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Mtgl6/Eto2 is a transcriptional corepressor that is disrupted by t(16;21) in acute myeloid leukemia. Using
mice lacking Mtg16, we found that Mtglé is a critical regulator of T-cell development. Deletion of Mig16 led to
reduced thymocyte development in vivo, and after competitive bone marrow transplantation, there was a nearly
complete failure of MtgI6~'~ cells to contribute to thymocyte development. This defect was recapitulated in
vitro as Mtgl6~'~ Lineage™/Scal*/c-Kit* (LSK) cells of the bone marrow or DNI1 cells of the thymus failed to
produce CD4"/CD8* cells in response to a Notch signal. Complementation of these defects by reexpressing
Mitg16 showed that 3 highly conserved domains were somewhat dispensable for T-cell development but required
the capacity of Mtglé to suppress E2A-dependent transcriptional activation and to bind to the Notch intra-
cellular domain. Thus, Mtgl6 integrates the activities of signaling pathways and nuclear factors in the

establishment of T-cell fate specification.

The progeny of hematopoietic stem cells receive external
signals and integrates them into altered transcriptional pro-
grams that direct multipotent progenitor cells to become lin-
eage committed and generate all the mature cell types found in
the peripheral blood (29, 37). Development along these dis-
tinct lineages requires that the external cues be faithfully in-
terpreted at the transcriptional level to activate and repress
lineage-specific gene expression programs (27, 32). Transcrip-
tional coactivators and corepressors are ideally situated to in-
tegrate the activities of multiple DNA binding transcription
factors and signaling pathways to alter gene expression pro-
grams and regulate lineage allocation (8, 23).

Myeloid translocation gene (MTG) 16 (MTG16) is disrupted
by the t(16;21) in acute myeloid leukemia (AML) (17).
MTG16 (gene name CBFA2T3; also known as ETO2) is a
member of a family of transcriptional corepressors that also
includes MTGR1 and MTGS (also known as ETO), the latter
of which is targeted by t(8;21) (15, 25, 33). These translocations
fuse the DNA-binding domain of RUNXI to nearly all of
either MTG16 or MTGS8 to repress the transcription of
RUNXI-regulated genes (15, 17, 18, 33). As expected for core-
pressors, MTG16 binds to both DNA binding proteins and
chromatin-modifying factors (1, 9, 14, 19, 34, 41). Four highly
homologous domains within MTGs are evolutionarily con-
served in the Drosophila melanogaster factor Nervy and medi-
ate some of these contacts.

The action of E proteins and Notch signaling are critical to
T-cell development, and a potential role for Mtgl6 in lympho-
poiesis was further suggested by the identification of an asso-
ciation between MTGs and these pathways (9, 14, 19, 38, 41,

* Corresponding author. Mailing address: Department of Biochem-
istry, 512 Preston Research Building, Vanderbilt University School of
Medicine, 2220 Pierce Ave., Nashville, TN 37232. Phone: (615) 936-
3582. Fax: (615) 936-1790. E-mail: scott.hiebert@vanderbilt.edu.

+ Supplemental material for this article may be found at http://mcb
.asm.org/.

" Published ahead of print on 2 May 2011.

2544

48). Upon ligand binding, the Notch receptor is cleaved and
the intracellular domain (ICD) of Notch moves to the nucleus
and binds the transcription factor CBF1-Suppressor of Hair-
less-Lagl (CSL) to activate transcription (26). MTGs appear
to act as corepressors for CSL, and independent of CSL,
Mtgl6 also associates with the Notch ICD, suggesting that
Mtgl6 mediates some aspects of Notch functions (14, 38).

Likewise, Mtgl6 associates with transcriptional activation
domain 1 (AD1) in E proteins to impair E-protein-dependent
transcription, and E2A instructs lymphoid development while
inhibiting myelopoiesis (2, 3, 7, 35, 48). E24-null mice have
decreased numbers of thymocytes due to reduced lymphoid-
primed multipotent progenitor (LMPP) and early thymocyte
progenitor (ETP) production and impaired progression from
the earliest CD4~ CD8~ CD44" CD25~ double-negative 1
(DN1) thymocytes to the subsequent CD4~ CD8  CD44™"
CD25" DN2 thymocytes (2, 4, 13, 24). Furthermore, E24-null
progenitor cells fail to produce T cells in in vitro cell fate
specification assays initiated by Notch signaling (21, 39). Here,
we show that inactivation of Mtgl6 impairs the development of
T-cell lineage thymocytes, indicating that Mtgl6 has the ca-
pacity to interact with key factors that specify the T-cell lin-
eage, potentially serving as a master regulator of this cell fate
decision.

MATERIALS AND METHODS

Mice. Generation of Migl6-null mice was previously described (10). For stud-
ies described here, Mgl6-null mice were backcrossed into the C57BL/6 back-
ground for 10 generations.

Plasmids. The E-protein-deficient Mtgl6 point mutant plasmids were gener-
ated using a QuikChange IT XL site-directed mutagenesis kit (Agilent Technol-
ogies). Primers were designed based upon the structure of the Eto-HEB inter-
action (35) to mimic the following mutations: F210A-F154A and R220A-R164A.
The sequence for the F210A forward primer was 5'-CACTGAGGCCGTTTGT
TATCCCTGCTCTGAAGGCTAATCTT-3’, and that for the F210A reverse
primer was 5'-AAGATTAGCCTTCAGAGCAGGGATAACAAACGGCCTC
AGTG-3'. The sequence for the R220A forward primer was 5'-CTTCCACTG
CTGCAGGCTGAGCTCCTGCACTG-3', and that for the R220A reverse
primer was 5'-CAGTGCAGGAGCTCAGCCTGCAGCAGTGGAAG-3'. Mu-
rine stem cell virus (MSCV)-Id] and MSCV-Id2 were generous gifts of Jonathan
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Keller. Fragments of Mtgl6 deleted from the 5’ or 3’ ends were generated by
PCR amplification and assembled in appropriate combinations to create
ANHRI1, ANHR2, ANHR3, ANHR4, APST2, and ANHR1-PST2 interstitial de-
letion mutants. Fragments were subcloned into EcoRI/Xhol-restricted MSCV or
pCMVS5 for use in terminal experiments. The primer sequences and amplimer
combinations used to create these Mtgl6 interstitial deletion mutants are avail-
able upon request. The regions deleted in each mutant were as follows: ANICD
deleted amino acids 1 to 85, ANHR1 deleted amino acids 145 to 242, ANHR2
deleted amino acids 365 to 402, ANHR3 deleted amino acids 460 to 510, ANHR4
deleted amino acids 532 to 567, APST2 deleted amino acids 242 to 364, and
ANHR1-PST2 deleted amino acids 145 to 364.

Cell culture and expression analysis. Bosc23, Cos7, and 293T cells were
cultured in Dulbecco’s modified Eagle Medium (DMEM) supplemented with
10% fetal bovine serum (FBS), 50 U/ml penicillin, 50 p.g/ml streptomycin, and 2
mM L-glutamine. OP9-DL1 stromal cells were cultured in a-MEM (Gibco)
supplemented with 20% heat-inactivated FBS, 50 U/ml penicillin, and 50 pg/ml
streptomycin. Expression from MSCV-IRES-GFP plasmids was confirmed after
transfection of 3 g of plasmid into Bosc23 virus-producing cells with PolyFect
(Qiagen). At 48 h posttransfection, cells were harvested into radioimmunopre-
cipitation assay (RIPA) buffer containing protease inhibitors, diluted 1:2 in
Laemmli’s sample buffer (Bio-Rad), sonicated, and subjected to 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis. Immunoblot analyses were
performed using anti-Myc 9E10 antibody, with glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) expression (AbCam) as a loading control. Expressed
proteins were visualized using fluorophore-conjugated secondary antibodies and
the Odyssey system (LiCor).

Flow cytometry and cell sorting. Single-cell suspensions were formed after the
tibia and/or femur was flushed with phosphate-buffered saline (PBS) to collect
bone marrow cells or after the spleen or thymus was minced into fragments and
passed through a 70-um filter. Antibody staining for flow cytometry was carried
out on 1 X 10° cells in single wells of a round-bottom 96-well plate. For lineage
labeling, cells were stained with biotinylated antibodies directed toward lineage-
specific cell surface markers (CD3, B220, Grl, Macl, and Ter119; eBioscience),
followed by fluorochrome-conjugated streptavidin. For all other flow cytometry
experiments, cells were labeled with the appropriate combination of fluoro-
chrome-conjugated anti-c-Kit, anti-Sca-1, anti-FIt3, anti-CD44, anti-CD25, anti-
CD4, anti-CD8, anti-Gr1, anti-Macl, anti-B220, anti-CD45.2, and anti-yd T-cell
receptors (eBioscience). Analysis was performed with a 3-laser BD LSR II using
FACSDiva software. For rare populations of cells, bone marrow samples were
first lineage depleted using a lineage depletion kit and magnetic cell sorting
(Miltenyi Biotec). For rare populations of thymic progenitor cells, total cell
suspensions were first lineage depleted using the eBioscience lineage panel plus
anti-CD4-biotin and anti-CD8-biotin and magnetic cell sorting (Miltenyi Biotec).
Sorting of hematopoietic cell populations was performed on a BD FACSAria.

Competitive bone marrow transplants. For competitive reconstitution assays,
a single-cell suspension of bone marrow cells was obtained from the tibia and
femur, and the red blood cells were lysed with erythrocyte lysis buffer (buffer EL;
Qiagen). Bone marrow cells were injected via the tail vein into lethally irradiated
(900 rads) recipient C57BL/6 CD45.1 congenic mice. The Mtgl6*/" or Mtgl6-
null donor cells were mixed with C57BL/6 CD45.1 bone marrow cells (9:1). The
reconstitution potential of the donor (CD45.2) cells was monitored by flow
cytometry of the peripheral blood and/or the bone marrow, thymus, and spleen.

Gene expression analysis. The expression of individual genes was measured
using reverse transcriptase (RT) PCR, with total RNA isolated using a 5 Prime
PerfectPure RNA extraction kit. The RT step was carried out using 100 to 200
ng total RNA per 20 pl of iScript (Bio-Rad) cDNA synthesis reaction mixture;
one-fourth of the reaction mixture was used for PCR using iQ Sybr green
SuperMix (Bio-Rad), with GAPDH as an internal control. PCRs were performed
in duplicate. The primer sequences were as follows: mMtg8F, 5'-ATTTACGC
CAACGACATTAACGA-3'; mMtg8R, 5'-CTGAGTTGCCTAGCACCACA-
3'; mMtgrlF, 5'-ACCTGGCCCAGCATGAGC-3"; mMtgrlR, 5'-AATGTCTT
CTAGTGTATAGTGC-3"; mMtgl6F, 5'-CCACGGCTGCTTAAAGTGGT-3';
mMtgl6R, 5'-GTCATTGCCAAATTGCTGTAGG-3' GAPDHF, 5'-GCCTTC
CGTGTTCCTACCC-3'; and GAPDHR, 5'-TGCCTGCTTCACCACCTTC-3'".

In vitro differentiation assays. The indicated sorted populations of cells were
plated on irradiated, confluent OP9-DL1 stromal cells in a-MEM (Gibco) sup-
plemented with 20% FBS, 50 U/ml penicillin, 50 wg/ml streptomycin, 5 ng/ml
interleukin-7 (IL-7; Peprotech), and 5 ng/ml Flt3 ligand (Peprotech). The
hematopoietic cells were collected and passaged every 4 to 7 days onto a fresh
stromal layer. T-cell differentiation was assessed every 7 days for 4 weeks by flow
cytometry.

Cell cycle analysis. Cell cycle analysis of hematopoietic cells cocultured with
OP9-DLI cells was performed using propidium iodide staining of genomic DNA.
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Collected cells were fixed in 70% ethanol (EtOH) overnight and treated with
0.1% Triton X-100, 20 wg/ml propidium iodide (Sigma), and 0.1 mg/ml RNase A
(USB) in phosphate-buffered saline (PBS) prior to fluorescence-activated cell
sorter (FACS) analysis.

Annexin V staining. Annexin V analysis of hematopoietic cells cocultured with
OP9-DLI stromal cells was performed using annexin V-fluorescein isothiocya-
nate (annexin V-FITC) apoptosis detection kit I (BD Pharmingen) per the
manufacturer’s instructions. Briefly, cells were collected from day 7 cultures,
washed in PBS, and counted. Cells were resuspended in annexin V binding
buffer, labeled with annexin V-FITC, and then analyzed by flow cytometry.

Retroviral expression. MSCV-myc-Eto2-GFP and variants, MSCV-Id1-GFP,
and MSCV-Id2-GFP were transfected into Bosc23 virus-producing cells. The
viral supernatant was collected at 48 h posttransfection and filtered through a
45-pum syringe filter (Nalgene). Sorted Lineage /Scal™/c-Kit" (LSK) cells were
centrifuged at 1,500 rpm for 1 h at room temperature with the viral supernatant
prior to coculture with OP9-DL1 stromal cells. Infection was monitored using
flow cytometry to detect green fluorescent protein (GFP) expression.

Transcription assays. Luciferase reporter assays were performed with 293T
cells transfected with the indicated plasmids. Luciferase values were assessed
from an E-box reporter plasmid, a generous gift of Robert Roeder. At 48 h
posttransfection, cells were lysed with passive lysis buffer from the Promega
Dual-Luciferase reporter assay system, and luciferase activity was measured on
a BD Pharmingen Monolight 3010 luminometer. All experiments were per-
formed in triplicate, and values were normalized to that of a Renilla luciferase
internal control.

Coimmunoprecipitation assays. Cos7 cells were transfected with the indicated
combinations of plasmids, and 40 h later, the cells were harvested into HERR
buffer (100 mM KCl, 0.02 M HEPES, pH 7.9, 0.002 M EDTA, 0.1% NP-40, 10%
glycerol) supplemented with a protease inhibitor cocktail (Roche). For Mtgl6-
EA47 interactions, 600 mM KCl HERR was used. For Mtg16-Notch ICD inter-
actions, 100 mM KCl HERR was used. Lysates were sonicated and cleared by
centrifugation. Immunoprecipitation of lysates was performed using anti-c-Myc
9E10 antibody for Mtg16-E47 interactions and the Flag M2 antibody (Sigma) for
Mtg16-NICD interactions. Immune complexes were collected using protein G-
Sepharose 4B (Sigma). Coprecipitating proteins were identified by immunoblot
analysis of immune complexes using anti-c-Myc 9E10, anti-Flag M2, and anti-
EA47 sc-763 antibodies (Santa Cruz).

RESULTS

Mtgl6 is required for thymopoiesis after bone marrow
transplantation. Mg/ 6-null mice are able to produce all of the
hematopoietic lineages, though myeloid development is en-
hanced with increased numbers of Grl™/Macl™ myeloid cells
in the spleen and bone marrow (see Fig. S1 in the supplemen-
tal material). However, there was a 2-fold decrease in total
thymocyte number that was visible upon gross dissection (see
Fig. S2A in the supplemental material), which caused us to
examine T-cell development in more detail. Using flow cytom-
etry, all populations were decreased in absolute number in the
absence of Mtgl6 (see Fig. S2B in the supplemental material),
with a small relative decrease in CD4" CD8™ cells and a slight
relative increase in CD4~ CD8" cells and both CD4" and
CD8™ mature thymocytes as a percentage of total thymocytes.
When the earliest thymocytes of the CD4~ CDS8™ DN popu-
lation were further subdivided using CD44 and CD25, there
was a substantial decrease in both CD25~ CD44" DN1 cells
and CD25" CD44" DN2 cells in the absence of Migl6 (see Fig.
S2C in the supplemental material). Consistent with the lower
level of thymocytes, there were somewhat fewer yd T cells (by
absolute number) (data not shown).

Our interest in the role of Mtgl6 in T-cell development was
heightened when we noted that after competitive bone marrow
transplantation using 90% Mtgl6~/~ CD45.2" bone marrow
cells and 10% control CD45.1-expressing cells, there was a
dramatic loss of T-cell production from the null bone marrow
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FIG. 1. Mtgl6 is required for thymopoiesis after bone marrow
transplantation. Mtgl6~'~ cells fail to repopulate the thymus in com-
petitive transplant. Shown are representative CD45.2 FACS plots 6
weeks after bone marrow transplantation using 10% wild-type CD45.1
cells and 90% control or Mtgl6~/~ CD45.2 cells. Representative FACS
plots of cells harvested from the bone marrow (A) and thymus (B) are
shown. These data are from one of two experiments, with a total of 5
WT recipients and 9 Mtg/6-null recipients.

(Fig. 1A). As measured by flow cytometry, control CD45.2"
bone marrow showed robust reconstitution, which was similar
to the percentage of CD45.2" wild-type (WT) marrow trans-
planted. In contrast, only 2 to 3% of the thymocytes were
derived from the Mtgl6 '~ bone marrow (Fig. 1B). Thus, when
homeostasis was disrupted and the null cells were placed in a
competitive environment, Migl6 was required for T-cell for-
mation in vivo.

To better interpret the defects in Migl6-null early T-cell
lineage progenitor cells, we measured the expression levels of
Mitg16 and the other MTG family members, Mtg8 and Mtgrl, by
quantitative RT-PCR in wild-type mice across several hema-
topoietic populations. The highest levels of Migl6 expression
were seen in early stem/progenitor cell populations (LSK
cells), common myeloid progenitors (CMPs), and bone mar-
row B2207 cells (see Fig. S3A in the supplemental material),
whereas Mtgr]l was widely expressed and Mitg8 was poorly ex-
pressed, with undetectable expression in some populations. In
the thymus, Mtgl6 expression levels were generally lower, with
the highest levels in CD4* CD8* cells and lower levels in early
T-cell progenitor cells. These data suggested that the defect in
T-cell development might lie in the earliest T-cell progenitor
cells of the bone marrow. Flow cytometric analysis supported
this hypothesis and indicated that the lymphoid-primed multi-
potent progenitor cells (LMPP) of the bone marrow and the
CD4 7 /CD8 /CD25 /c-Kit" early thymocyte progenitor
(ETP) cells that seed the thymus were reduced in the absence
of Mtgl6 (Fig. 2A and B). The 2-fold reduction observed in
progenitors was consistent with the 2-fold reduction observed
in total thymocyte number (see Fig. S2A in the supplemental
material).

Mtgl16 is required for T-cell commitment in vitro. To directly
assess the T-cell potential of Mtgl6-null bone marrow progen-
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itor cells and early thymocytes, we cultured wild-type and
Mtgl6-null bone marrow stem cells and thymus double-nega-
tive cells in the presence of Flt3 ligand and IL-7 on OP9
stromal cells expressing the Delta-like 1 Notch ligand, which
triggers T-cell development (39). We isolated LSK cells as well
as CD44" CD25~ DNI1 cells and CD44" CD25" DN2 cells
from the thymus and assessed their abilities to develop into
CD4" CD8™" T cells using flow cytometry (39). Between days
21 and 28, wild-type LSK and DN1 cells produced CD4"
CDS8™ T cells. As DN2 cells have already begun the process of
committing to the T-cell lineage, CD4* CD8™" T cells devel-
oped between days 7 and 14 (Fig. 3A). In contrast, Mzgl6-null
LSK and DN cells failed to develop into CD4" CD8™" T cells
(Fig. 3A). However, Mtgl6-null DN2 cells developed into
CD4" CD8™" T cells within 7 to 14 days of culture on OP9-DL1
stroma, albeit at a reduced rate (Fig. 3A, right panels). The
reduced numbers of T cells could reflect reduced proliferative
capacity, as the null cells failed to expand to the levels of
wild-type DN2 cells (see Fig. S4 in the supplemental material).
Together, these data indicate that Mtgl6 is required for effi-
cient T-cell development in vivo and in vitro and that this defect
precedes lineage commitment into DN2 T cells of the thymus
(Fig. 3A).

Given that the Mgl6-null LSK cells failed to develop into T
cells, we determined their lineage fate in this in vitro system.
Seven days after the initiation of the cultures, there was an
exaggerated production of Grl*/Macl™ myeloid cells in the
absence of Mrgl6 (Fig. 3B). These data suggest that Mgl 6-null
stem cells are incapable of developing along T-cell lineages in
vitro and prefer to develop along myeloid lineages, even under
conditions favorable for lymphoid development.

Ex vivo complementation of the Mtgl6~'~ defect in T-cell
development. To begin to define how Mtgl6 functions in reg-
ulating T-cell development, we sought to complement the
Mtglo6-deficient T cells by exogenous expression of Mtgl6. Re-
combinant murine stem cell virus (MSCV) expressing Mtgl6
and GFP was used to infect FACS-purified LSK cells, followed
by culture with OP9-DL1 cells. Reexpression of MtgI6 yielded
T-cell differentiation typically producing from 7 to 30% CD4"
CD8™ cells in numerous biological replicates compared to the
Mitgl6-null cells infected with control MSCV (Fig. 4A and B).
Therefore, the failure to differentiate into T cells was depen-
dent on Mtgl6 rather than an off-target effect of the deletion.

Next, we utilized a panel of deletion mutants that removed
each of the Nervy homology regions (NHRs) in Mtg16. Each of
these domains is highly conserved between MTG family mem-
bers and facilitates interaction with different proteins, thereby
allowing the identification of the crucial interactions that con-
tribute to Mtg16 functions. Mtgl6-null LSK cells were infected
with MSCV-IRES-GFP, MSCV-Migl16-IRES-GFP, or deletion
mutants of the conserved domains, and the cells were cultured
on OP9-DL1 stroma in the presence of IL-7 and Flt3 ligand
(see Fig. S5 in the supplemental material for the levels of
expression). The Mrgl6 deletion mutant lacking NHR1 failed
to complement the null phenotypes, whereas deletion of
NHR2, NHR3, and NHR4 allowed reconstitution of T-cell
development (Fig. 4B) but with somewhat lower efficiencies.
Like ANHRI1, deletion of a domain just upstream of NHR1,
which mediates association with the Notch intracellular do-
main, ANICD, also failed to restore T-cell development. These



Vor. 31, 2011 Mtgl6 CONTRIBUTES TO T-CELL DEVELOPMENT 2547
A Lineage Negative Thymocytes
Wild-Type Mtg16-null
o] o] w1oooo-
"3 .0076%| "3 .0036% S 2000
ol i ETPs | ] " ETPs £
k= § : =3 E‘sooo-
l— *%
- “a “a Ewoo-
x- ~ - = 20004
o & - w
g ;P WT Null WT Null
Ch25 —
B Lineage-Sca-1*c-Kit* (LSK)
Wild-Type Mtg16-null 22500-
Tl Fitan Tol Fit3n X
<1 LMPPs aE -
a3 . . o O 125004
8 21 0 34.T%. B ks S 100004
ZBEE R EE 2 -
¢ | !
: ; WT Null WT Null

|||||||| T |||||||| T |||||||| T |||||||| T
10 10 10* 10 10 10

Fita ——>

LLLLLL SRR RLLL SRR RLLL B R ILL

10t 10

FIG. 2. Loss of Mtgl6 leads to decreased early thymocyte progenitor cells in the thymus and lymphoid-primed progenitor cells in the bone
marrow. (A) Decreased presence of Lin~ CD25 c-Kit™ ETPs in the Mgl6-null thymus shown both as percentages of total thymocytes and as
absolute numbers per thymus * standard deviations (SD). Representative FACS plots are shown from one of three independent experiments with
4 mice of each genotype, with a total of 12 mice. An unpaired, two-tailed ¢ test yielded P values of <0.05 (*) and <0.01 (**). (B) Decreased Lin™~
Sca-1"* c-Kit™" FIt3" LMPPs in Migl6~'~ bone marrow shown both as percentages of LSKs and as absolute numbers per hind limb (both femur
and tibia) = SD. Shown are data from a representative experiment with 5 mice of each genotype, with a total of 15 mice. An unpaired, two-tailed

t test shows a P value of <0.001 (x%%).

results suggest that Mtgl6 must be able to associate with the
NICD and specific transcription factors via NHR1 to fully
regulate cell fate decisions.

E-protein regulation is necessary for the function of Mtgl6
in T-cell development. One of the interactions disrupted by the
deletion of NHRI is the interaction between this portion of
Mtg16 and activation domain 1 (AD1) of HEB (48). Given that
the Mtgl6-null phenotype is similar to that of E2A-deficient
mice (2, 4, 13, 22), we mined gene expression data from Mtgl6-
null LSK cells (M. Fischer, I. Moreno-Miralles, A. Hunt, B.
Chyla, and S. W. Hiebert, unpublished data) and found that
E2A expression was slightly decreased, while the expression
levels of IdI and Id2, negative regulators of E-protein DNA
binding (6, 11, 44), were increased 4- to 8-fold. The expression
of Id1 in in vitro culture systems designed to permit B-cell
development favored myeloid development over B-cell com-
mitment (11). Because double short hairpin RNA (shRNA)-
mediated knockdown of Id] and Id2 was inefficient (data not
shown), we asked whether the expression of Id! or Id2 was
sufficient to enhance myelopoiesis and block T-cell develop-
ment in the OP9-DL1 system. MSCV-Id/-GFP- and MSCV-
1d2-GFP-infected wild-type LSK cells were plated on OP9-
DL1 stroma and FACS analyzed at day 7 to test for increased
Gr1*/Macl™ production, which was seen in the absence of

Migl6. Both IdI and Id2 overexpression led to increased my-
eloid production at day 7, suggesting that the increased expres-
sion of Id! and Id2 in Mtgl6-null LSK cells contributes to this
phenotype (Fig. 5). Overexpression of Id2 inhibited, but did
not completely abolish, CD4" CD8" T-cell development in the
OP9-DL1 assay (40). Similarly, we noted that Id/-expressing
LSK cells also yielded some T-cell differentiation (Fig. 5B).
Therefore, increases in IdI and Id2 expression likely contribute
to the enhanced myelopoiesis observed in the absence of Mtgl6
(Fig. 3B) but are unlikely to explain the block in T-cell differ-
entiation.

The E proteins E2A and HEB are critical for T-cell devel-
opment (2, 5). The structure of the NHR1 domain of MTGS in
association with the HEB AD1 domain identified residues that
mediate this contact (35). While HEB binds to MTGS through
2 sites, mutations within the NHR1 domain of MTGS8 were
sufficient to disrupt repression of E-protein-mediated tran-
scriptional activation (20, 35). Therefore, to define the contri-
butions of E-protein functions to the role of Mtgl6 in T-cell
development, we engineered a point mutation in MgI6 that is
homologous to changes that abrogated the binding of the
MTG8 NHR1 domain to HEB AD1. The F210A Mtgl6 mu-
tant mimics the F154A MTGS8 mutant to eliminate E-protein
AD1 binding, whereas a control R220A mutant mimics the
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FIG. 3. Migl6-null LSK and DN1 progenitor cells fail to develop
into T cells in vitro. (A) FACS-sorted LSK, DN1, and DN2 populations
were plated on OP9-DLI1 cells, and CD4" CD8" T-cell development
was assessed at day 21 for LSK and DN1 cells and day 7 for DN2 cells.
Representative FACS plots are shown from one of at least two exper-
iments. Shown are data from a representative experiment with 2 to 3
mice of each genotype, with a total of 5 (LSK), 7 (DN1), and 4 (DN2)
mice. (B) Mrgl6-null LSK cells display enhanced myelopoiesis. FACS
plots for Grl and Macl 7 days after culture of LSK cells with OP9-DL1
stromal cells are shown. Shown are data from a representative exper-
iment from one of five independent experiments performed with 2
mice of each genotype, for a total of 10 mice.

R164A mutant that retained the ability to bind to HEB AD1
(35). The F210A and R220A mutants were reintroduced into
Mtgl6-null LSK cells using MSCV-IRES-GFP, and both
Mtgl6 and the R220A mutant were capable of rescuing T-cell
development (Fig. 6A). However, the F210A point mutant
failed to rescue T-cell development (Fig. 6A). Therefore, ap-
propriate regulation of E-protein activity is a necessary func-
tion of Mtgl6 in T-cell development.

Given that both deletion of the Notch ICD contact site and
mutation of the E-protein binding motif impaired T-cell pro-
duction, we probed the molecular contacts that these mutants
retain. We confirmed that the point mutants in NHR1 did not
disrupt E-protein binding and found that further deletion of a
region between NHR1 and NHR2 (PST2 domain) was neces-
sary to completely abrogate E-protein binding (see Fig. S6A
and B in the supplemental material). The NHR1 domain of
MTGs also contacts the nuclear receptor corepressor (NCoR)
(45), but we found normal levels of repression by mutant
GAL4-Mtgl6 fusion proteins using a Gal reporter assay (see
Fig. S6D in the supplemental material). In addition, the F210A
mutant retained the ability to bind to the Notch ICD (see Fig.
S6C in the supplemental material), yet failed to properly re-
spond to a Notch signal. Finally, we used a luciferase construct
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FIG. 4. Reconstitution of Mitgl6~/~ LSK cells with Migl6 and
Mtgl16 deletion mutants. (A) Representative FACS plots from day 21
cultures of LSK cells infected with MSCV or MSCV-myc-Mtg16-GFP
cocultured with OP9-DL1 stroma to assess T-cell development using
cell surface expression levels of both CD4 and CD8. GFP™" events are
shown. Shown are data from a representative experiment from one of
four independent experiments performed with 2 mice of each geno-
type, for a total of 8 mice. (B) Mutant analysis of Mtgl6 and contri-
bution to T-cell development. Representative plots from day 21 cul-
tures of LSK cells expressing MSCV or MSCV-myc-Mtgl6-GFP on
OP9-DL1 stroma assessing T-cell development by the cell surface
expression levels of both CD4 and CD8. GFP" events are shown.
Shown are data from a representative experiment from one of two
independent experiments performed with 2 control wild-type mice and
4 Mtgl6™'~ mice pooled into two samples, for a total of 8 mice. A
schematic diagram of the deletion mutants is shown in the lower
right-hand portion. ANHRI1, A145-242; ANHR?2, A365-402; ANHR3,
A460-510; ANHR4, A532-567; ANICD, A1-85.

carrying E-box binding sites in the promoter to show that
Mitgl6 and Mitgl6(R220A) suppressed E47-dependent tran-
scriptional activation, while the F210A mutant was deficient in
repression (Fig. 6B). Importantly, deletion of the N-terminal
NICD binding region did not affect the ability of Mtgl6 to
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FIG. 5. Overexpression of Idl and Id2 enhanced myelopoiesis.
(A) LSK cells infected with MSCV-1d1-GFP or MSCV-1d2-GFP phe-
nocopy Mtgl6~'~ LSK cells with increased production of Grl*/Macl™*
cells. Representative FACS plots of GFP* populations 7 days after
coculture on OP9-DL1 stromal cells. Shown are GFP™" data from a
representative experiment from one of two independent experiments
performed with 2 to 3 mice of each genotype, for a total of 5 mice. The
averages of the percentages of the cells that were Gr1* Macl™ that
were obtained from two experiments are shown graphically in the
panel below. An unpaired, two-tailed ¢ test shows P values of <0.05 ()
and <0.01 (**). (B) WT LSK cells infected with MSCV-IdI-GFP
retain the capacity to generate CD4" CD8" T cells after coculture on
OP9-DLI1 cells. Shown are GFP" representative data from one of
three experiments.

repress E47-mediated transcriptional activation (Fig. 6B), in-
dicating that suppression of E-protein-dependent transcription
was not sufficient to trigger T-cell development (Fig. 3) and
that Mtgl6 must associate with the Notch ICD to restore
function.

MTG family members function in transcriptional repression,
and therefore, these results imply that E-protein-mediated re-
pression contributes to T-cell development. By comparing
gene expression profiles from Mtg16~'~ LSK cells (M. Fischer
et al., unpublished) to those of genes that were repressed by
overexpression of E47 (21, 42), we identified 19 genes that
were repressed by E47 in hematopoietic progenitor cells but
upregulated upon Migl6 inactivation in LSK cells (see Table
S1 in the supplemental material). In addition, we compared
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FIG. 6. Suppression of E-protein-mediated transcriptional activa-
tion is necessary for Mtgl6 to reconstitute T-cell development.
(A) Retroviral introduction of wild-type MSCV-myc-Migl6-GFP and
the R220A mutant rescues CD4* CD8" T-cell development, but
F210A does not. Representative day 21 FACS plots using anti-CD4
and anti-CD8 are shown, with GFP™ cells shown. Shown are data from
a representative experiment from one of three independent experi-
ments performed with 2 mice of each genotype, for a total of 6 mice.
(B) An F210A point mutant in Migl6 abrogates the ability of Mtg16 to
repress transcription from an E-box promoter activated by the expres-
sion of E47, while the NICD deletion mutant suppresses E-protein
functions. The graph shows the average relative luciferase values = SD
from an E-box reporter plasmid cotransfected with a vector control or
vector expressing E47 and the indicated Mtgl6 or Mtgl6 mutant
thereof. The values were normalized to that of a Renilla luciferase
plasmid to control for specificity and transfection efficiency. The ex-
periment was performed twice in triplicate. (C) Venn diagrams are
shown that display the intersection between genes upregulated in
Migl6~'~ LSK cells relative to wild-type controls and genes upregu-
lated by activated Notch signaling in OP9-DL1 coculture and E47
expression (left panel) (21) or E2A-deficient thymic lymphoma cells
that were complemented by reexpressing E47 (right panel) (42).

the changes in Mtgl6~/~ gene expression profiles to those in
genes regulated by overexpressed E47 in the context of Notch
signaling from OP9-DL1 cells (see Table S2 in the supplemen-
tal material). A total of 44 genes that were upregulated by the
loss of Mtg16 were also coactivated by Notch signaling and E47
expression (Fig. 6C). Most importantly, key regulatory genes
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were found within this group, including Gata3, 1d2, Socs3,
Hesl, and Tle6, which were also regulated by E47 in thymic
lymphoma cells (42) (see Tables S3 and S4 in the supplemental
material). Of note, the expression of Migl6, but not Mig8 or
Mitgrl, was activated by E47 (21), suggesting a possible regu-
latory loop between these proteins. Collectively, these data
indicate that Mtgl6 plays a key role in integrating Notch sig-
nals and E-protein actions to suppress myelopoiesis and direct
T-cell differentiation.

DISCUSSION

Our work indicates that Mtgl16 is required for lymphopoiesis
after bone marrow transplantation and that it acts in the LSK
and DNI1 populations (Fig. 1 and 3). Surprisingly, 3 highly
conserved domains, when deleted individually, were somewhat
dispensable for Mtgl6 function in T-cell differentiation, even
the oligomerization domain (Fig. 4, NHR2). In contrast, the
Notch ICD interaction domain and the motif that is required
for suppression of E-protein transactivation within NHR1
were required for Mtgl6 action (Fig. 4 and 6). Given the
intersection between Notch signaling and E-protein function in
T-cell differentiation, our data suggest that Mtgl6 is a key
regulator of this process that contributes to maintaining the
correct levels of several key genes that control lineage alloca-
tion and that are coordinately regulated by Notch signaling and
EA47 activation, including Gata3, Id2, and Hesl (see Tables S1
to S4 in the supplemental material).

Although the Notch ICD association motif was important
for Mtg16 function in T-cell development (Fig. 4), it is intrigu-
ing to note that Mtgl6~'~ mice display many of the hallmarks
of E2A deficiency. In addition to defects in T cells, mice lacking
E2A contain reduced numbers of B cells, fewer long-term
hematopoietic stem cells and multipotent progenitor cells, and
fewer erythropoietic progenitor cells. In addition, stem cells
lacking E2A4 showed a considerable defect in competitive re-
population assays (43, 47). Likewise, Mtg16 '~ mice show de-
fective stress erythropoiesis with few erythropoietic progeni-
tors, as measured by colony forming assays (10), and defects in
stem cell competitiveness (M. Fischer et al., unpublished).
Chromatin immunoprecipitation assays also suggest that the
association between Mtgl6 and E proteins plays an important
role in the action of these factors during hematopoiesis, as the
most robust signal for Mtg16 was found near E-protein binding
sites (M. Fischer et al., unpublished).

While the NHR1 domain was essential, the NHR2 domain
was not absolutely required for Mtgl6 function in the OP9-
DL1 assay. NHR2 forms strong homo- and hetero-oligomers
with MTG family members (25, 28, 30). In fact, other MTG
family members were the major associating proteins when
MTGs or RUNX1-MTGS was purified (25, 48). Our analysis
suggests that Mtgl6 monomers retain function, and the obser-
vation that ANHR1 and ANICD impaired Mtgl6 functions
(Fig. 4) suggests that hetero-oligomers that might be formed
with endogenous wild-type Mtgrl (the other MTG family
member widely expressed in hematopoietic cells) (see Fig. S3
in the supplemental material) were unable to exert the same
functions as Mtgl16 and thereby complement this defect. Sim-
ilar to the NHR2 domain, the NHR3 and NHR4 domains were
not absolutely required for Mtgl6 to rescue T-cell develop-
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ment (Fig. 4). NHR4 mediates the weaker of the two contacts
between Mtgl6 and NCoR/SMRT but is not required for as-
sociation with NCoR or for transcriptional repression (1, 31),
whereas the NHR3 domain contributes to binding the regula-
tory subunit of protein kinase A (PKA RII) (12, 16). Rather
than contributing to the formation of acute leukemia, deletion
of these domains has been associated with increasing the ac-
tivity of the t(8;21) fusion protein (46), suggesting that these
domains play a negative regulatory role.

Notch signaling is a key determinant in instructing T-cell
development and, when coupled with IL-7, is sufficient to in-
duce T-cell lineage development in vitro (36, 39). The Notch
ICD binds to CSL and recruits Mastermind to activate tran-
scription (26). The association of MTGs with CSL suggests
that Mtgl6, like MTGS, acts as a corepressor to suppress the
expression of downstream target genes, such as Hes! (38). The
discovery of an association between the Notch ICD and Mtgl6
furthered this model by suggesting a mechanism by which the
Notch ICD impairs the association between Mtgl6 and CSL,
perhaps allowing Mastermind to bind to CSL (14). The high
levels of expression of the canonical Notch target genes Hes!
and Nrap in Mtgl6-null LSK cells (14) and the failure of the
Mtgl6 mutant that lacks the Notch ICD binding motif to
complement the null phenotype (Fig. 4), even though this
mutant impaired E-protein-dependent transcriptional activa-
tion (Fig. 6B), are consistent with this interpretation. Impor-
tantly, our mutation data indicate that the loss of Mtgl6 per-
turbs the function of other necessary factors in T-cell
development (e.g., E proteins) that allow the proper integra-
tion of Notch signals. Thus, Mtgl6 plays a critical role in
integrating Notch signals and E-protein functions in T-cell
development, perhaps in the earliest bone marrow progenitor
cells.
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