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Protein Kinase C-Mediated Phosphorylation of BCL11B at Serine 2
Negatively Regulates Its Interaction with NuRD Complexes during
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The transcription factor BCL11B/CTIP2 is a major regulatory protein implicated in various aspects of development, function
and survival of T cells. Mitogen-activated protein kinase (MAPK)-mediated phosphorylation and SUMOylation modulate
BCL11B transcriptional activity, switching it from a repressor in naive murine thymocytes to a transcriptional activator in acti-
vated thymocytes. Here, we show that BCL11B interacts via its conserved N-terminal MSRRKQ motif with endogenous MTA1
and MTA3 proteins to recruit various NuRD complexes. Furthermore, we demonstrate that protein kinase C (PKC)-mediated
phosphorylation of BCL11B Ser2 does not significantly impact BCL11B SUMOylation but negatively regulates NuRD recruit-
ment by dampening the interaction with MTA1 or MTA3 (MTA1/3) and RbAp46 proteins. We detected increased phosphoryla-
tion of BCL11B Ser2 upon in vivo activation of transformed and primary human CD4™" T cells. We show that following activa-
tion of CD4™ T cells, BCL11B still binds to IL-2 and Id2 promoters but activates their transcription by recruiting P300 instead of
MTAL. Prolonged stimulation results in the direct transcriptional repression of BCL11B by KLF4. Our results unveil Ser2 phos-
phorylation as a new BCL11B posttranslational modification linking PKC signaling pathway to T-cell receptor (TCR) activation
and define a simple model for the functional switch of BCL11B from a transcriptional repressor to an activator during TCR acti-

vation of human CD4™ T cells.

osttranslational modifications (PTMs) of transcription regu-

latory proteins allow the integration of various signaling and
environmental cues into highly dynamic and controlled re-
sponses, thereby achieving coordinated gene expression programs
essential for cell proliferation or differentiation.

The transcription factor BCL11B/CTIP2 was independently
isolated as an interacting partner of chicken ovalbumin upstream
promoter transcription factor (COUP-TF) in neurons and as a
tumor suppressor gene in mouse models of gamma ray-induced
thymic lymphomas (1-3). Besides its expression in the central
nervous system (CNS), BCL11B was shown to be widely expressed
in all T-cell subsets, starting from the double-negative stage 2
(DN2 stage) and to be involved in various aspects of development,
function, and survival of T cells (4). Indeed, BCLIIB is a focal
point essential for several checkpoints involved in T-cell commit-
ment in early progenitors, selection at the DN2 stage, and differ-
entiation of peripheral T cells (5-9). Furthermore, monoallelic
BCLI11B deletions or missense mutations have been identified in
the major molecular subtypes of T-cell acute lymphoblastic leu-
kemia (10). Therefore, these observations together with the occur-
rence of deletions and mutations in gamma ray-induced thymo-
mas in mice identify BCLIIB as a haploinsufficient tumor
suppressor gene (11).

BCL11B is essential for T-cell development and is considered a
“guardian of T cell fate” (12). Its closely related paralog BCL11A is
essential for normal lymphopoiesis and hemoglobin switching
during erythroid differentiation (13-15). Thus, these two tran-
scription factors appear to be key regulators of fundamental dif-
ferentiation programs during normal hematopoiesis.

BCL11B represses transcription of its target genes through in-
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teraction with several chromatin remodelling complexes and no-
tably recruits NuRD complexes (nuclear remodeling and deacety-
lation complexes) via interaction with MTA1 and MTA2 (4, 11,
16-18). Although originally characterized as a sequence-specific
transcriptional repressor, BCL11B also behaves as a context-de-
pendent transcriptional activator of the IL-2 and Cot kinase genes
in CD4 " T-cell activation (19, 20).

This dual behavior of BCL11B as a transcriptional repressor
and activator is not fully understood but clearly relies on a dy-
namic cross talk between BCL11B PTMs. Indeed, mass spectrom-
etry analyses of thymocytes isolated from 4- to 8-week-old mice
and stimulated with a mixture of phorbol ester and calcium iono-
phore used as an in vitro model mimicking T-cell receptor (TCR)
activation identified several mitogen-activated protein kinase
(MAPK) phosphorylation sites of BCL11B and confirmed its
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SUMOylation on lysine 679 (21). These phosphorylation events
then initiate a rapid and complex cycle of BCL11B PTMs includ-
ing deSUMOylation, rephosphorylation, and reSUMOylation, al-
lowing recruitment of the transcriptional coactivator P300 to ac-
tivate Id2 transcription (21, 22).

Here, we found that BCL11B interacts with the three MTA
(metastasis-associated gene) family members through its con-
served N-terminal MSRRKQ motif, which is embedded in a po-
tential protein kinase C (PKC) phosphorylation consensus site.
We demonstrated that an S2D phosphomimetic point mutation is
sufficient to abolish the interaction of BCL11B with all MTA core-
pressors and hence with a wide range of NuRD complexes.
Through generation of phosphospecific antibodies, we identified
in vivo serine 2 phosphorylation of endogenous BCL11B proteins.
We found that activation of transformed Jurkat or primary hu-
man CD4™ T cells results in a rapid and transient PKC-induced
phosphorylation of this BCL11B Ser2 culminating at 30 min of
treatment. In contrast with the MAPK-induced phosphorylations
in late T-cell development, this PKC phosphorylation peak pre-
cedes and does not affect the SUMOylation peak during activation
of CD4™ T cells. After prolonged activation (5 h), the decrease of
BCL11B protein levels observed is due to the direct transcriptional
repression of BCLI1B by KLF4. As shown by coimmunoprecipi-
tation of endogenous proteins and chromatin immunoprecipita-
tion experiments, this BCL11B Ser2 phosphorylation through de-
creased interaction with MTAl and concomitant increased
interaction with P300 contributes to a strong transcriptional up-
regulation of Id2 and IL-2, two BCL11B direct target genes, during
CD4" T-cell activation. A PKC inhibitor, G66983 abolishes this
corepressor/coactivator switch in Jurkat cells. Thus, our findings
identify BCL11B Ser2 phosphorylation as a new mandatory step in
the interconnected posttranslational modifications converting
BCL11B from a transcriptional repressor to an activator and pro-
vide compelling evidence that together with SUMOylation this
PKC-mediated phosphorylation is essential for transcriptional ac-
tivation of IL-2 during human CD4 ™ T-cell activation.

MATERIALS AND METHODS

Cell culture. HEK293T cells were maintained in Dulbecco modified Eagle
medium (DMEM) (Gibco) supplemented with 10% fetal calf serum
(FCS), nonessential amino acids, and gentamicin. Jurkat and MOLT4
cells were maintained in RPMI 1640 medium (Gibco) supplemented with
10% FCS, nonessential amino acids, and penicillin-streptomycin.
Isolation and activation of human CD4* T lymphocytes. Donor
blood samples were provided by Etablissement Frangais du Sang (EES)
(Nord de France), in agreement with the official ethics statement between
EFS and the Centre National de la Recherche Scientifique (CNRS)-Délé-
gation Nord Pas-de-Calais et Picardie. The study was approved by the
Institut de Biologie de Lille (CNRS) and EFS Institutional Review Board,
and informed consent was obtained in writing for each donor. Isolation of
human CD4™ T cells was performed as previously described (23). Briefly,
human peripheral blood mononuclear cells (PBMCs) were isolated by
Ficoll Hypaque density gradient centrifugation (Amersham Pharmacia
Biotech, Uppsala, Sweden) and CD4™" T cells were obtained by negative
selection using CD4 ™" T cell isolation kit IT according to the manufactur-
er’s instructions (Miltenyi Biotec). The purity was determined by flow
cytometry, and was always =95%. CD4* cells (10° cells/ml) were cultured
in complete RPMI 1640 medium (RPMI 1640 medium [Gibco, Carlsbad,
CA], 10% heat-inactivated fetal calf serum ]Gibco], 2 mM 1-glutamine)
and stimulated or not stimulated in 96-well flat-bottomed microculture
plates coated with anti-CD3 antibodies (10 wg/ml; OKT3 clone) and sol-
uble anti-CD28 antibodies (2 pg/ml; BD Biosciences) for 24 h or with
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phorbol 12-myristate 13-acetate (PMA) (50 ng/ml) and ionomycin (1
pg/ml) for 5 h. Cells were then recovered by centrifugation for further
analyses.

Plasmids and chemicals. The MTA1, MTA3, SENP2, and BCL11A
expression vectors were kind gifts of R. Kumar, P. Wade, R. Hay, and P.
Tucker, respectively. The various BCL11B-Gal4 expression constructs
used in this study were generated as follows. Using the wild-type (WT)
pcDNA3-FLAG-BCL11B plasmid (17, 24) as a template and using rele-
vant oligonucleotides, we PCR amplified fragments corresponding to
amino acids 1 to 20 and 1 to 58 of wild-type BCL11B as well as 1 to 20
fragments with point mutations of serine 2 (S2A, S2D, and S2T). Next,
these fragments were cloned in frame with a C-terminal Gal4 DNA-bind-
ing domain followed by a nuclear localization signal (NLS) and a hemag-
glutinin (HA) epitope into the pSG5-Gal4-NLS-HA eukaryotic vector to
mimic their location in the full-length protein (25). The point (S2A and
$2D) and deletion (AMSRRKQ) mutants of BCL11B were PCR amplified
from the WT BCL11B plasmid with relevant oligonucleotides and sub-
cloned in pcDNA3-FLAG-BCL11B using standard procedures. All con-
structs were verified by sequencing. PMA and ionomycin (both from Sig-
ma-Aldrich) were used at a final concentration of 50 ng/ml and 1 pg/ml,
respectively. Bisindolylmaleimide II (BIMII) (used at a final concentra-
tion of 10 wM for 30 min) and G66983 (used at a final concentration of 1
M for 15 min) which are general inhibitors of protein kinase C (PKC)
subtypes were purchased from Sigma-Aldrich and Selleckchem, respec-
tively (26-28). The MEK inhibitor U0126 was purchased from Merck
Millipore and used at a final concentration of 10 pM for 30 min. Okadaic
acid (OA) and calyculin A (Cal. A), which are potent inhibitors of all three
type 2A Ser/Thr phosphatases (PP1, PP2A, and PP6) (29), were both
obtained from Santa Cruz. Okadaic acid and calyculin A were dis-
solved in dimethyl sulfoxide (DMSO) and used at a final concentration
of 1 wM and 50 nM, respectively. Calyculin A also inhibits arsenic-
induced PML (promyelocytic leukemia protein) SUMOylation (30)
and BCL11B SUMOylation (21, 31). The SUMOylation inhibitors 2-D08
[2",3",4'-trihydroxy-flavone, 2-(2,3,4-trihydroxyphenyl)-4H-1-ben-
zopyran-4-one], which is specific and blocks SUMO (small ubiquitin-
like modifier) transfer from the Ubc9-thioester complex to the substrates
(32), and anacardic acid, which blocks SUMOylation without affecting
ubiquitination (33), were both obtained from Sigma and used at a final
concentration of 50 wM (34). Anacardic acid is also a potent inhibitor of
several histone acetyltransferase (HATs) such as PCAF (P300/CBP-asso-
ciated factor), P300, and TIP60 (35).

Transfection, immunoprecipitation, and coimmunoprecipitation.
Cells were transfected in Opti-MEM (Invitrogen) by the polyethyleni-
mine (PEI) method using ExGen 500 (Euromedex), as previously de-
scribed with 2.5 pug of DNA corresponding to the relevant expression
vectors or the empty vector used as a control. Cells were transfected for 6
h and then incubated in fresh complete medium. After 48 h of transfec-
tion, cells were rinsed with ice-cold phosphate-buffered saline (PBS) and
lysed in cold IPH buffer (50 mM Tris, 150 mM NaCl, 5 mM EDTA, 0.5%
NP-40, protease inhibitor cocktail [Roche]) for coimmunoprecipitation.
Cell lysates were sonicated briefly and cleared by centrifugation (14,000
rpm, 4°C, 15 min). The supernatants were precleared with 15 .l of protein
A/G-Sepharose beads (Amersham Bioscience) incubating for 1 h on a
rotator at 4°C. Then, lysates were incubated with 2 pg of antibody on a
rotator at 4°C overnight. Later, 20-pl volumes of protein A/G beads were
added and incubated for 30 min at 4°C. Finally, the beads were washed
three times with IPH buffer. Bound proteins were eluted by boiling in
Laemmli buffer (36).

To detect SUMOylation of endogenous BCL11B proteins by immu-
noprecipitation studies, Jurkat cells were lysed in a lysis buffer containing
1% SDS, 20 mM Tris-HCI (pH 8), 10% glycerol, I mM dithiothreitol
(DTT), and 15 mM N-ethylmaleimide (NEM). These cell extracts were
immediately boiled for 10 min and diluted in 9 volumes of radioimmu-
noprecipitation assay (RIPA) buffer (20 mM Tris-HCI [pH 8], 0.5 mM
EDTA, 150 mM NaCl, 0.5% NP-40, 10% glycerol) supplemented with 10
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mM NEM and protease inhibitor cocktail for immunoprecipitation with
anti-BCL11B antibodies (37).

To detect endogenous interactions between BCL11 (BCL11A or -B)
and MTA (MTALI or -3) proteins, we prepared the combined cytoplasmic
and nucleoplasmic fractions and the micrococcal nuclease-solubilized
chromatin fractions as previously described (36, 38, 39). Two chromatin
fractions prepared in parallel from the same number of cells were analyzed
in coimmunoprecipitation assays as described above, with control rabbit
IgG or MTA1- and MTA3-specific antibodies.

Transfection and luciferase transactivation test. HEK293T cells were
plated in 12-well CellBind plates (Corning) and transfected with 500 ng of
DNA for 6 h in triplicate with the luciferase reporter plasmid pGL3-
5xGal4 RE-tk luc (luciferase expression under the control of Gal4-respon-
sive elements) or the pGL3-empty vector in combination with various
BCL11B-Gal4 constructs and then incubated in fresh complete medium.
Forty-eight hours after transfection, cells were rinsed with ice-cold PBS
and lysed in the luciferase assay buffer. After normalization to the 3-ga-
lactosidase activity, the data were expressed as the luciferase activity rela-
tive to the activity of pGL3-Luc with pSG5-Gal4-NLS-HA, which repre-
sents the basal condition and was given an arbitrary value of 1. The results
represent the mean values from three independent transfections in tripli-
cate. Luciferase and (-galactosidase activities were measured using, re-
spectively, beetle luciferin (Promega) and the Galacto-Light kit (Tropix)
with a Berthold chemiluminometer (36).

Antibodies and Western blot analyses. To generate polyclonal anti-
bodies against phosphorylated serine 2 of BCL11B, control and phosphor-
ylated peptides corresponding to amino acids 1 to 19 of human BCL11B
[H,N-MS(PO;H,) RRKQGNPQHLC-CONH,] peptide were synthe-
sized, coupled to keyhole limpet hemocyanin (KLH) and used to immu-
nize rabbit (Eurogentec, Belgium). Control and phosphospecific antibod-
ies were purified by affinity chromatography using standard protocols.
The following commercial antibodies were used: anti-FLAG M2 from
Sigma; anti-HA from BABCO; anti-BCL11B (ab18465 for Western blot-
ting [WB], ab28448 for immunoprecipitation [IP] and chromatin immu-
noprecipitation [ChIP], and A300-383A for IP) from Abcam and Bethyl
Laboratories; anti-phospho-Erk1/2 (9106) from Cell Signaling; antiactin
(sc-1616R); anti-MTA1 (sc-9445 for WB, sc-10813 for IP, and sc-10813 or
ab50263 for ChIP) from Santa Cruz and Abcam; anti-MTA3 (ab87275)
from Abcam; anti-Erk2 (sc-154) from Santa Cruz; anti-HDAC2 (sc-7899
H-54) from Santa Cruz; anti-CHD4 (ab70469) from Abcam; anti-
RbAP46 (sc-8272) from Santa Cruz; anti-RbAP48 (C15200206 for ChIP)
from Diagenode; anti-phospho-PKC substrate (2261) from Cell Signal-
ing; anti-KLF4 (ab106629) and anti-RanGAP1 (ab92360) from Abcam.

Western blotting was performed as previously described (40). The
secondary antibodies were horseradish peroxidase-linked antibodies
against rabbit, rat, goat, and mouse immunoglobulins (Amersham Bio-
sciences) and goat immunoglobulins (Southern Biotech).

To analyze the SUMOylation of BCL11B proteins by Western blotting
analyses, transfected HEK293T cells or Jurkat and human CD4™" T cells
pelleted by centrifugation were directly lysed in Laemmli loading buffer,
boiled for 10 min, and processed for Western blotting as described above.

Chromatin immunoprecipitation. Control or activated Jurkat and
primary human CD4™ T cells were washed with PBS and resuspended in
0.5 ml PBS for 5 X 10° cells. Then, cells were fixed by adding formalde-
hyde to a final concentration of 1% for 8 min at room temperature. To
stop fixation, glycine was added to a final concentration of 0.125 M. After
5 min at room temperature, cells were collected by centrifugation (1,500
rpm at 4°C for 5 min). The supernatants were removed and cells were
lysed by resuspension in chilled cell lysis buffer for 10 min on a rotator at
4°C. Then, the samples were pelleted, resuspended in 200 .l nucleus lysis
buffer and sonicated to chromatin with an average size of 250 bp using a
cooling BioRuptor (Diagenode, Belgium). Twenty micrograms of chro-
matin was immunoprecipitated with the antibodies indicated in the fig-
ures, and real-time PCR analyses were performed as described previously
(36). The primers used are summarized in Table SI in the supplemental
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material. For the IL-2 promoter, we designed primers around the BCL11B
USI (upstream site 1) binding sites (19). For the Id2 promoter, the tran-
scription start site (TSS) is derived from the Id2 human locus found in the
NCBI Nucleotide database (gi: 568815596). The region just upstream of
the TSS contains several BCL11B binding sites as shown by chromatin
immunoprecipitation-sequencing (ChIP-Seq) analyses of BCL11B bind-
ing in double-positive human thymocytes (9). Clustal alignments of the
corresponding human and murine regions highlighted a conserved po-
tential BCL11B direct binding site, TGGGC, which has been analyzed in
ChIP-quantitative PCR (qPCR) experiments using relevant oligonucleo-
tides. Similar analyses identified a potential KLF4 binding site in the
BCL11B promoter. For the ChIP in the presence of the PKC inhibitors,
Jurkat cells were first incubated with G66983 (1 uwM for 15 min) before the
relevant activation treatment.

Real-time and quantitative PCR. Total RNAs were reverse tran-
scribed using random primers and MultiScribe reverse transcriptase (Ap-
plied Biosystems). Real-time PCR (RT-PCR) analyses were performed by
Power SYBR green (Applied Biosystems) in a MX3005P fluorescence tem-
perature cycler (Stratagene) according to the manufacturer’s instructions.
Results were normalized to the values for 185 RNA used as a internal
control. The primers used are summarized in Table S2 in the supplemen-
tal material.

Statistics. Experiments were performed at least two or three times
independently. Statistical analyses were performed by Student’s  test.

RESULTS

BCL11B interacts with the three MTA proteins. The three MTA
proteins, MTA1, MTA2, and MTA3, are found in a mutually ex-
clusive manner in different specialized NuRD complexes (41, 42).
BCL11B interacts with the closely related MTA1 and MTA2 pro-
teins (18). Therefore, we investigated whether BCL11B also in-
teracts with the functionally distinct MTA3 protein. Coimmu-
noprecipitation experiments (Co-IPs) in transiently transfected
HEK293T cells (Fig. 1A and B) or between endogenous proteins in
the human acute lymphoblastic leukemia cell line MOLT4 (Fig.
1Cand D) and in the human CD4 ™ T-cell line Jurkat (see Fig. S1A
and B in the supplemental material) (19) demonstrated that
BCLI11B interacts with MTA1 and MTA3. Unlike Jurkat cells,
MOLT4 cells express both BCL11B and BCL11A but with lower
levels of MTA1 and MTA3 (see Fig. SIC to F) (43, 44). Similarly,
we unraveled an interaction between BCL11A and MTAI or
MTAS3 proteins either ectopically expressed in HEK293T cells (see
Fig. S1G and H) or endogenously expressed in MOLT4 cells (Fig.
1E and F). Taken together, these results demonstrate that BCL11B
and BCL11A can interact with the MTA1 or MTA2 (MTA1/
MTA2) and MTA3 proteins and hence with a wide variety of
NuRD complexes.

Mimicked phosphorylation of the BCL11B N-terminal do-
main (S2D) disrupts its interaction with MTA proteins and re-
lieves its transcriptional repression activity. Amino acids 1 to 45
of BCL11B containing the MSRRKQ motif shared with FOG1 and
SALL1 are sufficient for the interaction with MTAL1 in glutathione
S-transferase (GST) pulldown experiments (18, 26, 45, 46). To
assess this interaction in vivo, we fused amino acids 1 to 20 or
amino acids 1 to 58 of BCL11B in frame with a C-terminal Gal4
DNA-binding domain (Fig. 2A). Transient-transfection assays in
HEK293T cells demonstrated that these 1-20- and 1-58-BCL11B-
Gal4 chimeras are nuclear, interact with MTA1 and MTA3 and
mediate strong transcriptional repression in luciferase reporter
assays (Fig. 2B to D) (see Fig. S2A to C in the supplemental mate-
rial). Serine 2 (Ser2) of the conserved MSRRKQ motif is embed-
ded in a potential consensus site (S/T-X,_,-R/K,_3) for phosphor-
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FIG 1 BCLI11A and BCLI11B interact with MTA1 and MTA3. (A) MTAI interacts with BCL11B. HEK293T cells were transfected with MTAI and BCL11B
expression vectors. Whole-cell extracts incubated with anti-FLAG antibodies (immunoprecipitated with anti-FLAG antibodies [IP FLAG]) and 1% of each lysate
(Input 1%) were immunoblotted with the indicated antibodies. FLAG-BCL11B coimmunoprecipitated endogenous MTAL1 proteins (lane 3) visualized as a
doublet (indicated by an asterisk). Short and long exposures (exp.) for Western blotting (WB) are indicated. (B) BCL11B interacts with MTA3. A similar
experiment was conducted in HEK293T cells with BCL11B and MTA3 expression vectors. (C) Endogenous BCL11B and MTALI proteins interact. Solubilized
chromatin fractions were prepared in duplicate from the same number of MOLT4 cells, and 1% was retained for direct analyses by Western blotting (Input 1%).
The interaction between BCL11B and MTA1 was evaluated by coimmunoprecipitation assays. (D to F) Endogenous BCL11B and MTA3 (D), BCL11A and MTA1

(E), and BCL11A and MTA3 (F) proteins interact in MOLT4 cells. The same procedure was used for panels C to E.

ylation by protein kinase C (PKC), a family of serine/threonine
kinases involved in many cellular functions, including T-cell acti-
vation (47, 48). To study the importance of Ser2 and the effect of
its potential phosphorylation, we constructed several point mu-
tants of Ser2 (S2X) in the 1-20-BCL11B-Gal4 chimera (Fig. 2A).
First, the phosphomimetic S2D mutant is unable to coimmuno-
precipitate MTA1 or MTA3 protein, and in luciferase transactiva-
tion assays, its repression activity is significantly inhibited (Fig. 2B
to F; see Fig. S2). In addition, the repression activity of the phos-
phodeficient S2A mutant is also inhibited (49), whereas a serine-
to-threonine substitution (S2T) has no significant impact on the
repression potential of the BCL11B-Gal4 chimera (Fig. 2F and G;
see Fig. S2).

Thus, the first 20 amino acids of BCL11B, including the con-
served MSRRKQ motif, are sufficient to interact with MTA1 or
MTAS3 and have autonomous repression activity. Ser2 is impor-
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tant for these two properties, which are severely impaired by a
phosphomimetic point mutation, S2D.

A phosphomimetic mutation of BCL11B Ser2, S2D, impedes
NuRD recruitment. We engineered an S2D and S2A full-length
BCL11B point mutant and a deletion mutant, BCL11B
AMSRRKAQ (Fig. 3A). They all display a nuclear localization (see
Fig. S2G in the supplemental material). In Co-IPs, the phospho-
mimetic S2D mutant weakly interacts with MTA1 and MTA3
overexpressed in HEK293T cells (Fig. 3B and C). Similarly, Co-IP
assays demonstrated that the S2A and S2D point mutants ectopi-
cally expressed in HEK293T cells still weakly interact with endog-
enous MTA1 proteins, whereas the AMSRRKQ deletion mutant is
unable to do so (Fig. 3D). The MSRRKQ motif of FOGI1 also
interacts with RbAp48 (49). We thus investigated the interaction
of these mutants with other endogenous components of NuRD.
We demonstrated that the S2A mutant still significantly interacts
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FIG 2 Ser2 in the conserved N-terminal motif of BCL11B is essential for its interaction with MTA1 and MTA3 and for its transcriptional repression activity. (A)
Schematic drawing of the BCL11B-Gal4 (DNA-binding domain)-NLS (nuclear localization signal)-HA fusion proteins. ZF, zinc finger. (B) A phosphomimetic
point mutation S2D in the BCL11B N-terminal domain inhibits its interaction with MTA1. After transfection with the indicated expression vectors, HEK293T
cell lysates were immunoprecipitated with anti-c-myc antibodies (IP c-myc). Immunoprecipitated samples and 1% of whole-cell extracts (Input) were analyzed
by immunoblotting with the indicated antibodies. (C) The BCL11B-MTA3 interaction is also negatively regulated by the S2D mutation. A similar experiment was
performed in HEK293T cells with a FLAG-MTA3 plasmid and the BCL11B-Gal4 chimeras. (D) The conserved BCL11B N-terminal domain represses transcrip-
tion. The transcriptional activity of BCL11B-Gal4 constructs was tested by transient luciferase reporter assays in HEK293T cells. The results represent the mean
values from three independent transfections in triplicate. (E) The S2D phosphomimetic mutation in the BCL11B N-terminal domain partially inhibits its
transcriptional repression potential. A similar luciferase reporter assay was conducted in HEK293T cells with the wild-type (WT) 1-20 BCL11B and the S2D point
mutant. (F and G) Repression potential of the various S2X point mutants BCL11B N-terminal domain. Luciferase reporter assays were conducted with the S2A,
S2D, S2T, and WT BCL11B-Gal4 constructs as described above. Values that are statistically significantly different are indicated by bars and asterisks as follows:
*, P < 0.05; %%, P < 0.01; ¥**, P < 0.001. Values that are not statistically significantly different (NS) are also indicated.
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FIG 3 The phosphomimetic S2D mutation in BCL11B inhibits NuRD recruitment. (A) Schematic drawing of the full-length BCL11B proteins tested. (B) The
interaction with MTA1 is impaired by the S2D phosphomimetic mutation of BCL11B. HEK293T cells were transfected with the indicated combination of
expression vectors, and Co-IP assays followed by immunoblotting with the indicated antibodies were performed. (C) The BCL11B-MTA3 interaction is also
strongly reduced by the S2D phosphomimetic mutation. A similar Co-IP experiment was performed with HEK293T cells but with the FLAG-MTA3 expression
vector. Relevant pieces of the membranes were cut (around the 80-kDa marker) to separate the MTA3 and BCL11B proteins and probed with anti-FLAG
antibodies. (D) Interaction of wild-type (WT), S2A, S2D, and AMSRKKQ BCL11B with endogenous MTA1 proteins. Total extracts of HEK293T cells transfected
with the indicated plasmids were analyzed by Co-IP with anti-FLAG antibodies and immunoblotted with MTA1 and FLAG antibodies. (E and F) Interaction of
the S2A and S2D BCL11B point mutants with endogenous NuRD components. Co-IP experiments followed by immunoblotting with the indicated antibodies
were performed as in panel D with the S2A and S2D (E) or S2D (F) BCL11B mutants.

with MTA1, MTA3, and RbAp46 compared to wild-type (WT)
BCL11B (Fig. 3E). In contrast, the S2D mutant is totally unable to
interact with endogenous RbAp46, whereas it weakly interacts
with MTA1, MTA3, CHD4, and HDAC2 (Fig. 3E and F). These
results are in close agreement with the crystallographic structure
of the FOG (friend of GATA) peptide consisting of amino acids 1
to 15 bound to RbAp438, since Ser2 is engaged in hydrogen bond
interaction, whereas the adjacent Arg3, Arg4, and Lys5 participate
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in ion pair contacts with Glu residues in RbAp48 (49). Thus, an
$2D phosphomimetic mutation in the N-terminal MSRRKQ mo-
tif of BCL11B negatively regulates the interactions with several
endogenous NuRD components.

BCL11B is phosphorylated by PKC on Ser2 upon PMA acti-
vation of HEK293T cells and is SUMOylated. Next, we raised
antibodies against phospho-Ser2 BCL11B that were able to de-
tect phosphorylation of BCL11B on the Ser2 residue in trans-

July 2016 Volume 36 Number 13


http://mcb.asm.org

PKC Switches BCL11B to an Activator in CD4™ T Cells

HEK293T + HEK293T +
FLAG-BCL11B WT BCL11B S2A BCL11B WT
N
o T
ZINd ~
ST 3
WB: WB:
pSer2 BCL11B
jsm“ exp hser2 IP FLAG o+
IP FLAG - BCL11B  (BCL11B)
(BCL11B) Long exp. °(FLAG-BCL11B
-FLAG-BCL11B
-FLAG-BCL11B
Input 1%
T e
123
C HEK293T + HEK293T +
FLAG-BCL11B WT ¥ &
SN @ @
S 3 é‘:\ E =
I Y O O
T we 4 @
= DMSO + + -+ -
IP FLAG ~ | pSer2 BCL11B OA _— " n
(BCL11B) FLAGBCLMB o “lpser2 BCL11B
Input 1% pErk1/2 100  weememdB|r| AG-BCL11B
12 3
[ e e o == = | S D60

FIG 4 Phosphorylation of BCL11B Ser2 in HEK293T cells upon PKC activation. (A) PMA-induced in vitro phosphorylation of BCL11B Ser2. HEK293T cells
transfected with FLAG-BCL11B were mock treated (—) or incubated with vehicle (DMSO) or with PMA (1 wM) for 20 min. Immunoprecipitated samples (IP
FLAG) and input lysates were analyzed by immunoblotting with antibodies specific for phosphorylated Ser2 (pSer2 BCL11B) and FLAG as a control. (B)
Specificity of the anti-pSer2 BCL11B antibodies. A similar experiment was performed to compare the BCL11B S2A mutant and WT BCL11B in the three
conditions. The position of a nonspecific band is indicated by an asterisk. (C) PKC is implicated in BCL11B Ser2 phosphorylation. HEK293T cells were
transfected with BCL11B and activated exactly as in panel A. One plate was preincubated with the pan-PKC inhibitor BIMII before PMA activation. The PKC
inhibitor also partially inhibits Erk activation as previously shown (50). (D) The phosphatase inhibitor okadaic acid (OA) allows detection of BCL11B Ser2
phosphorylation in basal conditions. HEK293T cells transfected with the indicated expression vectors were incubated with DMSO (+) or treated with OA (+).
Total cell lysates were analyzed by immunoblotting with the indicated antibodies.

fected HEK293T cells treated with PMA, a potent PKC activa-
tor (48) (Fig. 4A) (see Fig. S3 in the supplemental material).
These antibodies detected strong induction of Ser2 phosphor-
ylation after overexpression of WT BCL11B but not of the S2A
mutantin PMA-treated HEK293T cells, thereby demonstrating
their specificity (Fig. 4B). Finally, addition of BIMII, a PKC
inhibitor decreased BCL11B phosphorylation on Ser2, whereas
okadaic acid, a Ser/Thr phosphatase inhibitor, increased it (Fig.
4C and D).

In phorbol 12,13-dibutyrate and A23187 (P/A)-stimulated mu-
rine thymocytes, BCL11B is SUMOylated (21). In PMA-activated
HEK293T cells transfected with BCL11B, we also observed a
slowly migrating band (above the 150-kDa marker) which corre-
sponds to the SUMOylation of BCL11B, since it totally disap-
peared upon cotransfection of the deSUMOylase SENP2 (Fig. 5A)
(see Fig. S3 in the supplemental material). In addition, the PKC
inhibitor BIMII seems to have no significant effect on the SUMO-
ylation level of BCL11B, while the extracellular signal-regulated
kinase (ERK) inhibitor U0126 seemed to slightly reduce it (Fig.
5B). The PKC inhibitor also partially inhibits Erk activation as
previously shown (50). BCL11B SUMOylation is important for its
interaction with p300 (21). Interestingly, whereas the S2A and
$2D point mutants are severely affected in their interaction with
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MTAI compared with WT BCL11B (Fig. 3), they display similar
levels of SUMOylation and hence of interaction with endogenous
p300 proteins (Fig. 5C and D), correlating the lack of significant
effects of the PKC inhibitor on BCL11B SUMOylation.

Thus, the PKC-mediated phosphorylation of BCL11B in
HEK293T cells impinges on its interaction with MTA1 but not on
its SUMOylation and interaction with P300.

PKC-mediated Ser2 phosphorylation of endogenous BCL11B
proteins upon PMA-ionomycin activation of Jurkat cells has no
impact on its SUMOylation. We next addressed this PKC-medi-
ated Ser2 phosphorylation on endogenous BCL11B proteins dur-
ing human CD4 ™ T-cell activation. Western blot analyses of Jur-
kat cell extracts with the anti-pSer2 BCL11B serum confirmed a
peak of transient phosphorylation of BCL11B Ser2 after 30 min of
activation with PMA-ionomycin (P/I) (Fig. 6A). Immunopre-
cipitation of Jurkat cell extracts by a C-terminal BCL11B anti-
body followed by Western blotting analyses with the anti-pSer2
BCL11B serum identified BCL11B proteins phosphorylated on
serine 2 upon T-cell activation, notably in the presence of the
phosphatase inhibitor okadaic acid (Fig. 6B). Treatment with oka-
daic acid induced a supershift of BCL11B both in basal and acti-
vated conditions due to its phosphorylation by ERK and PKC
pathways as detected by the anti-pSer2 antibodies (Fig. 6B, lane 3,
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FIG 5 BCL11B SUMOylation in HEK293T cells is independent of Ser2 phosphorylation. (A) BCL11B is SUMOylated. Total cell extracts of HEK293T cells
transfected with the indicated combinations of BCL11B, SUMO2, and the deSUMOylase SENP2 were prepared in denaturing conditions and immunoblotted
with indicated antibodies. The position of the SUMOylated form of BCL11B is indicated by the arrowhead. The positions of molecular markers are indicated to
the left of the blot. (B) The PKC pathway does not affect BCL11B SUMOylation in contrast with the ERK pathway. HEK293T cells were transfected with BCL11B
and preincubated with the PKC inhibitor BIMII or with the Erk1/2 inhibitor U0126 before PMA activation. The PKC inhibitor also partially inhibits Erk
activation as previously shown (50). Total cell extracts prepared in denaturing conditions were immunoblotted as indicated. (C) The S2D and S2A point
mutations have no significant impact on BCL11B SUMOylation. HEK293T cells were transfected as indicated, lysed in denaturing conditions, and immuno-
blotted with anti-FLAG antibodies to detect BCL11B and its SUMOylated forms. Hsp60 was used to quantify the ratio of SUMOylated BCL11B to total BCL11B
using Fujifilm MultiGauge software. The value obtained for BCL11B WT in the absence of SUMO2 (lane 5) was set at 1. (D) The S2D and S2A point mutations
do not affect BCL11B interaction with endogenous P300 proteins. HEK293T cells transfected with the indicated plasmids were subjected to Co-IP analyses with
anti-FLAG antibodies followed by immunoblotting with P300 or FLAG antibodies. The ratio of interacting P300 relative to BCL11B was measured as described
above for panel C.

and Fig. 6C, lanes 2 and 4). Furthermore, Ser2 phosphorylation
observed in the presence of okadaic acid is lost if, before acti-
vation, cells are treated with the PKC inhibitor G66983,
whereas the supershift of BCL11B is still observed (Fig. 6D,
lanes 4 and 5).

In activated Jurkat cells, BCL11B phosphorylation is transient
and precedes its SUMOylation (Fig. 6A). As observed in HEK293T
cells, the PKC inhibitor seems to have no significant effects on
BCL11B SUMOylation after 60 min of activation, whereas ERK
inhibition by U0126 seems to slightly decrease it (Fig. 6E).
Another Ser/Thr phosphatase inhibitor, calyculin A, is also a
SUMOylation inhibitor as initially shown for PML (30) and
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later for BCL11B (21, 31). Upon activation and calyculin A
treatment of Jurkat cells, we observed an electromobility shift
for the major BCL11B proteins, whereas the slowest migrating
BCL11B-SUMO band totally disappeared (Fig. 6F), as shown in
murine thymocytes (21). Similar results were obtained with the
specific SUMOylation inhibitor 2-D08 (32, 34) (Fig. 6G) and
with anacardic acid (AA), an inhibitor of SUMOylation (33) and
of various histone acetyltransferase (HATs) (35). This might ex-
plain through transcriptional inhibition, the decrease of BCL11B
protein levels as well as of several SUMOylated proteins observed
with AA (see Fig. S5 in the supplemental material). Finally, West-
ern blot analyses with anti-SUMO-2 after immunoprecipitation
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of endogenous BCL11B proteins under denaturing conditions al-
lowed the detection of SUMOylated BCL11B proteins in activated
Jurkat cells (Fig. 6H) (37). As a whole, these data identify phos-
phorylation of BCL11B Ser2 by PKC as a new posttranslational
modification of BCL11B during human CD4" T-cell activation,
preceding and acting independently of its SUMOylation.

KLF4 directly represses BCL11B transcription upon PMA-
ionomycin activation of Jurkat cells. SUMOylation of BCL11B in
P/A-treated murine thymocytes ultimately results in its ubiquiti-
nation and degradation (21). However, whereas prolonged stim-
ulation of Jurkat cells with P/I also resulted in a decrease of
BCL11B protein levels after 5 h (Fig. 6A), this correlated with
transcriptional repression of BCL11B, rather than degradation af-
ter ubiquitination (see Fig. S5 in the supplemental material). In-
deed, real-time quantitative PCR (RT-qPCR) analyses demon-
strated a strong decrease of BCL11B mRNAs starting at 2 h of
stimulation (Fig. 7A). Furthermore, BCL11B proteins levels de-
creased after 5 h of P/I stimulation, even in the presence of three
different proteasome inhibitors, MG132, acetyl-Leu-Leu-Nle-
aldehyde (ALLN), or lactacystin (Fig. 7B). Inducible overexpres-
sion of the transcriptional repressor KLF4 in Jurkat cells inhibits
the expression of T-cell-associated factors including BCL11B and
induces its degradation after 48 h (31). These results prompted us
to further investigate the relationship between KLF4 and BCL11B.
In Jurkat cells, RT-qPCR analyses detected a strong induction of
KLF4 expression peaking 30 to 60 min after activation (Fig. 7C)
and thus preceding the repression of BCL11B expression (Fig. 7A).
Furthermore, in silico analyses of the BCL11B promoter identified
a conserved KLF4 binding site upstream of the TSS (Fig. 7D).
ChIP analyses demonstrated the direct binding of KLF4 on the
BCL11B promoter and on CXCR4, a bona fide KLF4 direct target
gene (31) (Fig. 7E) after 5 h of activation when BCLIIB and
CXCR4 expression are severely repressed (Fig. 7A) (see Fig. S6A
and B in the supplemental material).

Thus, BCLI11B s a new direct target gene of the transcriptional
repressor KLF4 during human CD4 " T-cell activation.

Endogenous BCL11B binds the IL-2 and Id2 promoters but
with the MTAL1 corepressor or the P300 coactivator in resting
versus PMA-ionomycin-activated Jurkat T cells. BCL11B partic-
ipates through interaction with the P300 coactivator in the tran-
scriptional activation of IL-2 and of Id2 (19, 21). Activation of
Jurkat cells with P/I induced a huge upregulation of IL-2 gene
expression starting as early as 30 min of treatment and a signifi-
cant, albeit slightly delayed upregulation of Id2 around 120 min
(Fig. 8A and B; see Fig. S6C in the supplemental material), whereas
BCL11B mRNA levels decreased after 2 h of treatment (Fig. 7A).
Coimmunoprecipitation of BCL11B with MTA1 or P300 endog-
enous proteins in Jurkat cells treated for 30 min with P/I demon-
strated that the peak of BCL11B Ser2 phosphorylation we repro-
ducibly observed (Fig. 6A) is concomitant with a slight decrease of
BCL11B-MTAL interaction and a clear increase of BCL11B-P300
interaction (Fig. 8C).

To correlate these results with promoter occupancy, we first
performed pilot ChIP experiments with chromatin prepared from
Jurkat cells and showed that BCL11B and MTAI1 are bound on
upstream site 1 (US1) of the IL-2 promoter (19) and on the Id2
promoter on a newly identified and conserved BCL11B binding
site located just upstream of the transcription start site (Fig. 8D;
also see Fig. S7 in the supplemental material). ChIP experiments
conducted with Jurkat cells treated with DMSO or with P/I for 30
min failed to detect any significant differences in BCL11B binding
to the IL-2 and Id2 promoters (Fig. 8E and F). In contrast, in
Jurkat cells activated for 30 min to induce the peak of BCL11B Ser2
phosphorylation (Fig. 6), IL-2 and Id2 promoter occupancy by
MTAI and MTA3 was markedly decreased compared to the
steady-state levels (Fig. 8E to H). This effect was not due to a
downregulation of MTAI expression, since the levels of MTAI
RNAs (see Fig. S6) are slightly increased by the treatment. Con-
versely and in agreement with the Co-IP experiments, recruit-
ment of the P300 coactivator at the IL-2 and Id2 promoters is
significantly increased in activated Jurkat cells (Fig. 8I). As a

FIG 6 Endogenous BCL11B proteins are phosphorylated on Ser2 and SUMOylated in PMA-ionomycin-activated Jurkat cells. (A) Activation of Jurkat cells with
PMA-ionomycin (P/I) induces Ser2 phosphorylation of endogenous BCL11B proteins. Jurkat cells were treated with P/I in a time-dependent manner, and cell
extracts prepared in denaturing conditions were analyzed by immunoblotting of two different SDS-polyacrylamide gels. In gel A1, the position of pSer2 BCL11B
is indicated by a green arrowhead and the position of a nonspecific band is indicated by an asterisk. In gel A2, the positions of slowly migrating BCL11B-
SUMOylated species are indicated by red arrowheads. Quantification of total BCL11B proteins in DMSO versus P/I conditions (bottom graph) and of
Ser2-phosphorylated and SUMO-BCL11B to BCL11B (right graphs) were performed with Fujifilm MultiGauge software. (B) Detection of pSer2 BCL11B in
activated Jurkat cells by IP/WB. Jurkat cells were treated with DMSO or activated for 30 min (30") and pretreated with the phosphatase inhibitor okadaic acid
(OA) (+) or not pretreated with OA (—). Total cell extracts were immunoprecipitated by BCL11B and immunoblotted with the pSer2 BCL11B-specific
antibodies. The membrane was stripped and reprobed with anti-BCL11B antibodies. The green arrowheads indicate the position of pSer2-BCL11B, and the black
arrowheads indicate the supershift of phosphorylated BCL11B observed with OA. (C) The phosphatase inhibitor OA favors detection of pSer2 BCL11B and
induces a supershift of BCL11B upon P/I activation of Jurkat cells. Cells were treated with DMSO (—) or activated with P/I for 30 min and pretreated or not with
OA. Total cell extracts were prepared and immunoblotted as indicated. The green arrowheads indicate the position of BCL11B, and the black arrowheads indicate
the supershift of phosphorylated BCL11B observed with OA. (D) The PKC inhibitor G56983 abolishes Ser2 phosphorylation but not the supershift of BCL11B
upon P/I activation. An experiment was conducted essentially as described above for panel C but with pretreatment with G66983. (E) SUMOylation of
endogenous BCL11B proteins is not affected by PKC inhibition. Jurkat cells were treated with DMSO or activated for 60 min to favor SUMOylation and treated
with G66983 and U0126 or not treated with G66983 and U0126. Total cell extracts prepared in denaturing conditions were immunoblotted as indicated. (F) The
SUMOylation inhibitor calyculin A inhibits BCL11B SUMOylation. Jurkat cells were treated with DMSO or activated for 60 min and pretreated with the
SUMOylation inhibitor calyculin A (Cal A) or not treated with calyculin A. Calyculin A is also a phosphatase inhibitor and thus induces a supershift for BCL11B.
The positions of SUMOylated forms of BCL11B are indicated by arrowheads. (G) The specific SUMOylation inhibitor 2-D08 slightly inhibits BCL11B SUMO-
ylation. A similar experiment was performed with Jurkat cells pretreated with 2-D08 or not pretreated with 2-D08 for the indicated times. (H) Detection of
endogenous BCL11B SUMOylation in Jurkat cells by immunoprecipitation analyses. Jurkat cells were treated with DMSO or P/I for 1 h to favor SUMOylation.
To detect SUMOylated proteins, the cells were lysed in 1 volume of 1% SDS. The lysates were immediately boiled for 10 min, then diluted with 9 volumes of RIPA
buffer without SDS, and immunoprecipitated with anti-BCL11B antibodies. The immunoprecipitates were then analyzed by Western blotting with anti-SUMO2
(top gels). The position of SUMOylated BCL11B proteins is indicated by an arrowhead. The membranes were stripped and reprobed with anti-BCL11B
antibodies. Please note that in contrast with the other gels in this figure, this gel is a 6% SDS-polyacrylamide gel, which might explain the “ladder-like” aspect of
the BCL11B bands.
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FIG 7 Activation of Jurkat cells induces BCL11B downregulation by direct transcriptional repression mediated by KLF4. (A) Prolonged activation of Jurkat cells
induces downregulation of BCL11B expression. Jurkat cells were treated with DMSO or activated with P/I for the indicated times. BCL11B mRNAs levels were
determined by real-time quantitative PCR (RT-qPCR) analyses. (B) BCL11B proteins are not targeted for degradation by ubiquitination. Jurkat cells were
pretreated with different proteasome inhibitors for 1 h before activation and activated for 5 h as indicated. Total cell extracts were immunoblotted with
anti-BCL11B antibodies. (C) KLF4 expression is induced in activated Jurkat cells. KLF4 mRNA levels were analyzed by RT-qPCR in the samples used in panel A
for BCL11B. (D) Schematic drawing of the human BCL11B proximal promoter region. The transcription start site (TSS), the conserved potential KLF4 binding
site (underlined), and the oligonucleotides used in ChIP-qPCR experiments are shown. Mu, murine; Hu, human. (E) KLF4 binds the BCL11B promoter.
Chromatin was prepared from DMSO-treated and P/I-activated Jurkat cells, and ChIP analyses were performed for KLF4 or IgG at KLF4 binding sites in BCL11B
and CXCR4 promoters. GAPDH was used as a nonbinding control. Values that are statistically significantly different are indicated by bars and asterisks as follows:
*, P <0.05; **, P < 0.01; ***, P < 0.001. Values that are not statistically significantly different (NS) are also indicated.

control, none of these proteins were detected on the GAPDH
promoter (Fig. 8G to I).

Ectopic expression of S2D and S2A BCL11B mutants in Jurkat
cells to directly address the impact of Ser2 phosphorylation on this
MTA1/P300 switch is not feasible. Indeed, the prior inactivation
of the highly expressed endogenous BCL11B proteins will rapidly
inhibit the proliferation of Jurkat cells and induce apoptosis (51,
64). To obtain further evidence of the specific involvement of PKC
in regulating BCL11B interactions with MTA1 and P300, Jurkat
cells were activated in the presence of a pan-PKC inhibitor,
G66983. Pretreatment of Jurkat cells with G66983 has no effect on
BCLI11B or MTAI and RbAp48 expression levels but blocked the
P/I-induced activation of IL-2 expression (Fig. 9A and B) (see Fig.
S6G and H in the supplemental material). Furthermore, in the
presence of the PKC inhibitor, similar levels of BCL11B are bound
to the IL-2 promoter, but MTA1 and RbAp48 are not released
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from the promoter (Fig. 9C and D). Conversely, G66983 inhibits
the P/I-induced increase of P300 binding on the IL-2 USI site
(Fig. 9D).

Together, these data show that P/I treatment does not affect
direct BCL11B binding to IL-2 and Id2 promoters but induces its
phosphorylation on Ser2 by PKC to disrupt interaction with
NuRD repressive complexes and to mediate interaction with
P300, thereby participating to its transcriptional activation.

Activation of primary human CD4" T cells switches BCL11B
from a transcriptional repressor to a transcriptional activator of
IL-2. Primary human CD4 " T cells were activated with P/I for 5 h
or with anti-CD3/CD28 for 24 h to induce TCR stimulation (23).
We observed a twofold repression of BCL11B mRNA levels under
both conditions, whereas BCL11B protein levels were roughly
identical, suggesting some posttranslational stabilization mecha-
nisms (Fig. 10A and B). Interestingly, a concomitant increase of
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FIG 8 BCL11B-mediated repression of IL-2 expression through MTA1 or MTA3 recruitment in unstimulated cells is lost during Jurkat cell activation by P/I
treatment. (A and B) Activation of human Jurkat CD4" T cells by P/I induced an increase of IL-2 and Id2 expression. Jurkat cells were treated with DMSO or
activated with P/I for the indicated times. Total RNAs were extracted and RT-qPCR experiments were performed to analyze the increase of IL-2 (A) and Id2 (B)
expression levels after activation of Jurkat cells. Due to the huge induction of IL-2 expression after prolonged stimulation, the IL-2 expression levels measured
after 2 and 5 h of treatment are shown with a different scale as Fig. S6C in the supplemental material. (C) Endogenous P300 preferentially interacts with BCL11B
in activated Jurkat T cells. Cells were activated with P/I (+) or not activated with P/I (—), lysed in IPH buffer, and immunoprecipitated with anti-BCL11B. As a
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antibodies. (D) Schematic drawing of the human Id2 proximal promoter region with the transcription start site (TSS) and the conserved potential BCL11B direct
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newly identified BCL11B binding in Id2. For each promoter and antibody, GAPDH was used as an internal nonbinding control. Values that are statistically
significantly different are indicated by bars and asterisks as follows: *, P < 0.05; **, P < 0.01; ***, P < 0.001. Values that are not statistically significantly different
(NS) are also indicated.
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BCL11B Ser2 phosphorylation and SUMOylation nicely correlat-
ing with transcriptional activation of IL-2 was observed, especially
with the anti-CD3/CD28 antibodies (Fig. 10B). ChIP analyses
were thus performed after 24-h stimulation with anti-CD3/CD28
antibodies, a treatment mimicking the canonical activation of T
cells through antigen-presenting cells, since IL-2 induction was
particularly efficient (ca. 4,000-fold) under these conditions (Fig.
10C). In these conditions, MTAIL, MTA3, and RbAp48 mRNA
levels also increased (see Fig. S8 in the supplemental material).
This activation had no effect on the binding of BCL11B on the IL-2
promoter but led to a strongly increased recruitment of P300 to
this region, concomitant with the transcriptional activation of
IL-2 (Fig. 10D and E).

These results therefore show that upon physiological activa-
tion of primary human CD4 ™ T cells, BCL11B through phosphor-
ylation of Ser2 in its N-terminal repression domain is switched
from a transcriptional repressor to an activator of IL-2 expression.

DISCUSSION

Multiple posttranslational modifications (PTMs) of a given pro-
tein substrate can occur simultaneously or sequentially to modu-
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late its function, localization, and stability through cooperative or
antagonizing effects on interacting partners. BCL11B is essential
for T-cell development. Recently, BCL11B function was shown to
be finely regulated during TCR activation of resting murine
thymocytes by a MAPK-initiated dynamic sequence of PTMs. In-
deed, treatment with phorbol ester and calcium ionophore
resulted in rapid phosphorylation on 23 proline-directed serine/
threonine kinase (S/TP) sites, deSUMOylation, dephosphoryla-
tion, reSUMOylation, ubiquitination, and ultimately degradation
of BCL11B (21, 22, 52). Importantly, this complex pathway facil-
itates derepression of repressed direct target genes of BCL11B, as
shown for Id2, when immature thymocytes need to initiate differ-
entiation programs (21).

Here, we describe a different and much simpler PKC-mediated
pathway which through phosphorylation of Ser2 in the BCL11B
conserved MSRKKQ motif participates in the upregulation of
IL-2, another BCL11B direct target gene, during activation of hu-
man CD4" T cells by PMA-ionomycin (P/I) or by anti-CD3/
CD28 antibodies as a surrogate for canonical activation of T cells
through antigen-presenting cells (Fig. 11). Notably, this is the first
description at the endogenous level of a PTM targeting this im-

mcb.asm.org 1893


http://mcb.asm.org

Dubuissez et al.

A BCL11B mRNA levels in LT CD4* cells B LT CD4+ cells
% P/l 5h I
14 *% I
S 12 L CD3/CD2824h - - - +
2 1 WB:
5 _— Ser2 BCL11B
Lo
2 0:4 B -. Long exp.
© 02 80 — — BCL11B
£ o . . : s -~ | Short exp.
5h 5h P/l 24h 24h 80
medium medium  CD3/CD28 E actin
%
C IL2 mRNA levels in LT CD4* cells % f I D
S0
c Q
o *%*
3 50 —x 500, 1 & 1234
GEJ. 40 4000
%30 3000
Q 20 2000
£10 1000
Q0 s
x 5h 5h P/l 24h 24h
medium medium  CD3/CD28
D IL2 promoter GAPDH promoter
ol NG 18
161 — 164 B 24h medium
147 14 O 24h CD3/CD28
5 127 124
2 ;
£ " 1
52108 0.8
0,6
) NS 0,6 1 NS
041 [ 0,4 1 NS
02 ,_I_‘ 0,2 [
0 - 04 1
ChiP BCL11B ChIP IgG ChiP BCL11B ChiP IgG
E IL2 promoter GAPDH promoter
*
12 q 12 -
10 A M 24h medium
10 -
8 0O 24h CD3/CD28
8 o
L 4 4 4
2 NS 2 NS
1 ek 04 .
ChIP P300 ChIP IgG ChIP P300 ChIP IgG

FIG 10 Activation of primary human CD4 " T cells induces phosphorylation of BCL11B Ser2 and the corepressor-coactivator switch on the IL-2 promoter. (A)
Activation of primary human CD4 " T cells by P/I or by anti-CD3/CD28 antibodies induced downregulation of BCL11B expression. RT-qPCR experiments were
performed to analyze BCL11B expression. (B) Analyses of endogenous BCL11B phosphorylation on Ser2 and SUMOylation in activated human CD4™ T cells.
CD4™ T cells were directly lysed in Laemmli buffer, boiled, and analyzed by Western blotting with the indicated antibodies, 5 h or 24 h after P/I or anti-CD3/CD28
treatment, respectively. The position of SUMOylated BCL11B proteins is indicated by the red arrowhead. (C) Increase of IL-2 expression in activated human
CD4" T cells. RT-qPCR experiments were performed to analyze IL-2 expression upon activation with P/I (left panel) or anti-CD3/CD28 antibodies (right panel).
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statistically significantly different (NS) are also indicated.

portant MSRRKQ repression motif shared by several distinct nu-
clear proteins. The phosphorylation of BCL11B Ser2 has not been
detected during differentiation of resting murine thymocytes
(90% being double-positive [DP] cells) (21), a population clearly
distinct from the human CD4™" T cells analyzed here. However,
the N-terminal region was not present in the coverage map of
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BCL11B (21) since trypsin digests which cut after Arg and Lys
residues are predicted to generate hardly detectable MSR peptides.

The Ser2 phosphorylation peak in Jurkat cells precedes the
SUMOylation peak, but a specific PKC inhibitor has no effect
on the SUMOylation of BCL11B (Fig. 6). In contrast, the mul-
tiple phosphorylation events induced by the MAPK pathway in

July 2016 Volume 36 Number 13


http://mcb.asm.org

PKC Switches BCL11B to an Activator in CD4™ T Cells

NuRD

— N
BCL11B
= = IL2, Id2

IL2, Id2 repression

TCR
Activation

[ Inactivated LT CD4+ 1

IL2, Id2

Stop IL2, Id2 repression

Activated LT CDA% i Seelgm=—

®

Ser2 “&
pr—
BCL11B
S

IL2, Id2
IL2, Id2 activation

30(3)

Prmm——N
Kk 2H
\ED O

Downregulation BCL11B
by KLF4

Stop IL2, Id2 activation

FIG 11 Working model of the corepressor/activator switch on BCL11B target genes during activation of Jurkat cells or primary human CD4™" T cells. (Step 1)
In unstimulated Jurkat or primary human CD4™ T cells isolated from PBMCs from healthy donors, BCL11B bound with MTA1, and NuRD complex represses
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murine thymocytes favor the interaction of BCL11B with the
deSUMOylase SENP1 (21). Another major difference is the
lack of ubiquitination of human BCL11B after prolonged P/I
treatment of Jurkat cells. In fact, the decrease in BCL11B protein
levels observed after 5 h of activation seems to rely mainly on
direct transcriptional repression of BCLI11B by KLF4 rather than
on BCL11B protein degradation by the proteasome (Fig. 7).
However, these different MAPK- or PKC-mediated pathways
both orchestrate the transcriptional activity of BCL11B to allow
derepression of direct target genes, albeit through strikingly dif-
ferent mechanisms. Indeed, by performing quantitative ChIP ex-
periments with activated Jurkat cells or purified normal human
CD4™" T cells, we observed similar levels of binding of BCL11B to
the IL-2 promoter compared to basal conditions. However, in
these activating conditions, which result in BCL11B Ser2 phos-
phorylation, the levels of MTAL1 are severely reduced at the IL-2
promoter, whereas P300 levels reciprocally increase in line with
the induction of IL-2 expression (Fig. 8 to 10). In the Co-IP
experiments (Fig. 8C) where a net increase of BCL11B-P300 in-
teraction is clearly seen, the impact of T-cell activation on
BCL11B-MTALI interaction is relatively low. However, in contrast
with Co-IPs, the ChIP experiments were performed on chromatin
and are thus more likely to reflect the function of a transcription
factor and of its different partners in their natural context (53, 54).
In developing murine thymocytes, BCL11B and MTA1 remained
associated at the Id2 promoter both in basal conditions and acti-
vating conditions, as shown by ChIP experiments (21). However,
as stated by these authors, the possibility that MTA1 and/or other
NuRD component proteins became posttranslationally modified
as a consequence of this treatment has not been investigated in
detail. This is an important issue since the C-terminal end of MTA
proteins involved in the interaction with MSRRKQ proteins is
subject to extensive posttranslational modifications. Notably, the
methylation-demethylation of MTAL1 lysine 532 regulates its cy-
clical and signaling-dependent association with NuRD corepres-
sor or nucleosome remodeling factor (NuRF) coactivator com-
plexes, respectively (55). The transcriptional cofactor FOGI1
(friend of GATA) also interacts with NuRD through a N-terminal
MSRRKQ motif, and this interaction plays a key role for lineage
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commitment during erythropoiesis and megakaryopoiesis (45,
56, 57). Strikingly, ChIP experiments revealed that NuRD com-
ponents are present at both repressed and active GATA1/FOG1
target genes (58). These results suggest two possible mechanisms
for interaction of MTA1 with different transcription factors de-
pending on the cellular context: (i) binding of MTA1 to the target
genes both in active or repressive conditions but with PTM:s fine-
tuning its interaction with repressive or activating complexes as
reported for GATA1/FOGI or (ii) present only in repressive con-
ditions and loss of interaction in activating conditions due to spe-
cific PTMs in short MTAl-interacting motifs, as shown here for
PKC-mediated phosphorylation of BCL11B in CD4 " T cells.

Here, we demonstrated that this short motif is necessary and
sufficient to mediate binding of BCL11A and BCL11B to the three
members of the MTA corepressor family, thus enabling BCL11A,
BCL11B, and more generally MSRRKQ-containing proteins to
interact with the complete range of NuRD complexes. This high-
lights their flexibility to participate in various differentiation pro-
grams involved in the development of the immune and central
nervous systems and to regulate tissue-specific gene expression in
many distinct cellular types including T and B cells, ameloblasts or
keratinocytes for BCL11B (16), or lymphopoiesis and erythroid
precursors for BCL11A (15). Interestingly, the interaction of the
BTB/POZ transcriptional repressors HIC1 and BCL6 with MTA1
and MTA3, respectively, are inhibited by acetylation of a lysine
residue in different conserved peptidic interaction motifs. HIC1
acetylation on K314 in the MKHEP SUMOylation/acetylation
motif negatively regulates its interaction with MTA1, whereas its
SUMOylation favors it, notably in the DNA damage response (40,
59). BCL6 acetylation on K379 in the KKYK motif abrogates its
ability to interact with MTA3, which is a major repression mech-
anism controlling germinal center B-cell differentiation (60-62)
as well as CD4 ™ T-cell fate and function (63).

Although our studies have been focused on BCL11B, it is
tempting to speculate that similar PTMs could be identified in
other MSRRKQ-containing nuclear proteins. Indeed, the devel-
opmental regulator SALL1 is certainly regulated by PKC phos-
phorylation on Ser2, as suggested by in vitro studies (27). For
FOG], the role of Ser2 has been investigated only through alanine
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scanning experiments which demonstrated that this S2A muta-
tion did not affect the repression potential of a FOG1 1-12-Gal4
chimera (56). However, these in vitro studies or in vivo knock-in
models in mice and the crystal structure of RbAp48 (another
NuRD component) bound to the 15 N-terminal amino acids of
FOGI have provided compelling pieces of evidence for the key
role played by the RKK residues in the conserved MSRRKQ motif
(45, 56-58). Whereas Ser2 is involved only in hydrogen bond in-
teraction, these RKK residues are engaged both in hydrogen bond
interaction and in ion pair contacts with acidic Glu residues in
RbAp48 (49). These strong interactions could be impaired by the
negative charge brought by PKC-mediated phosphorylation of
the adjacent Ser2 residue as shown for the interaction between the
phosphomimetic S2D BCL11B mutant and the related RbAp46
protein (Fig. 3E). Recently, ZNF827 was shown to recruit NuRD
to telomeres in cells using alternative lengthening of telomeres
(ALT) to enable telomere extension. This recruitment relies on
RRK residues found in an N-terminal MPRRKQ motif highly ho-
mologous to the motif found in FOG, SALLI, and BCL11A/B
except for the replacement of Ser2 by a Pro residue (65). Thus, the
PKC-mediated phosphorylation of Ser2 that we have demon-
strated here for BCL11B would provide to these MSRRKQ-con-
taining proteins a rapid and efficient mechanism to fine tune their
interaction via a RRK motif with NuRD.

In conclusion, we have identified a novel mechanism for how
the essential regulator of T-cell development BCL11B is regulated
by PKC-mediated phosphorylation of Ser2 in its conserved N-ter-
minal repression domain during activation of CD4™ T cells. In
addition, this BCL11B N-terminal domain is essential for the tran-
scriptional repression of HIV-1 long terminal repeat (LTR) se-
quences which thus affects both HIV-1 replication and virus pro-
duction in CD4™" T lymphocytes (66). In future studies, it would
be interesting to explore whether this switch between transcrip-
tional repression and activation by phosphorylation in their MS
RRKQ motifs could be generalized to other NuRD-interacting
proteins, in particular to BCL11A or FOG1, two important regu-
lators of differentiation programs during normal hematopoiesis.
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