dissociation of BCL11B from TCF1 upon stimulation of Wnt/Gsk3related signaling.
Regulation of Tcf1 activity, the main transcriptional effector of Wnt
signaling in the nucleus in thymocytes [61], occurs as a result of changes in key
Tcf1 partners to activate or repress transcription of Tcf1 target genes. In the
absence of Wnt signaling stimulation (i.e. low β-catenin levels), Groucho (the D.
melanogaster ortholog of human TLE) binds to a specific domain in Tcf1. In the
canonical pathway studied in D. melanogaster, nuclear accumulation of β-catenin
after Wnt stimulation forms an enhanceosome with Tcf1 from which the repressor
Groucho is dismissed [71] to activate Wnt target genes [71, 74, 113]. However,
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transcriptional repression of Tcf1 target genes does not appear to depend solely
on Groucho/TLE binding to Tcf1. Only a subset of β-catenin/Tcf1 target genes
were de-repressed in a Groucho-null Drosophila mutant, and the expected lossof-function phenotype was not observed [114]. Moreover, in vitro studies showed
that TLE1 does not bind readily to human Tcf1, displaying 100-fold lower affinity
for Tcf1 than TCF3 or TCF4 [115]. Additionally, we have preliminary data on the
Tcf1 interactome suggesting that Groucho/TLE1 is very weakly associated with
Tcf1 in murine thymocytes (W. Selman, W.K. Vogel, T.M. Filtz, unpublished
data). This information provides for the possibility that other protein(s) interact in
a complex with Tcf1 and participate in transcriptional repression of a Grouchoindependent subset of β-catenin/Tcf1 target genes in thymocytes.
Our data suggest that Bcl11b may serve as a Tcf1 co-repressor of some
Wnt target genes in thymocytes that is dismissed from the Tcf1 complex upon
Wnt pathway activation. Consistent with this hypothesis, the β-catenin/Tcf1 target
genes Wisp2 and Spp1 (encoding osteopontin) were not repressed appropriately
in Bcl11b knock-out mouse embryonic fibroblasts (MEFs) during differentiation to
adipocytes when compared with wild-type MEFs [116]. Moreover, BCL11B is
involved in regulation of Wnt/β-catenin target genes in intestine wherein
attenuation of BCL11B in mouse and human colon crypt cells promoted the
development of intestinal tumors partly through abnormal regulation of β-catenin
signaling pathway [102]. Using a synthetic promoter containing multiple TCF1
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binding sites in a luciferase reporter construct for assay in HEK293 cells, others
observed that Bcl11b significantly attenuated TCF1 activity [102].
Bcl11b functions in association with the NuRD complex in thymocytes [49]
and this association is unaffected by MAPK pathway stimulation [51]. Similarly,
Bcl11b association with NuRD core component proteins (MTA2 and HDAC2) was
not affected by LiCl treatment (Fig. 2.4A). In contrast, Tcf1 did not coimmunoprecipitate MTA2 and HDAC2 at detectable levels (Fig. 2.4B). However,
preliminary mass spectrometry data from our lab suggested that some
components of the core NuRD complex, including MTA2, are present in the Tcf1
interactome (W. Selman and W. K. Vogel). Our immunoblot data suggest that
MTA2 levels in a Bcl11b-Tcf1 complex may be much lower than in all Bcl11b
complexes. Thus, the NuRD subcomplex incorporating both Bcl11b and Tcf1
may be different than other Bcl11b-containing NuRD subcomplexes.
BCL11B and TCF1 regulate expression of the Bcl2l1 (Bcl-xL) gene
Comparing Bcl11b and Tcf1 ChIP-seq data sets revealed that Bcl11b and
Tcf1 co-occupy the promoters of a considerable number of genes, suggesting
that a Bcl11b-Tcf1 complex in thymocytes may co-regulate many transcriptional
targets. One of these is the Bcl2l1 gene. In HEK293T we showed that TCF1
antagonizes BCL11B activation of the Bcl2l1 promoter, despite TCF1 acting as a
transcriptional activator of Bcl2L1 on its own, albeit with lower efficacy than
BCL11B. HEK293T cells express relatively high levels of β-catenin in the
absence of Wnt pathway stimulation. Stabilized β-catenin upregulates expression
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of Bcl-xL protein and enhances survival of DP thymocytes [117]. β-catenin has
been assumed to act through TCF1 to activate Bcl2l1 [117]. However, we
demonstrated that β-catenin binds BCL11B as well as TCF1 (Fig. 2.3A &B), and
hypothesize that β-catenin activates the Bcl2l1 transcription through a TCF1 and
BCL11B in a required complex. Consistent with this hypothesis, knock-down of
BCL11B in Jurkat cells resulted in a severe reduction in Bcl-xL protein levels
[118] even in the presence of constitutively high β-catenin levels. In other words,
even in the presence of TCF1, elevated β-catenin was not able to maintain
expression of Bcl-xL protein in BCL11B knock-down Jurkat cells. Therefore, a
BCL11B-β-catenin complex may be involved in regulating expression of the
Bcl2l1 gene and perhaps others.
The mutually antagonistic effect of BCL11B and TCF1 on the promoter
region of Bcl2l1 could be attributed to competition between BCL11B and TCF1 to
bind to specific DNA binding sites or to transcriptional coactivator(s) such as βcatenin. Establishing the mechanism will require further study, but taken
together, the Bcl11b-Tcf1 interaction and interplay may be part of precise
mechanism for coordinating expression of many genes including, but not limited
to, Bcl2l1.
Evidence for Bcl11b as a target of the Wnt signaling pathway in developing
thymocytes
Both pre-TCR and Wnt-dependent cell surface signaling pathways are
required for proper thymocyte development. In particular, Wnt signaling is
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required for thymocytes to transition from the ISP to DP stage [119]. Thymocytes
from Wnt3a−/− mice phenocopy Tcf1 knock-out thymocytes and exhibit arrested
development at the ISP stage [119]. Thymocytes from Bcl11b-/- mice lack a
functional pre-TCR and exhibit arrested development at the DN3 stage; a few
thymocytes progress to ISP, but none progress beyond this stage [30].
Introduction of TCRβ or TCRαβ subunits into Bcl11b−/− mice fails to promote
transition of arrested cells into DP thymocytes, indicating that reconstitution of
pre-TCR signaling cannot compensate for loss of Bcl11b at the ISP to DP
transition. Bcl11b−/− ISP cells never progress to the DP stage, despite normal
levels of Tcf1 [30]. Notably, stabilization of β-catenin obviates the need for a preTCR in development of DN3 to DP thymocytes [120]. Taken together, these
observations are consistent with a role for Bcl11b as a target of Wnt signaling in
the ISP to DP transition.
LiCl-induced dephosphorylation of Bcl11b, sustained for at least 24 h after
treatment, suggests that Gsk3, which is inhibited by LiCl, is directly or indirectly
involved in maintaining the basal phosphorylation state of Bcl11b in unstimulated
thymocytes. As a putative substrate for Gsk3, Bcl11b contains three Gsk3
consensus phosphorylation sites based on homology to other validated Gsk3
substrates [121]. We published kinetic data on two of the three sites (S401 and
S762) in murine thymocytes and observed that P/A treatment decreased
phosphorylation on S762 at 30–60 min after stimulation [79]. Consistent with
these data and as also found by others in T cells [122, 123], we found that P/A
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increased Gsk3 phosphorylation in thymocytes, which correlates with reduced
Gsk3 activity [99](Fig. 2.7B). These observations allow for the possibility that
Gsk3 is one of several kinases involved in the complex phosphokinetic pattern of
Bcl11b seen after P/A treatment of thymocytes.
Treatment with LiCl, in addition to decreasing phosphorylation, also
resulted in a sustained increase in sumoylation of Bcl11b in DP thymocytes (both
SUMO1 and SUMO2/3 adducts). Further, LiCl-induced sumoylation of Bcl11b
appears to increase to a greater extent than that seen with MAPK activation by
P/A [51]. In P/A-treated thymocytes, increased Bcl11b sumoylation appeared to
result from disassociation of phosphoryation-dependent SENP proteins (SUMO
proteases that hydrolyze the SUMO peptide adducts) from the Bcl11b complex
[51]. Similar mechanisms may apply to affect LiCl-dependent sumoylation of
Bcl11b. The effects of LiCl and P/A treatment on Bcl11b PTMs in thymocytes
also differed in another notable way: LiCl treatment did not result in significant
alteration in Bcl11b ubiquitination and did not lead to degradation of Bcl11b (Fig.
2.8C3 and D1&2). By contrast, long-term treatment with P/A increased
sumoylation, ubiquitination and subsequent proteasomal degradation of Bcl11b
at 6 to 8 h [51].
In conclusion our data imply that Bcl11b is a novel target of the Wnt/Gsk3
signaling pathway, and together with previous studies from our laboratories [51],
suggest that Bcl11b is a nuclear convergence point for MAPK and Wnt signaling
pathways in thymocytes. A better understanding of the signaling-dependent
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regulation of Bcl11b and Tcf1 co-occupied target genes, and the combinatorial
effects of signaling pathways to control thymocyte development, may provide
insights into the pathophysiology of T cell leukemias and other cancers, and shed
light on possible courses of treatment.

2.6

Figures
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Figure 2.1. Bcl11b interacts with Tcf1 in thymocytes. Primary cultures of
murine thymocytes from 4-week-old wild-type mice were harvested using a
native lysis buffer protocol to preserve protein–protein interactions. A) Lysates
were separated into two fractions, and 1.5% was solubilized in SDS-PAGE
sample buffer (Input) while the remainder was immunoprecipitated (IP) with
rabbit IgG control (IgG) or anti-Tcf1 antibody, rabbit origin (Tcf1). Samples were
size-separated by SDS-PAGE and the corresponding blots processed for
immunofluorescent detection of proteins using anti-Tcf1, rabbit monoclonal (IB:
Anti-Tcf1), or anti-Bcl11b, rat monoclonal (IB: anti-Bcl11b), antibodies followed
by incubation with fluorescently-tagged secondary antibodies (green: anti-rabbit
IgG, red: anti-rat IgG). Fluorescent signal was detected with a LI-COR Odyssey
scanner and software. Tcf1 is composed of multiple splice variants that migrate
between 28 and 60 kDa. Bcl11b runs as a doublet of two splice variants between
100 and 130 kDa plus a ladder of slower migrating species. B) Lysates were
separated, 1.5% was solubilized SDS-PAGE sample buffer as input control
(Input) while the remainder was immunoprecipitated with goat IgG control (IgG)
or antibody against Bcl11b (goat origin) cross-linked to agarose beads, and
processed for antibody detection as in A. The relative amounts of long (50–60
kDa) and short (28–50 kDa) Tcf1 isoforms were quantified in the
immunoprecipitated samples versus input based on signal intensities in the
indicated boxed regions. In the input blot, whole cell lysates were immunoblotted
for Bcl11b and Tcf1 as in A. C) Lysates were separated, 1.5% was solubilized
SDS-PAGE sample buffer as input control (Input) while the remainder was
immunoprecipitated (IP) with rabbit IgG control (IgG), anti-Tcf1 antibody, rabbit
monoclonal, that detects all Tcf1 isoforms (anti-Tcf1) or anti-Tcf1 antibody, rabbit
monoclonal, directed against the β-catenin binding site and detecting only the
long isoforms (anti-Tcf1, long). Samples were size-separated by SDS-PAGE and
processed for fluorescent antibody detection as in A, and quantified as in B.
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Figure 2.2. Bcl11b-Tcf1 interaction dynamics following stimulation of
thymocytes. Primary cultures of murine thymocytes were treated with H2O (LiCl
vehicle control) or LiCl for the indicated times. A) Cells were harvested as in Fig.
1 to preserve protein–protein interactions. 1.5% of lysates were size separated
(Input) and the remainder was immunoprecipitated with anti-rabbit IgG (IgG)
control of anti-Tcf1 antibody and processed for immunofluorescent detection of
proteins (green; IB: Anti-Tcf1) and Bcl11b protein (red; IB: Anti-Bcl11b) as in Fig.
1. B) Thymocytes were treated and harvested as in A followed by
immunoprecipitation with goat antibody against Bcl11b conjugated to agarose
beads. Immunoblots were processed for detection of Bcl11b and Tcf1 as in A. C)
1.5% of lysates samples from A were concentrated, SDS-PAGE separated, and
immunoblotted using antibodies against β-catenin (green; Anti-β-catenin) or
Gsk3-α and β isoforms (red; anti-Gsk3α/β). MW markers migrated as indicated to
the left of the blots.
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Figure 2.3. BCL11B can simultaneously complex with β-catenin and TCF1
in Jurak cells. A) Jurkat cells were harvested and lysed under conditions to
preserve protein-protein interaction as in Fig. 1A & B. Native lysate (1.5 %) was
process as input and the reminder was immunoprecipitated with IgG (goat origin)
as a control or anti-BCL11B antibody covalently linked to agarose beads (goat
origin). After SDS-PAGE size separation, the resultant immunoblot was probed
with anti-BCL11B (rat origin), anti- β-catenin antibody (rabbit origin), and antiTCF1 (rabbit origin) followed by incubation with secondary fluorescently tagged
antibodies (red: rat IgG, green: rabbit IgG) for detection of BCL11B in red and
both β-catenin and TCF1 in green. β-catenin migrates at 92 kDa and both
BCL11B and TCF1 run at expected molecular weights as in Fig. 1A & B. B) As in
A, native lysates were divided into input control (1.5%) or immunoprecipitated
(98.5%) with anti-β-catenin antibody (rabbit origin) and processed for detection of
immunoreactive bands as in A. BCL11B and β-catenin migrate at expected
molecular weight as in A, and long TCF1 isoforms migrate at approximately 55
kDa.
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Figure 2.4. Dynamic alterations in Bcl11b-Tcf1 complexes. Wild-type murine
primary thymocytes were treated as indicated with LiCl or P/A for 2 h.
Thymocytes were harvested using a native lysis buffer protocol to preserve
protein-protein interactions as in Fig. 1. A and B) Lysates were
immunoprecipitated with rat IgG (IP: IgG, A) or rabbit IgG (IP: IgG, B) as controls,
anti-Bcl11b (IP: Bcl11b) or anti-Tcf1 (IP: Tcf1) antibodies, and processed for
immunoblotting with anti-Bcl11b (red), anti-Tcf1 (green), anti-MTA2 (green) and
anti-HDAC2 (green) antibodies followed by fluorescently-tagged and appropriate
secondary anti-IgG antibodies. The expected migration by molecular weight of
each protein is indicated by placement to the right of the blots. C) Primary
cultures of murine thymocytes were treated with 0.1% DMSO (calyculin A vehicle
control) or 50 nM calyculin A (Cal A) as indicated time. Cells were harvested and
separated into fractions (1.5%) as input or immunoprecipitated with rabbit IgG as
a negative control (IgG) or anti-Tcf1 antibodies (IP: Tcf1). Samples were
processed for Western blotting as in A.
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Figure 2.5. BCL11B sumoylation is not critical for interaction with TCF1 and
β-catenin in Jurkat cells. A) Jurkat cell lines, control (C), and C-terminal
deletion mutants ΔC1 and ΔC2, were harvested and lysed with denaturing 1%
SDS boiling lysis buffer to preserve PTMs. BCL11B was immunoprecipitated
from the denatured cell lysates using anti-BCL11B (rat origin) followed by SDSPAGE size separation. Immunoblot was processed for detection of total BCL11B
protein (IB: anti-BCL11B antibody, rat origin) and sumoylated lysine (IB: antisumo1 antibody, rabbit origin). Followed by fluorescently-tagged secondary antiIgG antibodies (red: anti- rat IgG, green: anti-rabbit IgG). B) Jurkat cells (C, ΔC1,
and ΔC2) were lysed using the native lysis protocol to preserve protein-protein
interactions. Native lysates were divided into two parts: Input control (1.5%) and
the remainder (98.5%) were immunoprecipitated with IgG (rabbit origin) or antiTCF1antibody (rabbit origin). The immunoblot was processed for detection of
BCL11B (red) and TCF1 (green) as in Fig. 1A & B. C) Jurkat cells lines noted
above were lysed and immunoprecipitated as in B and the resultant immunoblot
was then processed for detection of immunoreactive bands (BCL11B in red, and
β-catenin in green).
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Figure 2.6. TCF1 interacts with BCL11B and inhibits its transcriptional
activator activity on the Bcl2l1 promoter.
A) Venn diagram showing the number of BCL11B and TCF1 ChIP-seq peaks
identified in gene promoter regions (-1000 to +500 bp from transcription start
sites) with numbers of co-occupied promoters shown as overlapping. B) Proximal
TCF1 and BCL11B chromatin binding domains in the loci for Bcl2l1. TCF1
(purple) and BCL11B (cyan) ChIP-Seq data sets aligned to the mm10 mouse
genome on the UCSC Genome Browser website. Overlap between BCL11B and
TCF1 binding peaks is indicated by pink bars. The gene show extensive overlap
between BCL11B and TCF1 peaks in promoter and intergenic regions. C) HEK293T cells were transfected with mammalian expression vector pcDNA3 as a
control (C), or with the vector containing cDNA sequences for the human
BCL11B 1-2-3-4 variant (B), or human TCF1 (T), or both (B+T). Forty-eight hours
post-transfection, cells were harvested and lysed using native lysis buffer to
preserve protein-protein interactions. Native lysates were divided in to two
parts :1% of sample were processed as input and the reminder was
immunoprotected with either IgG (rabbit origin) as a control or with anti-TCF1
antibody (rabbit origin). Immunoblots were processed for detection of BCL11B
(IB: Anti-BCL11B antibody; rat origin), anti-TCF1 antibody (IB: Anti-TCF1; rabbit
origin), and anti-β catenin antibody (rabbit origin), followed by fluorescentlytagged secondary anti-IgG antibodies (red, anti-rat; and green, anti-rabbit). D)
HEK293T cells were transfected with indicated amounts of expression vectors
encoding BCL11B or TCF1 and constant (37.5 ng) amount of reporter gene
construct containing 2 Kb of the Bcl2l1 promoter upstream of luciferase gene.
After 48 h, luciferase activity was assayed and resulted reported as fold
stimulation relative zero. E) HEK293T cells were transfected with 30 ng of
BCL11B expression vector and/or 20 ng of TCF1 expression vector along with
the Bcl2l1 gene reporter construct as in B. The average fold increase in
luciferase activity relative to zero is reported and ave ± SD (n = 4). a, b= p≤0.005
compared to zero. c= p≤0.005 compared to zero and compared to 30 ng
BCL11B(b).
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Figure 2.7. Phosphorylation dynamics of Bcl11b and changes in activity of
Gsk3α/β and Erk1/2 after LiCl treatment of thymocytes. Primary cultured
murine thymocytes were treated with LiCl for the indicated times. Cells were
harvested by a denaturing lysis protocol to preserve PTMs, immunoprecipitated
with antibodies against Bcl11b, rat (IB: Anti-Bcl11b), separated by SDS-PAGE
and processed for immunoblotting. A1) Immunoblots blots using antiphosphothreonine/serine, mouse monoclonal (IB: Anti-pT/S), or anti-Bcl11b, rat
monoclonal (IB: Anti-Bcl11b), antibodies followed by incubation with
fluorescently-tagged secondary antibodies (green: anti-mouse IgG, red: anti-rat
IgG). The lower panel of three is an overlay of upper and middle blots with yellow
indicating overlapping signals. A2) Quantification of fluorescent intensity in each
lane shown in figure A1 by Licor Odyssey fluorescent image scanning and
analysis software. Error bars indicate mean ± SD for five independent
experiments, *p ≤ 0.05. B1) Cells were treated, lysed and harvested as in A1.
Lysates were concentrated by chloroform /methanol extraction, size-separated
by SDS-PAGE, and immunoblotting performed for detection of total Gsk3α/β
protein (red; anti-Gsk3α/β), or phosphorylated Gsk3α/β (green, antiphosphoGsk3α/β) followed by fluorescently-tagged secondary anti-IgG
antibodies. The lower panel of three is an overlay as in A1. B2) Quantification of
fluorescent intensity in each lane shown in figure A1 by Licor Odyssey
fluorescent image scanning and analysis software. Error bars indicate mean ±
range for two independent experiments. C) Thymocytes were treated, lysed and
harvested; and lysates processed for immunoblotting as in B1. Immunoblots
were incubated with anti-Erk1/2 (red), or anti-phosphoErk1/2 (green), antibodies
with appropriately tagged fluorescent secondary antibodies. The lower panel of
three is an overlay as in A1 and B1.
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Figure 2.8. Dynamic sumoylation and ubiquitinylation of Bcl11b after LiCl
treatment in thymocytes. Cultured thymocytes were treated with LiCl for times
indicated, immunoprecipitated with anti-Bcl11b (rat origin) antibodies and
processed as in Fig. 3. A1 and B1) Immunoblots were processed for detection of
total Bcl11b protein (IB: Anti-Bcl11b, red, A1 and B1), SUMO1-sumoylated lysine
(IB: Anti-SUMO1, green, A1), or SUMO2/3-sumoylated lysine (IB: Anti-SUMO2/3,
green, B1) followed by fluorescently-tagged secondary anti-IgG antibodies. The
lower panel of three is an overlay as in Fig. 3. A2 and B2) Quantification of data
shown in figures A and B, respectively, by Licor Odyssey fluorescent image
scanning and analysis software. Error bars indicate mean ± SD for four
independent experiments each, *p ≤ 0.05. C) Cells were treated, lysed and
harvested as in A and B. Lysates were concentrated by chloroform /methanol
extraction (Input), size-separated by SDS-PAGE, and immunoblotting performed
for detection of total Gsk3α/β protein (red; anti-Gsk3α/β), SUMO1-sumoylated
lysine (C1 green; anti-SUMO1), or SUMO2/3-sumoylated lysine (C2 green, antiSUMO2/3) followed by fluorescently-tagged secondary anti-IgG antibodies. D1)
After immunoprecipitation of Bcl11b and SDS-PAGE, the corresponding blot was
probed with antibodies against total Bcl11b (red) and ubiquitin (green). Error bars
indicate mean ± SD for three independent experiments. D2) Quantification of
data shown in D1 by Licor Odyssey fluorescent image scanning and analysis
software. Error bars indicate mean ± SD for four independent experiments each.
There was no significant different about the three groups.
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3.1

Abstract
Bcl11b is a site-specific transcription factor (SSTF) that is critical for proper

thymocyte development and establishment of a functioning immune system. We
have previously characterized the kinetic post-translational modifications (PTMs)
of Bcl11b in double positive (DP) thymocytes during stimulation of the T cell
receptor-activated MAP kinase pathway. However, the PTMs of Bcl11b in
thymocytes from other developmental stages in the thymus, primarily double
negative (DN) cells, have not been previously characterized. We have found that
kinetic modifications of Bcl11b in DN cells are somewhat different than the
patterns observed in DP cells. Distinct from DP thymocytes, phosphorylation and
sumoylation of Bcl11b in DN cells were not oppositely regulated in response to
activation of MAP kinase, even though hyper-phosphorylation of Bcl11b coincided
with near complete desumoylation. Additionally, prolonged stimulation of the MAP
kinase pathway in DN cells, unlike DP thymocytes, did not alter Bcl11b levels of
sumoylation or ubiquitination, or stability. On the other hand, activation of
Wnt/Gsk3-dependent signaling in DN cells resulted in composite
dephosphorylation and sumoylation of Bcl11b. We also observed higher activity of
Wnt signaling in DN cells compared to DP cells as indicated by higher β-catenin
levels and a higher ratio of long (β-catenin responsive) to short (β-catenin
independent) Tcf1 isoforms. Interestingly, unlike in DP thymocytes, we did not
observe an interaction between Bcl11b and Tcf1 in DN-like cells. Our results
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demonstrate that PTMs and specific interacting partners of Bcl11b in DN cells are
distinct from those previously characterized in DP thymocytes. Defining the
signaling pathways and regulation of SSTFs by PTMs at various stages of
thymopoiesis will provide information that may be used to improve our
understanding of leukemogenesis.
3.2

Introduction
Intrathymic T cell maturation proceeds in discrete stepwise developmental

stages to produce appropriate numbers of functional mature T cells [1], and is
associated with changes in accompanying T cell receptor (TCR) complexes [2].
The major stages of intrathymic development include specification whereby early
thymic progenitor cells entering from the bone marrow are converted in response
to Notch signaling to DN (double negative, i.e. lacking the CD4 and CD8 cell
surface markers) cells. In sub-stages of development, DN2 cells become
committed to the T cell lineage by passage to the DN3 stage. The cells then pass
quickly through the β selection checkpoint to transient ISP (intermediate single
positive) and onto DP (double positive, CD4+, CD8+) cells. Regulation of β
selection is controlled by signals through the pre-T cell receptor (pre-TCR)
complex which is expressed on DN3 thymocytes [2] . DP cells comprise the
majority of intrathymic T cells and are selected by a winnowing process to remove
cells that are autoreactive or inactive, with the survivors progressing to either
CD4+ or CD8+ SP (single positive) cells that migrate to the periphery for final
maturation. Progression and selection is controlled by intrathymic juxtracrine and

97
paracrine signals acting mainly but not exclusively through Notch [3], Wnt [4, 5],
pre-TCR [2, 6, 7] and TCR [8, 9] signaling pathways. Conversion of extracellular
signals into a coordinated genetic response is critical for each phase of
maturation. Breaks in communication at any stage may lead to aberrant
proliferation of dysfunctional progenitors as is suspected in childhood
leukemogenesis [10-12], or a shunting of cells into other pathways. (e.g. NKT or
dendritic cells) [13-15].
T cell development is strictly guided by site specific transcription factors
(SSTF), which are DNA binding proteins or DNA-binding complex-associated
proteins that regulate cell function in response to cellular signaling by altering
gene transcription programs. Signal transduction pathways modulate the activity
of transcription factors [16] through, among other means, reversible, covalent
post-translational modifications (PTMs). Modulation of SSTFs by signal
transduction-stimulated PTMs results in integration of external stimuli to
appropriate cellular responses [17]. The transcription factor B cell
leukemia/lymphoma 11B (Bcl11b, Ctip2) [18] is a highly modified SSTF on which
18 kinetically modified phosphorylation sites [19], 2 sumoylation sites,
ubiquitinylation sites [20], and 4 arginine methylation sites ([21] and our
unpublished data) have been identified. Bcl11b is mutated or disrupted in many
cases of T cell malignancy including 9-14% of human T-ALL patient samples [2224], suggesting that Bcl11b functions as a tumor suppressor in developing
thymocytes or T cells [25]. Bcl11b plays essential roles in thymocyte survival,
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maturation and maintenance of identity [26] through at least three major
checkpoints: T cell commitment at the DN2 to DN3 state [14, 15, 27], β selection
of DN3 to DP thymocytes [28], and positive selection to SP thymocytes ([29, 30].
Pre-TCR and TCR activation stimulates, among other intracellular signals,
the classical MAP kinase pathway that culminates in activation and nuclear
translocation of Erk1/2 [31-33]. Activation of Wnt receptors on thymocytes leads to
inhibition of Gsk3, allowing for accumulation of β-catenin followed by translocation
into the nucleus [34]. Both pre-TCR MAP Kinase and Wnt-Gsk3 signaling
pathways are required for proper maturation of DN to DP thymocytes [2, 4, 31, 35]
as is Bcl11b [28]. We demonstrated that Bcl11b in DP thymocytes is kinetically
modified by stimulation of the TCR/MAP kinase pathway [20] and Wnt-GSK3
signaling pathways (Chapter two). However, DN thymocytes contain a pre-TCR
complex whose structure and intracellular signaling components are subtly
different than the immature TCR in DP cells and that may signal significantly
different functional outcomes. For example, engagement of the pre-T cell receptor
in DN cells with anti-CD3 antibody resulted in cell proliferation, but in DP
thymocytes engagement of immature TCR receptor resulted in death [36].
Given the differences between activation of pre-TCR and immature TCR in
DN and DP cells, we sought to clarify the modifications of Bcl11b in DN
thymocytes in response to activation of both pathways MAP Kinase- and
Wnt/Gsk3-dependent signaling pathways.
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3.3

Materials and Methods

Cell culture
P2C2 (SCID.adh2C2) [37] cells were cultured at 37 °C, 5% CO2 in RPMI1640 medium plus 10% fetal bovine serum (FBS, Hyclone), 1% sodium
pyruvate,1% nonessential amino acids, and penicillin/streptomycin. Prior to
treatments, FBS in the cell medium was reduced to 2.5% and cells incubated for 5
hours.
Cell stimulation
To mimic activation of T-cell receptor signaling pathways including the
MAPK pathways, cells were treated with a combination of 100 nM phorbol 12,13dibutyrate and 500 nM A23187 (P/A) [20, 38], or with 0.1% DMSO as vehicle
control. To mimic stimulation of Wnt signaling pathway, thymocytes were treated
with 20 mM LiCl or with water as vehicle control. In experiments to induce
hyperphosphorylation, cells were treated with 50 nM calyculin A (Cell Signaling
Technology, Danvers, MA) or 0.1% DMSO as vehicle control.
Preparation of cell lysates
To study the posttranslational modifications (PTMs) of Bcl11b, cultured
cells were harvested and rapidly lysed by boiling for 25 min in denaturing 1% SDS
buffer containing 20 mM HEPES, pH 7.4, 200 mM NaCl, 2 mM EDTA, 10%
glycerol, and 1% SDS with the protease inhibitor cocktail of 0.1 mM PMSF,
1μg/mL pepstatin A, 5 μg/mL leupeptin, 10 μM E64. Included in the buffer were 50
mM NaF and 5 mM Na2P2O4 to broadly inhibit phosphatases, and 10 mM N-
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Ethylmaleimide to preserve sumoylation. Cell lysates were sonicated and then
cleared by centrifugation. Samples (1.5% of total cleared lysate) were removed
and proteins were extracted by chloroform/ methanol precipitation [39] for analysis
as input. The remaining lysates were diluted 10-fold in denaturing lysis buffer
without SDS but including 1.1% Triton-X100 and then immunoprecipitated [19,
20].
To preserve protein-protein interactions, a non-denaturing “native” lysis
buffer was used to lyse the cells that included 20 mM HEPES, pH 7.4, 250 mM
NaCl, 2 mM EDTA, 10% glycerol, and 0.5% NP-40 plus protease inhibitor cocktail
and the chemical compounds used to preserve sumoylation, ubiquitination and
phosphorylation as described above. P2C2 cells were incubated in native lysis
buffer on ice for 30 minutes with vortexing every 5 minutes, then sonicated on ice
to shear DNA. The resulting native cellular lysates were cleared by centrifugation,
1.5% were preserved for analysis as input, and the remained was used
immediately for immunoprecipitation.
Immunoprecipitation and Immunoblotting
For studies of PTMs, Bcl11b was immunoprecipitated from cell lysates with
0.25 µg/ml of rat anti-Bcl11b antibody clone #25B6 (Abcam, ab18465). To study
protein-protein interactions, immunoprecipitation of Bcl11b protein from native
lysates was performed using 0.25 µg/ml of goat anti-Bcl11b antibody covalently
linked to agarose beads (prepared as previously described in [20]). Anti-Tcf1
monoclonal antibody C46C7 (#2206, rabbit, Cell Signaling, 1:100 dilution) was

101
used for immunoprecipitation of Tcf1 from native lysates. Immunoprecipitated
samples were subjected to SDS-PAGE, and immunoblotting was performed with
one or more of the following selective antibodies: anti-Bcl11b (ab18465, Abcam,
rat, 0.5 ng/ml); anti-Erk 1/2 (sc-292838, Santa Cruz, rabbit, 1:1,000 dilution); antiphospho-Erk1 (pT202/pY204)/phospho-Erk2 (pT185/pY187) (ab50011, Abcam,
mouse, 1:10,000 dilution); anti-phospho-threonine/serine (9381,Cell Signaling,
mouse, 1:1,000 dilution); anti-SUMO-1 (ab32058, Abcam, rabbit,1:1,000 dilution);
anti-mono- and polyubiquitinylated conjugates (BML-PW8810-0100, ENZO,
mouse, 1:1,000 dilution); anti-Gsk-3α/β (sc-7291, Santa Cruz, mouse, 1:500
dilution); anti-phosphoserine21/9-Gsk-3α/β, (9331, Cell Signaling, rabbit, 1:1,000
dilution); and anti-β-Catenin (# 8480, Cell Signaling, rabbit, 1:1,000 dilution).
Immunoreactive bands were detected by use of the following fluorescentlytagged secondary antibodies from LI-COR: anti-rat IgG (680 nm, # 926-68076,1:
20,000 dilution); anti-rabbit IgG (680 nm, #926-68071, 1: 20,000 dilution); antimouse IgG (800 nm, #926-32210, 1: 5,000 dilution); anti-rabbit IgG (800 nm,
#926-32211,1: 5,000 dilution); anti-mouse IgG (680 nm, # 926-68070,1: 20,000
dilution). A LI-COR Odyssey scanner was used to visualize, quantify and analyze
the intensities of resultant fluorescent bands using LI-COR software
(ImageStudio, version 2.1).
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Statistical Analysis
Data were analyzed statistically by one-way analysis of variance (ANOVA)
followed by least significance difference (LSD) comparisons with SPSS statistics
software, version 24 (IBM); a p-value ≤ 0.05 was considered statistically significant.

3.4

Results

Phosphorylation kinetics of Bcl11b in P2C2 cells after stimulation with P/A.
Previous study [20] revealed that Bcl11b PTMs are modulated by the
TCR-linked MAPK signaling pathway in DP thymocytes. However, to the best of
our knowledge, the kinetics and regulation of Bcl11b PTMs in DN3 thymocytes
are unknown. To characterize the PTMs that regulate Bcl11b in DN3 thymocytes
upon stimulation of the MAPK pathway, we used a model system for DN3-like
thymocytes, P2C2 cells, and treatment with P/A for up to 2 h. Cells were
harvested and rapidly lysed by boiling in denaturing 1% SDS buffer to preserve
PTMs as described previously [19, 20]. As expected, P/A treatment of P2C2 cells
induced phosphorylation (activation) of Erk1/2, a key component of the MAPK
pathway, and Erk1/2 phosphorylation levels remained elevated for up to 8 hours
with continuous treatment (Fig. 3.1A & Fig. 3.3C). Bcl11b was phosphorylated on
Ser/Thr residues in the absence of stimulation and upon treatment with P/A,
phosphorylation was rapidly, transiently and significantly increased at 7 minutes.
Ser/Thr phosphorylation then declined to significantly less than basal
phosphorylation after 1 h of treatment. Finally, phosphorylation of Bcl11b
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returned to levels indistinguishable from basal after 2 h of P/A treatment (Fig.
3.1B).
The composite phosphorylation kinetics of Bcl11b in P2C2 cells are
roughly similar to the pattern that we previously observed in DP thymocytes [20].
One small difference in the time course is that dephosphorylation of Bcl11b
reached a maximum after 1 h of P/A stimulation in P2C2 cells rather than 30
minutes in DP thymocytes, more similar to the kinetics of Bcl11b
dephosphorylation in Jurkat cells [40].
Sumoylation kinetics of Bcl11b after stimulation with P/A and inhibition of
phosphatase in P2C2 cells.
P/A stimulation induced desumoylation of Bcl11b in P2C2 cells that was
statistically significant 1 to 2 h after stimulation (Fig. 3.2A). In P2C2 cells, both
phosphorylation and sumoylation of Bcl11b were significantly lower than basal
levels after 1 h of P/A treatment. This pattern is distinct from DP thymocytes in
which sumoylation and phosphorylation were regulated in opposition (i.e., over
the P/A treatment time course of 2 hours, increased sumoylation was coincident
with decreased phosphorylation and vice versa) [20]. To further investigate the
relationship between phosphorylation and sumoylation, we then treated P2C2
cells with 50 nM calyculin A, an inhibitor of class 1 and 2A phosphatases, for up
to 1 h, resulting in hyperphosphorylation of Bcl11b and associated with a clear
shift in gel mobility as seen previously. The hyperphosphorylation of Bcl11b
coincided with obliteration of detectable sumoylation (Fig. 3.2B), and mimicked
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the phosphorylation-desumoylation pattern that we previously reported in DP
thymocytes [20].
Bcl11b degradation and ubiquitination in P2C2 cells with extended P/A
treatment.
To determine the effect of prolonged treatment of P/A on stability and
PTMs of Bcl11b in DN3-like thymocytes, we treated P2C2 cells with P/A for up to
24 h. We observed that extended P/A stimulation of P2C2 cells is clearly different
in its effect on Bcl11b compared to DP thymocytes. Prolonged treatment with P/A
did not induce degradation of Bcl11b protein in P2C2 cells (Fig. 3.3A1, B1 & C),
and ubiquitination and sumoylation were not changed dramatically (Fig. 3.3A
(1&2) &B (1&2)). Erk1/2 activation induced by P/A treatment decreased in timedependent manner over 24 h in P2C2 cells (Fig. 3.3C).
LiCl treatment of P2C2 cells, and regulation of Bcl11b PTMs, kinases, and
β-catenin.
In addition to the MAP kinase pathway, Wnt signaling through a Gsk3/βcatenin-dependent signaling pathway is also required for proper development of
DN thymocytes. Inhibition of Gsk3, indicated by phosphorylation, is required for
accumulation of β-catenin. LiCl is a Gsk3 inhibitor that is commonly used to
mimic activation of Wnt signaling pathways. We treated P2C2 cells with 20 mM
LiCl and observed a time-dependent increase in phosphorylation of phospho-S21
in Gsk3α and phospho-S9 in Gsk3β (Fig. 3.4A1 & A2), indicative of Gsk3
inhibition [41]. Inhibition of Gsk3 by LiCl treatment also resulted in accumulation
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of β-catenin, reaching a maximum level at 8 h and sustained to 24 h after LiCl
stimulation. Interestingly, and distinct from DP thymocytes in which β -catenin
was undetectable prior to GSK3 inhibition (Chapter two, Fig. 2.7C), unstimulated
DN3-like thymocytes have a relatively high level of β-catenin (Fig. 3.4A1). As
expected, LiCl treatment did not affect the activity of Erk1/2 in P2C2 cells.
Next, we sought to investigate the effect of Wnt-Gsk3 pathway activation
on the phosphorylation status of Bcl11b in P2C2 cells. Coincident with inhibition
of Gsk3 activity, LiCl treatment for 24 h induced rapid, sustained and significant
dephosphorylation of Bcl11b, reaching a maximum decrease at 8 h.
Sumoylation (SUMO1) kinetics of Bcl11b after LiCl treatment of P2C2 cells.
In addition to dephosphorylation of Bcl11b, activation of the Wnt/Gsk3
pathway by LiCl resulted in a rapid, sustained and significant increase in
sumoylation of Bcl11b up to 24 h after treatment. Coincident with maximum
dephosphorylation, maximum sumoylation of Bcl11b after LiCl stimulation
occurred at 8 h post-stimulation (Fig. 3.5A1, A2).
Bcl11b status in P2C2 cells following extended treatment with LiCl.
Following 24 h treatment of DP thymocytes with P/A, Bcl11b sumoylation
was accompanied by ubiquitinylation in preparation for proteosomal degradation
[20]. However, a significant increase in sumoylation of Bcl11b induced by
prolonged treatment of P2C2 cells with LiCl did not change its ubiquitinylation
status and did not appear to stimulate degradation of Bcl11b (Fig. 3.6A).
Bcl11b-Tcf1 interaction in P2C2 cells.
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Tcf1 is a SSTF and the effector of Wnt signaling in the nucleus of
thymocytes. Tcf1 exists as multiple splice variants in thymocytes (at least 8
different forms), the shorter versions of which are lacking the β -catenin binding
site and are thought to have separate and likely antagonistic functions relative to
the longer, β-catenin-sensitive isoforms [42-44]. Activation of Wnt signaling
increases the ratio of longer to shorter Tcf1 isoforms presumably alleviating the
“antagonistic” activity of the short form that are proposed to interfere with long (βcatenin) responsive activation of Tcf1 responsive genes [43, 45].
DN3-like cells express a higher proportion of Tcf1 longer isoforms (45-72
kDa) compared to shorter “antagonistic” Tcf1 isoforms (36-45 kDa), (Fig. 3.7A).
Higher expression of both β-catenin (Fig. 3.4A1) and long activating Tcf1 isoforms
(Fig. 3.7A) indicates higher basal activity of the Wnt signaling pathway in DN3-like
thymocytes compared with DP thymocytes.
A physical interaction between Bcl11b and Tcf1 was previously established
in DP thymocytes where Bcl11b appears to preferentially (but not exclusively)
interact with shorter Tcf1 isoforms, and this interaction is regulated by the Wnt
signaling pathway (Chapter two). To determine if Bcl11b and Tcf1 are also
interacting in DN3-like thymocytes, co-immunoprecipitation studies were
performed using P2C2 cell lysates prepared under conditions that preserve
protein-protein interactions. Native cellular lysates were immunoprecipitated with
either antibody against Bcl11b or a monoclonal antibody that detects all Tcf1
isoforms. Unlike DP thymocytes, reciprocal co-immunoprecipitation studies
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followed by western blotting analysis in P2C2 cells did not show Bcl11b-Tcf1
interaction at detectable levels either in non-stimulated cells or after stimulation of
Wnt signaling pathway using 20 mM LiCl for up to 24 h. (Fig. 3.7A&B).
3.5

Discussion

Pre-TCR-MAPK pathway regulation of Bcl11b PTMs in P2C2 cells:
Thymocyte development proceeds through stages of increasingly
restricted potential, specified and strictly coordinated by numerous SSTFs [46].
SSTFs act as information nodes [47], integrating external and internal signals
into gene expression programs often through regulation by PTMs [17] to control
appropriate cellular development and function [17]. Bcl11b is an essential SSTF
in proliferation and proper differentiation of thymocytes [28, 46] which is also
highly modified by PTMs [19, 20]. Dysregulation of Bcl11b has been linked to Tcell malignancies [22, 48].
In mouse thymocytes, Bcl11b exists in association with the NuRD
(nucleosome remodeler and deacetylase) complex [18, 29] and appears to
function mainly but not exclusively as a transcriptional repressor [20, 49]. Our
research groups previously characterized Bcl11b PTMs and kinetics in double
positive (DP) thymocytes over a stimulation time course following treatment with
P/A, a drug combination previously established to mimic mature T cell receptor
activation [20]. We found that stimulation-dependent dephosphorylationsumoylation of Bcl11b was coincident with reduction of its repressive
transcriptional activity at the Id2 target oncogene through recruitment of the
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histone acetyltransferase (HAT) p300 coactivator without replacement of NuRD
complex [20]. Additionally, extended P/A treatment then prepared Bcl11b for
ubiquitinylation and proteaosomal degradation in stimulated DP thymocytes [20].
We sought to characterize the PTMs modifying Bcl11b in DN3-like cells to
better understand the regulation of this protein in an earlier thymocyte context.
Bcl11b is expressed earliest in DN2 cells. Herein, we quantitated the alteration in
Bcl11b PTMs in a DN3-like cell line following stimulation with the TCR/MAP
kinase pathway activators P/A and the classic Wnt/Gsk3/β-catenin pathway
activator LiCl. DN thymocytes are very scarce in the thymus, comprising about
1% of all thymocytes [50] and cannot be maintained in culture [51]. To address
this issue, we identified Bcl11b PTMs in DN cells by utilizing an in vitro model
system, P2C2 (SCID.adh2c2) cells, as a surrogate for DN3 cells. These cells
were originally isolated from a spontaneously arising thymic lymphoma in SCID
mice, which was adapted to grow in vitro [52]. P2C2 cells are newly-committed
DN3 thymocytes arrested prior to β-selection due to a defect in TCR gene
rearrangement which is inherent in SCID mice [37, 52].
Stimulation of pre-TCR signaling pathways (present in DN cells) using P/A
was previously shown to result in activation of Erk1/2, a known downstream
effect of activation of the pre-TCR complex in a DN-like cell line derived from
SCID mice [31]. In P2C2 cells, activation of Erk1/2 by P/A treatment is sustained
for up to 8 h and is prolonged in P2C2 cells compared to DP thymocytes where
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Erk1/2 activity increases up to 1 h and then decreases after stimulation with P/A
[20].
As described herein, Erk1/2 activation by P/A coincided with rapid and
transient phosphorylation of Bcl11b after 7 minutes, followed by a decline in
phosphorylation to less than basal before returning to a basal level of
phosphorylation after 120 minutes of treatment. This effect of P/A on Bcl11b
phosphorylation kinetics over 2 h directly mimics that seen with P/A treatment of
DP thymocytes [20]. As in DP thymocytes, we suggest that Bcl11b
dephosphorylation in P2C2 cells after 30 minutes of P/A stimulation may be a
result of Erk1/2 activation of a slower phosphatase(s) resulting in the bimodal
phosphorylation followed by dephosphorylation pattern of Bcl11b in P2C2 cells.
In addition to transient phosphorylation followed by dephosphorylation of
Bcl11b, P/A treatment resulted in transient desumoylation of Bcl11b up to 2 h,
followed by a return to basal sumoylation levels after 4 h of treatment in P2C2
cells. The effect of P/A on sumoylation of Bcl11b in P2C2 is different than the
kinetic pattern observed in DP thymocytes. In DP thymocytes, a Bcl11b phosphodesumo switch results in opposing regulation of phosphorylation and sumoylation
levels on Bcl11b, i.e., dephosphorylation of Bcl11b promotes resumoylation of
this protein by decreasing interaction with SENP proteases which mediate
desumoylation of BCl11B [20]. Therefore, we propose that differences between
DP and DN3 cell signaling networks, two distinct stages of thymocyte
development, linked to pre-TCR and immature TCR lead to somewhat different
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regulation and distinct kinetics of PTMs on Bcl11b. To further investigate the
relationship of phosphorylation to sumoylation in P2C2 cells, we treated with
calyculin A, a broad inhibitor of type 1 and 2A phosphatases, to induce
hyperphosphorylation of cellular proteins including Bcl11b. Treatment of P2C2
cells with calyculin A resulted in near complete desumoylation of Bcl11b,
confirming that a Bcl11b phosphorylation-desumoylation link or switch is active in
DN3-like thymocytes but not in response to P/A treatment.
Prolonged treatment of DP cells with P/A was previously shown to result in
resumoylation of Bcl11b, increased ubiquitinylation at 6 to 8 h, and near
complete proteosomal degradation by 24 h [20]. In contrast, treatment of P2C2
cells with P/A for 2 to 24 h resulted in little change in Bcl11b ubiquitination or
sumoylation. Over the same time course, Erk1/2 activation increased and then
started to decline after 8 h of P/A treatment. Further, and somewhat surprisingly,
Bcl11b remained intact (i.e., was not degraded) up to 24 h after stimulation of
P2C2 cells with P/A. The lack of degradation is consistent with the lack of change
in Bcl11b ubiquitinylation status over 24 h of P/A stimulation with P/A. The
reason for and consequence of the stability of Bcl11b in P2C2 cells relative to DP
cells following cell stimulation is unknown.
We demonstrate that the PTMs modifying Bcl11b after stimulation with
P/A in DN thymocytes are somewhat distinct from those described in DP
thymocytes, and might be attributable to differences in intracellular signaling
networks between the two distinct stages of thymocyte development. Differences
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between DN and DP cells include the structural differences in the TCR α subunits
and in the signaling pathway components. Functionally, stimulation of pre-TCR
signaling in DN thymocytes with anti-CD3 antibody resulted in proliferation of DN
thymocytes. However, stimulation of immature TCR signaling in DP thymocytes
with the same antibody resulted in increased apoptosis of DP thymocytes [36].
These different functional outcomes suggest that even though pre-TCR and
immature TCR complexes are very similar in proximal signaling components,
there are important differences in the signaling networks depending on stage of
thymocyte development.
Wnt/Gsk3 pathway regulation of Bcl11b PTMs in P2C2 cells:
In parallel to signals induced via the pre-TCR-MAP kinase pathway, the
Wnt/Gsk3/β‐catenin signaling pathway is also required for proper differentiation
of DN3 cells into DP thymocytes [4]. Deletion of β‐catenin, which is considered
the central mediator of the classic Wnt/Gsk3 signaling pathway, resulted in
impairment of differentiation of DN3 into DP thymocytes [53]. Interestingly, some
data in the literature suggest that an interplay may exist between the pre-TCR
and Wnt /Gsk3 signaling pathways during DN thymocyte development. Activation
of pre-TCR signaling transiently stabilizes β‐catenin in DN thymocytes [54],
potentially influencing the strength or duration of Wnt/Gsk3 pathway activation.
Conversely, the Wnt/Gsk3 pathway was also suggested to affect pre-TCR
signaling where deletion of β‐catenin reduced induction of early growth factor
gene expression associated with pre-TCR signaling activation [54]. Collectively,
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the interplay and cooperation of pre-TCR and Wnt/Gsk3 pathways are required
for driving proper differentiation of DN thymocytes.
Interestingly, one example of the differences in cellular context between
DN and DP thymocytes is the activity of the Wnt signaling pathway. As previously
shown by others [55], DN cells have a significantly higher basal level of β‐
catenin, and a higher ratio of “activating” long Tcf1 isoforms relative to “inhibitory”
short Tcf1 isoforms compared with DP thymocytes. DN thymocytes also have
lower levels of Wnt inhibitory molecules such as Axin and HMG2L1 than DP cells
[55].
Accordingly, we have characterized the PTMs of Bcl11b after stimulation
of the Wnt/Gsk3 signaling pathway in DN3-like cells (P2C2 cells). To mimic
stimulation of Wnt/Gsk3 signaling, we treated P2C2 cells with LiCl which resulted
in inhibition of Gsk3 and enhanced accumulation of β-catenin, but did not affect
Erk1/2 activity, as expected. Thus, any resultant effects of LiCl treatment on
Bcl11b were not a result of off-target effects on the MAPK pathway. Treatment of
P2C2 cells with LiCl for 24 h resulted in composite Ser/Thr de-phosphorylation
and increased sumoylation of Bcl11b. Enhancement of Bcl11b sumoylation over
24 h of LiCl treatment was not associated with a change in ubiquitinylation of
Bcl11b and did not affect Bcl11b stability.
LiCl treatment reduced Bcl11b phosphorylation levels without a transient
increase, which was different from the kinetics of phosphorylation following P/A
treatment. Our data suggest that Gsk3 may be a kinase that maintains basal
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phosphorylation of Bcl11b in thymocytes. Stable enhancement of Bcl11b
sumoylation that coincided with dephosphorylation of the protein is further
support for an intact dephosphorylation-sumoylation switch in Bcl11b at least in
some contexts in P2C2 cells similarly to DP thymocytes. As we saw with P/A
treatment, enhancement of Bcl11b sumoylation in P2C2 cells over long-term
treatment with LiCl was not accompanied by a notable increase of Bcl11b
ubiquitinylation or proteosomal degradation.
Distinct from DP thymocytes, Bcl11b did not co-immunoprecipitate with
Tcf1 in P2C2 cells at a detectable level by western blotting analysis. We have
previously established that an intact Tcf1-Bcl11b interaction in primary
thymocytes (predominantly DP cells) is significantly and substantially decreased
upon stimulation of Wnt signaling pathway in a time-dependent manner. The lack
of a detectable Tcf1-Bcl11b interaction in the DN3-like cells may be attributed to
the higher basal activity of Wnt signaling pathway in these cells compared with
DP thymocytes. The mechanism by which activation of Wnt/Gsk3-dependent
signaling alters the Tcf1-Bcl11b interaction is unknown but may partially result
from the reduced levels of shorter Tcf1 isoforms in the P2C2 cells and/or other
aspect of generally elevated Wnt pathway activation in these cells. In primary
thymocytes, Bcl11b preferentially interacted with short Tcf1 isoforms, and the
DN3-like cells express a higher ratio of long versus short TCf1 isoforms,
potentially resulting in a very weak or non-existent Tcf1-Bcl11b interaction.
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In summary, in addition to pre-TCR/MAPK signaling pathway, the
Wnt/Gsk3 signaling pathway is also involved in modulation of Bcl11b PTMs in
DN3-like thymocytes. Our data suggest that Bcl11b is a nuclear effector that
serves as a convergence point for coupling pre-TCR-MAPK and Wnt/Gsk3
pathways in DN3-like thymocytes.
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3.6

Figures
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Figure 3.1. Phosphorylation kinetics of Bcl11b and changes in the activity of
Erk1/2 in P2C2 cells after stimulation with P/A.
P2C2 cells were treated with 100 nM phorbol 12,13 dibutyrate and 500 nM
A23187 (P/A) and harvested with denaturing 1% SDS buffer at indicated times
post-stimulation (min). A) After harvest,1.5% of cellular lysate was concentrated
by chloroform /methanol extraction, size-separated by SDS-PAGE and processed
for immunoblot detection of total Erk1/2 and phosphorylated-Erk1/2 protein with
specific antibodies (anti-total Erk1/2, rabbit; anti-phospho-Erk1
(pT202/pY204)/phospho-Erk2 (pT185/pY187), mouse) followed by fluorescentlytagged secondary anti-IgG antibodies (green anti-mouse IgG, 800 nm and red
anti-rabbit IgG, 680). B1) Bcl11b was immunoprecipitated from P2C2 lysates.
Immunoblots were processed for detection of total Bcl11b protein (anti-Bcl11b,
rat) and phosphorylated Ser /Thr (anti-Phospho S/T, mouse) followed by
fluorescently-tagged secondary anti-IgG antibodies (green: anti-mouse IgG, 800
nm; red: anti-rat IgG, 680 nm) The lower panel is an overlay of upper and middle
blots with yellow indicating overlapping signals. Migration of protein molecular
weight standards are indicated at left (MW kDa). B2) Data from quantification of
fluorescence intensity for each sample lane from 95 to 250 kDal shown in figure
1B1 is plotted as the ratio of phosphorylated to total Bcl11b as obtained by Licor
Odyssey fluorescent image instrumentation and analysis software. Error bars
indicate mean ± S.D. for three independent experiments, *p ≤ 0.05.
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Figure 3.2. Sumoylation kinetics of Bcl11b after stimulation with P/A and
inhibition of phosphatase in P2C2 cells.
Cells were treated with P/A for times indicated, and samples processed as in
figure 1. A1) Immunoblots were processed for detection of total Bcl11b protein
(anti-Bcl11b, rat) and sumoylated lysine (anti-SUMO1, mouse), followed by
fluorescently-tagged secondary anti-IgG antibodies. The lower panel is an overlay
of the other panels with yellow indicating overlapping signals. A2) Data from
quantification of fluorescence intensity for each sample lane from 95 to 250 kDal
shown in figure 2A1 is plotted as the ratio of phosphorylated to total Bcl11b. Error
bars indicate mean ± S.D. for three independent experiments, *p ≤ 0.05.
B1) Phosphorylation kinetics of Bcl11b after phosphatase inhibition in P2C2 cells.
P2C2 cells were pretreated with the phosphatase inhibitor 50 nM calyculin A (Cal
A) or vehicle for times indicated. Cells were harvested, lysed and Bcl11b was
immunoprecipitated as in Fig. 3.1. Immunoblots were processed for detection of
total protein (anti-Bcl11b; rat) or phosphorylated Ser /Thr (anti-Phospho S/T;
mouse) followed by fluorescently-tagged secondary anti-IgG antibodies (green:
anti-mouse IgG, 800 nm; red: anti-rat IgG, 680 nm). B2) Sumoylation kinetics of
Bcl11b after phosphatase inhibition in P2C2 cells. The blot in B1 was stripped and
re-immunoblotted for detection of total protein (anti-Bcl11b; rat) or sumoylated
lysine (anti-SUMO1; rabbit), followed by fluorescently-tagged secondary anti-IgG
antibodies (red anti-rat IgG, 680 nm; green: anti-rabbit IgG, 800 nm).

119

120
Figure 3.3. Bcl11b degradation and ubiquitination in P2C2 cells with
extended P/A treatment.
P2C2 cells were treated P/A for times indicated up to 24 hr. Detergent lysates
were immunoprecipitated with anti-Bcl11b antibodies and processed for
immunoblotting as in figure 1. A1) Immunoblots were processed for detection of
total Bcl11b protein (anti-Bcl11b, rat) and ubiquitinylated Bcl11b (anti- mono- and
poly-ubiquitinylated conjugate monoclonal antibody, mouse) followed by
fluorescently-tagged secondary anti-IgG antibodies. A2) Quantification of data
shown in figure A1 by Licor Odyssey Image Analysis software. Error bars indicate
+/- range for two independent experiments. B1) The blot in figure 3A was then
stripped and immunoblotted with anti-Bcl11b (rat), or anti-SUMO1 (mouse)
antibodies followed by detection with appropriate fluorescently-tagged secondary
anti-IgG antibodies as in figure 2A1. B2) Quantification and analysis of the
fluorescently visualized data shown in figure B1 by Licor Odyssey Image scanner
software. Error bars indicate +/- range for two independent experiments. C) Input
fractions: Detergent lysates from P/A treated P2C2 cells (1.5% of each sample
prior to immunoprecipitation) were concentrated, separated by SDS-PAGE and
processed for immunoblot detection of total Bcl11b (red), phosphorylated (green)
and total Erk1/2 (red) as in figure 1A.
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Figure 3.4. LiCl treatment of P2C2 cells and phosphorylation kinetics of
Bcl11b, Gsk3α/β and Erk1/2 activity and accumulation of β-catenin.
P2C2 cells were treated with 20 mM LiCl or vehicle for the times indicated, and
cells were harvested and lysed using denaturing 1% SDS buffer as in figure 1. A1)
Input fractions: Detergent lysates from LiCl treated P2C2 cells (1.5% of each
sample prior to immunoprecipitation) were concentrated, separated by SDSPAGE and processed for immunoblot detection of total Gsk3-α and β isoforms (rat
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antibody, red) and phosphorylated Gsk3-α and β (mouse, green), β-catenin
(mouse, green); Erk1/2 (rat, red), or phosphorylated Erk1/2 (mouse, green).
Molecular weights for each blot are indicated at left. A2) Quantification of
fluorescent intensity of total Gsk3-α/β and phosphorylated Gsk3α/β shown in
figure 4A1 by Licor Odyssey fluorescent scanning and analysis software. Error
bars indicate mean ± S.D. for three independent experiments, *p ≤ 0.05. B1)
Immunoblots were processed for detection of total Bcl11b (anti-Bcl11b; rat) or
phosphorylated Ser /Thr (anti-Phospho S/T; mouse) followed by fluorescentlytagged secondary anti-IgG antibodies (green: anti-mouse IgG, 800 nm; red: antirat IgG, 680 nm, lower panel overlay of upper and middle panels with yellow
indicating overlapping signals). B2) Quantification of fluorescent intensity in each
lane shown in figure B1 by Licor Odyssey instrumentation and analysis software.
Error bars indicate mean ± S.D. for three independent experiments, *p ≤ 0.05.
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Figure 3.5. Sumoylation (SUMO1) kinetics of Bcl11b after LiCl treatment of
P2C2 cells.
P2C2 cells were treated with 20 mM LiCl for the indicated times, and cells were
harvested and lysed as described in figure 1 with denaturing 1 % SDS buffer plus
10 mM N-ethylmaleimide to inhibit de-sumoylation. Bcl11b was
immunoprecipitated as described in methods followed by SDS-PAGE separation
and processed for immunoblotting. A1) Immunoblots were processed for detection
of total Bcl11b protein (Anti-Bcl11b; rat) and sumoylated lysine (Anti-SUMO1;
rabbit) followed by fluorescently-tagged secondary anti-IgG antibodies (red: antirat IgG, 680 nm, green: anti-rabbit IgG, 800 nm,). The lower panel of three is an
overlay. Migration of protein molecular weight standards are indicated at left (MW
kDa). A2) Quantification of fluorescent intensity in each lane shown in figure 5A1
by Licor Odyssey instrumentation and analysis software. Error bars indicate mean
± S.D. for four independent experiments, *p ≤ 0.05.
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Figure 3.6. Bcl11b degradation and ubiquitination in P2C2 cells following
extended treatment with LiCl.
P2C2 cells were treated LiCl or vehicle for times indicated. Cells were harvested,
lysed and Bcl11b was immunoprecipitated as in figure.1A. A1) Immunoblots were
processed for detection of total Bcl11b (anti-Bcl11b; rat) and ubiquitinylated
Bcl11b (monoclonal antibody against mono-and polyubiquitinylated conjugate;
mouse) followed by fluorescently-tagged secondary anti-IgG antibodies (red antirat IgG, 680 nm, and green anti-mouse IgG, 800 nm). A2) Quantification of
fluorescent intensity in each lane shown in figure 6A1 by Licor Odyssey
instrumentation and analysis software. Error bars indicate mean ± SD for four
independent experiments, *p ≤ 0.05. A3) Input samples: Prior to
immunoprecipitation of samples, 1.5% of the extracted cell lysates were
concentrated and size separated by SDS-PAGE. Immunoblots were processed for
detection of total Bcl11b (anti-Bcl11b; rat) followed by fluorescently-tagged
secondary anti-IgG antibody (red anti-rat IgG, 680 nm).
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Figure 3.7. Bcl11b and Tcf1 in P2C2 cells:
P2C2 cells were treated with 20 mM LiCl or vehicle for 24 h and harvested using
native lysis buffer to preserve protein-protein interactions. A) Prior to
immunoprecipitation, 1.5% of each cell lysate was taken, concentrated and
separated by SDS-PAGE (input). The remaining native lysates were
immunoprecipitated (IP) with rabbit IgG as control or anti-Tcf1 antibody (rabbit
origin), then processed for size separation by SDS-PAGE followed by
immunoblotting with anti-Tcf1 (rabbit origin) and anti-Bcl11b (rat origin).
Immunoreactive bands were detected by fluorescently-tagged secondary anti-IgG
antibodies (green: anti-rabbit IgG, 800 nm and red: anti-rat IgG, 680 nm). Tcf1 is
expressed as multiple splice variants ranging from 36 to 72 kDa, distinguished as
long isoforms (45-72 kDa) and short isoforms (36-45 kDa) indicated in the boxed
regions.
B) An aliquot of each lysate (1.5%) was processed as input, and the remainders
were immunoprecipitated with goat IgG control or anti-Bcl11b antibody (goat
origin) covalently linked to agarose beads. Samples were processed for size
separation followed by immunoblotting with anti-Bcl11b and anti-Tcf1 antibodies
as in A.
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SSTFs play essential roles in regulation of gene expression programs
which are, in turn, critically important for development of all tissues, including
thymocytes. In response to multiple signaling inputs, SSTF activities are highly
and precisely regulated by diverse means such as alterations in PTMs and/or
protein-protein interactions. In these studies, we have identified a previously
unknown, dynamically regulated interaction between Bcl11b and Tcf1, two
requisite T cell lineage-determining SSTFs [1]. Our studies characterized the key
PTMs of Bcl11b in DN thymocytes for the first time and determined Bcl11b to be a
novel target of Wnt/GSK3 signaling pathway in two distinct stages of thymocytes
development (DN and DP thymocytes). Moreover, our studies indicate
convergence of both pre-TCR and/or TCR/MAP kinase and Wnt/GSK3 pathways
on the regulation of Bcl11b in thymocytes.
In DP thymocytes, we identified a novel interaction between Bcl11b and
Tcf1, the classic nuclear effector of Wnt/GSK3 signaling pathway, and this
interaction was dynamically regulated upon stimulation of the signaling pathway
using LiCl. Moreover, we provided evidence that in addition to TCF1, BCL11B is
also able to simultaneously participate in a complex (or complexes) with βcatenin. A dynamically-regulated, physical interaction between Bcl11b-Tcf1 has
not previously been identified in any cell type nor has been the association
between BCL11B-β-catenin previously reported. Our finding in DP thymocytes
that the Bcl11b-Tcf1 interaction is decreased upon stimulation of the canonical
Wnt signaling pathway and our data in P2C2 cells indicating a higher basal
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activity of Wnt signaling in these cells compared to DP thymocytes prompted us to
hypothesize that the Bcl11b-Tcf1 association is affected by elevated basal Wnt
signaling in P2C2 cells. In agreement, we were not able to detect a Bcl11b-Tcf1
interaction in DN3-like thymocytes by western blot assay after coimmunoprecipitation. However, β-catenin levels are also elevated in unstimulated
Jurkat cells as a result of transformational mutations, and the BCL11B-TCF1
interaction, along with a BCL11B-β-catenin interaction is intact in these cells.
Thus, we cannot fully explain the lack of TCF1-BCL11B interaction in P2C2 cells
solely as a result of elevated β-catenin levels. Wnt signaling pathways
components, including levels of endogenous inhibitors of Wnt signaling, differ
from cell type to cell type and the full array of relevant players in the different cell
lines, and their impact on a TCF1-BCL11B interaction and subsequent gene
regulation remains to be fully explored.

To study the role of sumoylation of BCL11B in mediating its interaction with
TCF1 and/or β-catenin, we utilized CRISPR/Cas9-mediated genome editing to
generate two mutant forms of BCL11B which are lacking one or both SUMOacceptor sites. We found that neither sumoylation nor deletion of up to 285 amino
acids at the C-terminus of the BCL11B are required for the protein to complex with
TCF1 and/or β-catenin in Jurkat cells. Identification of a Bcl11b -Tcf1 interaction in
native thymocytes and a BCL11B- β-catenin complex in Jurkat cells opens new
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avenues to investigate the functional relevance of these complexes in these cells
and other cell types with possible implications in cancer biology.
Analysis of available ChIP-seq data sets revealed that Bcl11b and Tcf1 cooccupy the promoters of many genes that are involved in regulation of thymocyte
proliferation, differentiation and survival. We used this information to design a
reporter gene assay to study the interplay between TCF1 and BCL11B on a
common promoter. Individually, knockout of Tcf1 [2] and Bcl11b [3] in thymocytes
have been shown to decrease BCL-xL levels, suggesting that both activate the
Bcl2l1 gene. Results from reporter gene assay studies confirmed that both SSTFs
individually activate Bcl2l1 expression, although the magnitude of increase is
greater with BCL11B than TCF1 in unstimulated cells. In contrast, when coexpressed, the two SSTFs behaved in a mutually antagonistic manner to regulate
the Bcl2l1 gene promoter. Thus, our studies provide the first evidence that a
BCL11B-TCF1 interaction may affect BCL-xL expression, and suggest that a
BCL11B-TCF1 complex may integrate signals from different pathways to regulate
cell survival in the developmental selection steps that allow for proliferation of
functional but non-self-reacting T cells, for example. Next steps will be to develop
an approach that allows for the gene reporter assays to be repeated in the
presence of Wnt pathway stimulation. Unfortunately, 20 mM LiCl interferes with
luciferase activity and is not a suitable activator in this system.
Assays for composite phosphorylation and sumoylation revealed that
Bcl11b is a target of the canonical Wnt/GSK3 pathway in DP thymocytes in
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addition to its previously established position as a nuclear target of the TCR/MAP
kinase [4] pathway (See Table 4.1). Activation of Wnt signaling coincided with
sustained dephosphorylation and increased sumoylation of Bcl11b up to 24 h
treatment, with a maximum at 2 h post-stimulation. Additionally, distinct from
stimulation of MAP kinase previously established in DP thymocytes, sustained
sumoylation of Bcl11b induced by LiCl was not associated with dramatic changes
in Bcl11b ubiquitinylation and stability.
The PTMs which regulate Bcl11b in DN thymocytes are unknown. To
address Bcl11b PTMs in these cells, we adopted an in vitro model, P2C2 cells,
which are thymocytes arrested at the DN3 stage. The composite PTMs of Bcl11b
after stimulation of pre-TCR /MAP kinase pathway in DN3-like thymocytes are
similar to those previously described in DP thymocytes [4]. Specifically,
phosphorylation of Bcl11b is rapidly increased after stimulation of MAP kinase
pathway by P/A and then dephosphorylated (maximum at 1 h post-stimulation)
before a return to basal phosphorylation levels after 2 h. Unlike DP thymocytes,
de-sumoylation of Bcl11b (maximum at 1-2 h) induced after stimulation of preTCR/MAP kinase pathway in P2C2 cells did not coincide with increased
phosphorylation of serine or threonine residues in Bcl11b. However,
hyperphosphorylation of Bcl11b induced by a phosphatase inhibitor obliterates
sumoylation of Bcl11b in DN3-like thymocytes, similar to the effect of
hyperphosphorylation on Bcl11b in DP thymocytes.
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Our studies reveal that stimulation of Wnt/GSK3 in P2C2 cells using LiCl
also resulted in significant changes in Bcl11b PTMs indicated by sustained
dephosphorylation and increased sumoylation of the protein up to 24 h of
treatment with maximum changes at 8 h after stimulation. Similar to DP
thymocytes, ubiquitinylation of Bcl11b, which usually targets the protein for
proteasomal degradation, did not change in P2C2 after 24 h stimulation by LiCl
and did not appear to affect protein stability.
The effects of both MAPK and Wnt/Gsk3 pathways on Bcl11b PTMs in
DN3-like P2C2 cells and primary (mostly DP) thymocytes are summarized in
Table 4.1.

Table 4.1: Treatment effects on Bcl11b PTMs.
Treatment
P/A [4]

System
Primary
thymocytes

Phosphorylation
Transient increase at
7 min, maximum dephosphorylation at 30
min, return to basal
level at 2 h.

Sumoylation
Transient desumoylation at 7
min, re-sumoylation
within 30 min with a
maximum at 1h.

Ubiquitinylation
Maximum at 6 h
followed by protein
degradation at 8-24
h.

P/A

P2C2 cells

Transient increase at
7 min, maximum dephosphorylation at 60
min, return to basal
level at 2 h.

No notable change
in protein
ubiquitination or
stability to 24 h.

LiCl

Primary
thymocytes

De-phosphorylation
maximum at 2 h,
sustained to 24 h.

LiCl

P2C2 cells

De-phosphorylation
maximum at 8 h,
sustained to 24 h.

De-sumoylation
maximum at 1-2 h,
return to basal level
at 4 h and
sustained up to 24
h.
Sumoylation
increase maximum
at 2 h, sustained to
24 h.
Sumoylation
increase maximum
at 8 h, sustained to
24 h.

No change in
ubiquitinylation or
stability to 24 h.
No change in
ubiquitinylation or
stability to 24 h.
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There are only small differences between the cell types in terms of
treatment effects on Bcl11b PTMs summarized in Table 4.1, and the differences
are mostly in terms of timing, with events delayed a bit in the P2C2 cells relative
to primary thymocytes. Other differences between the cell types that are most
striking are related to intracellular signaling events. For example, Erk1/2 activation
induced by P/A was constant up to 8 h in DN3 thymocytes, whereas it increased
and then decreased over 1h in DP thymocytes in response to same stimulant [4].
There is also a higher basal level of β-catenin in DN3 cells compared to DP
thymocytes, implying a basal activation of Wnt pathway or perhaps a basal
inhibition of Gsk3 in these cells.
Differences in Bcl11b PTMs likely impose specific functions at specific
stages of thymocytes development. Sumoylation, which appears to be regulated
by phosphorylation of Bcl11b in primary thymocytes, de-represses BCL11B
activity at the Id2 gene in transfected HEK293T cell system [4]. Differences in
Bcl11b PTMs across distinct developmental stages may regulate differential
expression of target genes critical for appropriate developmental progression.
BCL11B, TCF1, and GATA3 are considered the three T cell lineagespecifying SSTFs and act in combinatorial fashion to guide stepwise development
of thymocytes into T cells [5] . Herein, we demonstrated that Bcl11b interacts with
Tcf1 in thymocytes. Others have recently identified a Bcl11b interaction with
GATA3 in CD4+ T helper cells [6]. Identifying the full and dynamic interactome of
BCL11B through distinct stages of thymocyte development and under various
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conditions will help to decipher the molecular mechanisms that regulate normal
thymocyte development and pathophysiology of transformation.
Our studies pave the way for future investigations to understand the
functional relevance of the BCL11B-TCF1 interaction in transcriptional regulation
of many other genes that are required for thymocyte development and how PTMs
of BCL11B and its interactome might change in disease states. The potential to
pharmacologically alter SSTF functions through manipulation of their PTMs and/or
protein-protein interactions may provide a powerful means to undermine
pathophysiological processes and restore a healthy cell state in many diseases
including, but not limited to, cancer. One example of this approach is
pharmacological inhibition of the interaction between P53, a tumor suppressor
transcription factor that is mutated (deactivated) in many cancers [7], and MDM2,
an E3 ubiquitin ligase that ubiquitinates P53 and targets it for degradation [8].
Application of a drug named nutlin-3a leads to reactivation of P53 by preventing
its association with MDM2 and ubiquitinylation. In KSH-V-positive lymphoma,
nutlin-3a induces cell death [9]. This and other encouraging examples suggest
that targeting of BCL11B through its protein-protein interactions and PTMs may
be a novel target for treatment of human diseases like leukemia.
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