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The mechanisms regulating the emer-
gence of BM prothymocytes remain poorly
characterized. Genome-wide transcrip-
tome analyses looking for genes ex-
pressed in human prothymocytes led to
the identification of AF1q/MLLT11 as a
candidate gene conceivably involved in
this process. Analysis of AF1q protein
subcellular localization and intracellular
trafficking showed that despite pro-
nounced karyophily, it was subjected to
constitutive nuclear export followed by
ubiquitin-mediated degradation in the cen-

trosomal area. Using in vitro assays based
on either forced expression or shRNA-
mediated silencing of AF1q, we provide
evidence that the protein promotes T- over
B-cell differentiation in multipotent hema-
topoietic progenitors. At the molecular
level, AF1q confers to multipotent pro-
genitors an increased susceptibility to
Delta-like/Notch-mediated signaling. Con-
sistent with these findings, enforced AF1q
expression in humanized mice fosters the
emergence of BM CD34�CD7� prothymo-
cytes, enhances subsequent thymus colo-

nization, and accelerates intrathymic
T-cell development. In contrast, AF1q si-
lencing provokes a global shift of BM
lymphopoiesis toward the B-cell lineage,
hinders prothymocyte development, in-
hibits thymus colonization, and leads to
intrathymic accumulation of B cells. Our
results indicate that AF1q cooperates with
the Notch signaling pathway to foster the
emergence of BM prothymocytes and
drive subsequent intrathymic specifica-
tion toward the T-cell lineage. (Blood.
2011;118(7):1784-1796)

Introduction

The identity of thymus-colonizing cells has been the subject of
prolonged controversy. Despite reports that they corresponded
either to multipotent stem/progenitor cells (HPCs) or to early
common lymphoid progenitors, current evidence indicates that
thymus colonization is ensured by T-lineage–polarized precursors
referred to as “prothymocytes.”1 In humans, CD34�CD45RA��

CD7� precursors possess T- over B-cell lymphoid potential,
express the thymus-homing receptor CCR9, and undergo selective
thymus recruitment in both ex vivo and in vivo colonization
assays.2,3 This population emerges in the fetal BM as early as
gestational week 8-9, follows bell-curve dynamics during the last
2 trimesters of development, and persists at low levels after birth.
The mechanisms regulating the development of BM prothymocytes
are still poorly understood. The IL-7 receptor, c-Kit, Wnt/LEF/
TCF, and Sonic Hedgehog play a central role in the survival and
proliferation of pre-�-selection thymocytes, whereas Notch1 recep-
tor ligation by Delta-like 4 (Dll4) drives their specification toward
the T-cell lineage,4,5 but whether and to what extent they also
participate in the extrathymic differentiation of prothymocytes
remains unclear. Mice carrying targeted deletions of IL-7, Sonic
Hedgehog, or Wnt signaling intermediates are characterized by
intrathymic accumulation of double-negative (DN)2-3 thymocytes,
arguing for a predominant, if not exclusive, post-entry developmen-
tal arrest.6,7 Current evidence suggests that Notch signaling plays

an important role in the emergence of BM prothymocytes. BM
CCR9�VCAM-1� HPCs that correspond to physiologic postnatal
thymus colonizers in the mouse up-regulate HES1 and Deltex1
transcript expression and display detectable green fluorescent
protein (GFP) mRNA levels in Notch reporter mice.8 Conditional
Notch1 inactivation or ectopic expression of Notch inhibitors arrest
intrathymic T-cell development before or at the early T-cell lineage
progenitor stage and promote accumulation of thymic B cells,
whereas constitutive expression of the Notch intracellular domain
inhibits B-cell development, leads to extrathymic T-cell differentia-
tion, and drives leukemic transformation.9 The ZBTB7A//LRF
proto-oncogene has emerged as an important negative regulator of
Notch signaling. Because LRF-deficient progenitors aberrantly
express Notch target genes and differentiate into CD4�CD8�

double-positive T cells in the BM, it is assumed that the restriction
of Notch signaling imposed by LRF physiologically skews BM
lymphoid development toward the B-cell lineage.10 These observa-
tions suggest that the outcome of Notch ligation in BM progenitors
might not depend solely on the level of Notch ligands or the density
of Notch1, but may also rely on fine-tuning of the cell-intrinsic
susceptibility to Delta-like/Notch interactions.

ALL1 fused from chromosome 1q (AF1q)/MLLT11 was identi-
fied as a mixed lineage leukemia (MLL) fusion partner.11 Complex
duplication/translocation events of the AF1q locus have since been
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reported in hematologic malignancies,12,13 and high AF1q mRNA
levels are markers of poor prognosis in leukemia and myelodysplas-
tic syndromes.14 Although AF1q is highly expressed in the thymus,
to date, its biologic function remains unknown. In the present
study, we show that AF1q promotes early T-cell development in
multipotent HPCs through dual restriction of B-cell differentiation
and cell-intrinsic sensitization to Delta-like/Notch interactions.

Methods

Plasmid constructs and protein analysis

The full-length AF1q coding sequence was obtained by PCR and cloned
in-frame with the HA1 epitope into a pcDNA3-modified vector (HA-
AF1q). A2M (L30-32A) and A4M (L24-27-30-32A) mutants were gener-
ated by site-directed mutagenesis using the Quick Change Mutagenesis Kit
(Stratagene), and cloned into either pcDNA3 or pWPI vectors. HEK-293T
cells stably expressing HA-tagged AF1q or A2M were generated by
lentiviral transduction. Transient transfections of HeLa and HEK-293T
cells were performed using the standard calcium phosphate method.
Treatment with leptomycin B (LMB; 2 ng/mL), cycloheximide (CHX,
50 �g/mL, both from Sigma-Aldrich); Lactacystin (10�M; Calbiochem);
or TGF-�1 (R&D Systems) was performed for the indicated periods. In vitro
ubiquitylation assays and His-tagged protein purification were performed as
described previously.15 Cell extracts were prepared in radio-immunoprecipitation
assay buffer containing 0.05% SDS (0.05M Tris, pH 8, 0.2M NaCl, 1% NP40,
0.02M EDTA, pH 8, and 0.5% deoxycholate), subjected to SDS-PAGE,
transferred by iBlot (Invitrogen) to nitrocellulose membranes, and probed with
anti-AF1q (Abnova) or anti–�-tubulin (Sigma-Aldrich) antibodies. Labeling was
developed using horseradish peroxidase–conjugated goat anti–mouse polyclonal
antibodies (Pierce). Membranes were processed using the chemiluminescence
SuperSignal West Femto Maximum Sensitivity reagent (Thermo Scientific).

Antibodies and immunofluorescence microscopy

Transiently transfected HeLa cells grown on coverslips were washed in
PBS and fixed and permeabilized for 10 minutes in PBS, 3% Triton X-100,
and 3.7% paraformaldehyde. Nonadherent cells were plated on poly-L-
lysine–coated slides, fixed in 2.5% paraformaldehyde, permeabilized in
0.1% Triton X-100, and labeled with the corresponding antibodies. Mouse
monoclonal antibodies anti-AF1q and anti–LAP-2 were from Abnova and
Transduction Laboratories, respectively. The rabbit anti–�-tubulin poly-
clonal antibody was from Abcam; the rat anti-HA tag monoclonal antibody
was from Roche. Antibodies were revealed by Alexa Fluor 488– or Alexa
Fluor 594–labeled secondary antibodies from Molecular Probes. Slides
were counterstained with 4�,6-diamidino-2-phenylindole, dihydrochloride
and mounted in Vectashield neutral medium. Fluorescent microscopy was
performed either with an Axiovert 2000M microscope or with a confocal
LSM510 meta laser microscope (Carl Zeiss Micro-Imaging).

Processing human tissues, cell separation, and in vitro
differentiation assays

Umbilical cord blood and thymi were collected according to institutional
guidelines and processed as described previously.3 CD34� HPCs were
purified with an EasySep human CD34 Positive Selection Kit (StemCell
Technologies; purity � 90%). For FACS sorting, cells were labeled with
CD34-PE 5 (PECy5) or CD34� allophycocyanin (APC), CD45RA-PE (BD
Pharmingen), and a cocktail of FITC-conjugated antibodies (Lin): CD7 and
CD10 (both from Beckman-Coulter Immunotech) and CD19, CD36, and
CD41 (all from BD Biosciences). B- and natural killer (NK)–cell differen-
tiation assays have been described elsewhere.16 B and NK cells were
monitored by flow cytometry using PE-conjugated CD19 (BioLegend) and
CD56 antibodies (BD Biosciences). Assessment of T-cell potential in
OP9-Delta-like1 (OP9-DL1) stromal cell cocultures was performed as
described previously.3 OP9-DL1 cells were plated in 6-well plates 1 or 2 days
before use. Cocultures were conducted in the presence of SCF (10 mg/mL),

FMS-related tyrosine kinase 3 ligand (FLT3L; 5 ng/mL), and IL-7
(2 ng/mL). Cells were harvested every 5-7 days for flow cytometric
analysis. Labeling was performed with CD7-PE (BD Biosciences), CD1a-
APC (BioLegend), CD4-PE (BD Pharmingen), CD8-PECy5 (BD Biosci-
ences), CD3-APC, TCR��, and TCR�	 (BD Pharmingen) antibodies.

Lentiviral transductions

Lentiviral plasmids pWPI and pLVTHM were a gift from Didier Trono
(Ecole Polytechnique Fédérale, Lausanne, Switzerland). pLKO.1/shRNAs
targeting AF1q were purchased from Open Biosystem and tested as
described previously.17 The corresponding AF1q-specific shRNA54

(shAF1q), shRNA58, and scrambled shRNAs (shCtl) were subcloned into
pLVTHM. VSV-pseudotyped third-generation lentiviral vectors were pro-
duced by transient transfection into 293T cells and purified by ultracentrifu-
gation. Expression titers of GFP vectors were estimated on 293T cells by
limiting dilution. CD34� HPCs were preactivated overnight under serum-
free culture conditions (BIT 9500; StemCell Technologies) with SCF (50
ng/mL), FLT3L (50 ng/mL), and thrombopoietin (TPO, 10 ng/mL, all from
R&D Systems) before being exposed to the corresponding vectors (107

transducing units).

qRT-PCR and ChIP

Total RNAs were extracted using the RNeasy Mini or Micro Kits
(QIAGEN). RNA quality control and quantification were monitored using
the RNA 6000 Pico LabChip Kit and the Agilent 2100 Bioanalyzer (Agilent
Technologies). RNAs were reverse transcribed using random hexamers
with Superscript II reverse transcriptase (Invitrogen Life Technologies).
Amplification of mRNAs by quantitative real-time RT-PCR (qRT-PCR)
was performed with the corresponding primers (supplemental Table 1,
available on the Blood Web site; see the Supplemental Materials link at the
top of the online article) and a LightCycler (Roche Diagnostics). PCR
products were detected by the SYBR Green dye (Roche). Nested duplex
qRT-PCR for the simultaneous amplification of AF1q and HPRT was
performed as described previously18 (supplemental Table 1). Gene-
expression levels were quantified with LightCycler v.3.5.3 software (Roche
Diagnostics). Gene-expression levels were normalized relative to endoge-
nous HPRT as well as to levels detected in Jurkat cells used as an external
calibrator. This procedure allows for direct comparison between the diverse
biologic samples. ChIP and qRT-PCR analysis was performed as described
previously.19 Primers were designed within regulatory (Spen-1, Spen-2, and
Spen-3) and conserved intronic regions (Spen-4 and Spen-5) of the Spen
locus (supplemental Table 2). Results were normalized with respect to the
promoter of the �2-microglobulin gene for histone H3 acetylation or PAX6
gene for histone H3 lysine 9 methylation.

Microarray and statistical analyses

The methodology and results of transcriptome analyses are provided as
supplemental Methods. Full microarray data can be downloaded from the
GEO database under accession numbers GSE29522 and GSE29523.

Mice

NOD-SCID/�c�/� (NSG) mice (The Jackson Laboratory) were housed in
the pathogen-free animal facility of Institut Universitaire d’Hématologie.
Use of the mice was approved by the animal care and use committee of the
Institut Universitaire d’Hématologie. Six-week-old mice were irradiated
with 2.5 Gy 18-24 hours before intravenous injection of CD34� HPCs
(1.5 
 105 cells), exposed to the corresponding lentiviral vectors, and killed
8 weeks after grafting. The BM, spleen, and thymus were harvested and
analyzed with a FACSCanto cytometer (Becton Dickinson). Labeling of
BM cells was performed with CD45-Alexa-Fluor 700 (BioLegend),
CD34-Pacific Blue (BioLegend), CD7-PE (BD Biosciences), CD10-PECy7
(BD Biosciences), and CD19-APC (BioLegend) antibodies. Labeling of
thymocytes was performed with CD34-Pacific Blue and CD1a-PE (Bio-
Legend), CD4-APC (BD Biosciences), and CD8-PECy7 (BioLegend).
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Results

AF1q nuclear export and proteasome-dependent degradation
in the centrosomal area

Results of genome-wide transcriptome analyses to screen for genes
expressed in umbilical cord blood CD34��CD45RA��CD7�

prothymocytes3 and the fact that the expression of these also
increased linearly from CD34��CD44hiCD1a� to CD34�CD1a�

and to CD34�CD1a� thymocytes20 led us to identify AF1q/
MLLT11 as a candidate gene possibly involved in regulating the
emergence of prothymocytes (supplemental Figure 1 and supple-
mental Table 3). Bioinformatics analysis and alignment of or-
thologs showed that AF1q is characterized by the duplication of a
conserved canonical domain (referred to as AF1q Homology
Domain [AHD]) located at both sides of a central basic region
(CBR), and by a prototypic nuclear export signal (NES; Figure 1A).
We first examined AF1q subcellular localization in primary thymo-
cytes or leukemia T-cell lines and found that the protein concen-
trates in the centrosomal area (Figure 1B top panel). Because AF1q
displays a predicted NES, we speculated that its centrosomal
accumulation depended on prior nuclear export. AF1q no longer
accumulated in this area in SupT1 cells treated with LMB, an
inhibitor of CRM1-dependent nuclear export. LMB treatment
resulted in a heterogeneous staining pattern, with AF1q either
reentering the nucleus or remaining confined to the cytoplasm
(Figure 1B bottom panel). Consistent with these observations,
HA-tagged AF1q localized in the cytoplasm of transiently trans-
fected HeLa cells, whereas it relocated in a speckled pattern in the
nucleus after LMB treatment (Figure 1C). Genetic mapping of the
NES confirmed these results by showing that mutations of Leu
residues 30/32 (A2M) or 27/29/30/32 (A4M) both resulted in
constitutive nuclear sequestration of the corresponding variants
(Figure 1D).

Because the centrosomal area is a major site of protein
catabolism, we assessed the effect of Lactacystin, a pharmacologic
inhibitor of the proteasome, on AF1q degradation. Direct side-by-
side comparison of their degradation kinetics showed that the
nuclear-sequestered A2M derivative persisted for � 4 hours in
cells compared with � 2 hours for wild-type AF1q (Figure 1E).
Densitometry analysis showed that whereas decay of both proteins
was similar during the first hours, the A2M mutant was more stable
thereafter (Figure 1F), arguing for the existence of 2 distinct protein
pools with different turnovers. To examine whether AF1q centro-
somal catabolism depended on prior ubiquitylation, HEK-293T
cells stably expressing wild-type AF1q (HEK-AF1q cells) were
treated for 12 hours with Lactacystin before probing cell extracts
with anti-AF1q antibodies. This yielded a characteristic ladder of
high-molecular-weight AF1q species compatible with polyubiqui-
tylation (Figure 1G left panel). In addition, HEK-AF1q cells were
transfected with a His-tagged ubiquitin expression vector and
treated for 12 hours with Lactacystin before isolation of ubiquity-
lated proteins: His-purified proteins strongly reacted with anti-
AF1q antibodies (Figure 1G right panel), indicating that AF1q
degradation depends on prior ubiquitylation. These data suggest
that AF1q constitutive CRM1-dependent export from the nucleus is
followed by ubiquitin-mediated degradation by the proteasome.

AF1q antagonizes early B-cell development

Because AF1q is considered an oncogenic protein, we first
investigated the effect of the wild-type protein and of nuclear-

sequestered mutant A2M on CD34� HPC survival and prolifera-
tion. CD34� cells were transduced with the corresponding lentivi-
ral vectors, sorted based on GFP expression, and cultured for
5-12 days with different cytokine combinations. Irrespective of the
conditions, neither protein affected cell survival or proliferation,
nor did they interfere with the differentiation of granulocytes
(CD15�CXCR1�), macrophages (CD1a�CD14�), or dendritic
cells (CD1a�CD14�; data not shown). The effect of AF1q on the
emergence of lymphoid precursors was then assessed. FACS
analysis of AF1q- or A2M-transduced CD34�Lin� HPCs cultured
for 5-7 days under serum-free conditions showed that, whereas
neither affected total cell yields, both elicited a 3- to 5-fold
decrease in CD7�CD10� pre-pro-B-cell percentages (Figure 2A
and 2C), but did not promote the emergence of CD7�CD10� T-cell
precursors.

To investigate the effect of AF1q on B-cell development, AF1q-
or A2M-transduced cells were cultured for 2 weeks on MS5
stromal cells in the absence of cytokines, a condition that con-
strains myeloid cell outgrowth but also results in reduced cell
expansion (5- to 15-fold).21 Although total cell yields did not
change, CD19� B-cell percentages decreased by 2.5- and 3.4-fold
in AF1q and A2M-transduced cell cultures, respectively (Figure 2B
and 2D). Whether AF1q or A2M affects B-cell progenitor fre-
quency was assessed in limiting-dilution experiments. Analysis
based on Poisson distribution showed that, despite an overall
similar albeit limited cloning efficiency (1:100-1:200), B-cell
progenitor frequencies were lower for A2M- (1:800-1:1200) than
for wild-type AF1q- or empty vector–transduced cells (1:300-1:
500), indicating that the nuclear-sequestered mutant was more
efficient in this respect. In addition, those clones that derived from
AF1q- or A2M-transduced cells had lower CD19� cell percentages
than the clones in control wells (Figure 2E), indicating that both
proteins affect the capacity of clonable cells to differentiate along
the B-cell pathway. CD34�CD10�CD19� pre-pro-B cells and
CD34�CD10�CD19� pro-B cells were then transduced with A2M
or the empty vector and cultured for 2 weeks onto MS5 cells.
Whereas A2M antagonized acquisition of CD24 and CD19 by the
pre-pro-B cells, it had only a minor effect on pro-B cells, confirm-
ing that AF1q predominantly affects early the stages of B-cell
development (supplemental Figure 2A). We next examined the
effect of AF1q on NK-cell differentiation. AF1q-, A2M-, or empty
vector–transduced cells were cultured under appropriate condi-
tions, and CD56� NK-cell percentages were assessed after 3 weeks.
This showed that neither protein affected NK-cell development
(Figure 2F and data not shown). In agreement with these findings,
FACS analysis of mixed B/NK clones derived from A2M- or empty
vector–transduced single cells cultured under conditions that
promoted B- and NK-cell development confirmed the selective
effect of AF1q on B-cell differentiation. Whereas A2M still did not
affect CD56� cell percentages, it decreased by 4-fold the percent-
age of CD19� B cells per clone (median: 10% vs 47%; supplemen-
tal Figure 2B).

Whether endogenous AF1q influences B- or NK-cell differentia-
tion was finally examined by transducing CD34� HPCs with a
lentiviral vector producing shRNA targeting AF1q (shAF1q)
(supplemental Figure 3A-B). AF1q silencing did not lead to
alteration in overall cell growth or survival, but increased up to
9-fold the generation of CD19� B cells and only marginally
affected CD56� NK-cell yields in bulk cultures (Figure 2G-H). To
assess the stage at which AF1q inhibits B-cell differentiation, we
compared the effect of AF1q silencing on the capacity of sorted
CD34�CD45RA�Lin� (referred to as CD45RA�Lin� thereafter)
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and CD34�CD45RA�Lin� HPCs to generate B or NK cells. The
CD45RA�Lin� population is enriched in multipotent HPCs,
whereas the CD45RA�Lin� cells comprise mixed lympho-granulo-
macrophagic precursors.22,23 We found that AF1q silencing in-

creased by 3- to 5-fold the CD19� B-cell percentages in cultures
initiated with early CD45RA�Lin� progenitors (supplemental
Figure 3C), while not affecting the capacity of CD45RA�Lin�

cells to generate B or NK cells. Although the hypothesis that AF1q

Figure 1. Intracellular trafficking and ubiquitin-dependent catabolism of AF1q by the proteasome. (A) Comparison of the amino acid sequence of AF1q orthologs. The
AF1q AHD1 and AHD2, NES, and CBR are indicated. ClustalW alignments were performed using the Accelrys Gene v2.5 software. Conserved amino acids are shown in red;
consensus residues are in green. Synonymous amino-acid substitutions are indicated in lower-case letters; conserved basic residues of the CBR are underlined. (B) The
centrosomal localization of AF1q follows its nuclear export. SupT1 cells were treated with 2 ng/mL of LMB for 2 hours before labeling with AF1q (red) and �-tubulin (green)
antibodies. (C-D) Subcellular localization of wild-type AF1q and of its �-NES L30/32A (A2M) or L27/29/30/32A (A4M) mutant derivatives. HeLa cells were transfected with
vectors encoding HA-tagged AF1q (C) or the mutant proteins (D). Cells were treated or not with 2 ng/mL of LMB for the last 2 hours and labeled with AF1q (red) and LAP2
(green) antibodies. LAP-2 is a marker of the inner nuclear envelope. Confocal microcopy analysis was performed 48 hours after transfection. (E-F) Constitutive nuclear
relocation of AF1q slows down its catabolism. HEK-AF1q (right panel) and HEK-A2M cell lines (left panel) were treated for the indicated periods with CHX and analyzed by
immunoblot (E) followed by protein quantification by densitometry (F). Results are normalized relative to protein levels detected in control cells cultured under the same
conditions but without CHX. (G) AF1q degradation depends on its prior ubiquitylation. HEK-AF1q cells were transfected or not with a His-tagged ubiquitin (6xHis-Ubiquitin)
vector, and treated or not with 10�M Lactacystin (Lacta) for 12 hours before immunoblotting with AF1q antibodies. Left panel shows total cell extracts; right panel, His-purified
proteins.
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Figure 2. Effect of AF1q on B-cell differentiation. (A,C)AF1q antagonizes the emergence of CD7�CD10� pre-pro-B cells in serum-free cultures. CD34�Lin� HPCs were transduced
with AF1q, A2M, or the empty vector (Ctl), sorted based on GFP expression, and cultured for 5-11 days with SCF, FLT3L, TPO, and IL-7 under serum-free conditions. (A) Flow cytometry
dot-plots of GFP�-gated cells. Numbers in quadrants indicate the percentage of each population. Data are from 1 of 4 independent experiments. (C) Relative quantification of the effect
exerted by AF1q or A2M on CD7�CD10� pre-pro-B-cell differentiation or overall cell proliferation. To limit experimental variability due to donor effect, results are normalized relative to
CD10� cell percentages and absolute cell numbers in cultures of empty vector–transduced cells (Ctl). Data are means � SD percentages of 4 independent experiments. Statistically
significant differences (P 
 .05, Student t test) in percentages or absolute numbers betweenAF1q/A2M and the control conditions are marked by asterisks. (B,D)AF1q antagonizes B-cell
development in cocultures onto MS5 cells. (B) CD34� HPCs transduced as above with AF1q, A2M, or the empty vector were seeded onto MS5 cells and cultured for 2 weeks in the
absence of exogenous cytokines before absolute cell numbers and CD19�GFP� B-cell percentages were determined. Data are representative of 1 of 4 independent experiments.
(D) Relative quantification of the effect exerted by AF1q and A2M on B-cell development (CD19� B-cell percentages) or global cell expansion (total cell numbers); results are normalized
relative to percentages of CD19� cells and absolute cell numbers in cultures of empty vector–transduced cells (Ctl). Irr indicates irrelevant antibody. Data are means � SD percentages of
4 independent experiments. Statistically significant differences are indicated. (E) Limiting-dilution analysis. CD34� HPCs were transduced and cultured as above. Positive wells were
scored on day 14 and analyzed by FACS as indicated above. Empty circles represent CD19� B-cell percentages. FACS analysis was restricted to cell-containing wells. Medians and
P values are indicated. Statistical significance was determined by the Wilcoxon test. (F)AF1q does not affect NK-cell development. CD34� HPCs transduced withAF1q,A2M, or the empty
vector and sorted as above were seeded onto MS5 cells and cultured for 3 weeks with SCF, FLT3L, IL-2, IL-7, and IL-15 before absolute cell numbers and CD56�GFP� NK-cell
percentages were determined. Results are normalized relative to CD56� cell percentages and absolute cell numbers in cultures of empty vector–transduced cells (Ctl). Means � SD
percentages of 4 independent experiments are shown. (G-H) AF1q deficiency enhances B-cell differentiation. CD34� HPCs transduced with lentiviral vectors driving the expression of
shRNA54 (shAF1q) or scrambled shRNAs (shCtl) were seeded onto MS5 cells and cultured under conditions that promote B-cell (black bars) or NK-cell (empty bars) development. CD19�

and CD56� cell percentages (G) and absolute numbers (H) were determined by FACS. Results are normalized relative to the control condition (shCtl). Means � SD of 4 independent
experiments are shown. Statistically significant differences are indicated.
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interferes with the growth or survival of a minor cell subset cannot
be absolutely ruled out, these data indicate that AF1q antagonizes
entry of multipotent HPCs into the B-cell pathway.

AF1q promotes T-cell development from multipotent HPCs

We next investigated whether AF1q synergizes with Delta-like/
Notch-induced signaling to promote CD45RA�Lin� HPC entry
into the T-cell pathway. Culturing CD45RA�Lin� HPCs trans-
duced with AF1q- or A2M-lentiviral vectors onto OP9-DL1 cells24

showed that AF1q species augmented the culture day 5 percentages
of CD7�CD1a� pro-T cells by 2.1- and 2.5-fold, respectively
(Figure 3A and supplemental Figure 4A). Such was also the case
subsequently for CD7�CD1a� precursors that reached 30% of
AF1q- or A2M-transduced cells by day 10 compared with only
10%-15% in the control condition. Consistent with these findings,
post-�-selection double-positive CD4�CD8� T cells were detected
on day 10 in cultures of AF1q- or A2M-transduced cells, earlier
than in the control condition. The stimulatory effect of AF1q and
A2M on T-cell development persisted until culture day 20, leading

to an up to 4-fold increase of TCR��� or TCR�	� cell percent-
ages. In agreement with these observations, we also found that
AF1q- and A2M-transduced cells displayed increased capacity to
reconstitute murine thymus lobes in fetal thymic organ cultures3

(data not shown). To determine whether AF1q also acts in a nonredun-
dant manner during early T-cell development, CD45RA�Lin� HPCs
were transduced with the shAF1q lentiviral vector before coculture on
OP9-DL1 cells (Figure 3B and supplemental Figure 4B). By day 5,
AF1q silencing led to a 2-fold reduction in CD7�CD1a� cell percent-
ages as well as to delayed maturation of T-cell precursors, only a
minority of which had already acquired membrane CD1a by day 10.
Interestingly, a small number of CD19� B cells (3%-5%) were detected
at that time in the cultures. By day 20, AF1q silencing had led to a 5- to
7-fold decrease in the percentages of double-positive CD4hiCD8hi and of
mature TCR��� or TCR�	� cells. Neither forced AF1q/A2M expres-
sion nor shRNA-mediated AF1q silencing affected the overall cell
growth in OP9-DL1 cocultures. We concluded that AF1q synergizes
with Delta-like/Notch interactions to promote T-cell development from
multipotent HPCs.

Figure 3. Effect of AF1q on the kinetics of T-cell development in OP9-DL1 cell cocultures. (A) Forced expression of AF1q promotes T-cell development.
CD34�CD45RA�Lin� HPCs transduced with AF1q, A2M, or the empty vector (Ctl) were sorted based on GFP expression and cultured onto OP9-DL1 cells with SCF, FLT3L,
and IL-7. GFP� cells were FACS analyzed at the indicated time points for determining the percentages of CD7�CD1a�, CD7�CD1a�, CD4�CD8�, CD4�CD8hi, TCR���, and
TCR�	� cells. Results are normalized relative to percentages in cultures of empty vector–transduced cells (Ctl), and are presented as -fold increases. Means � SD
percentages of 4 independent experiments are shown. Statistically significant differences (P 
 .05; Student t test) between AF1q/A2M and the control conditions are marked by
asterisks. Note that AF1q/A2M did not significantly affect overall cell yields (data not shown). The corresponding dot-plot analyses are shown in supplemental Figure 5A.
(B) AF1q deficiency impairs T-cell development. CD34�CD45RA�Lin� HPCs transduced with vectors driving the expression of AF1q-specific shRNA54 (shAF1q) or scrambled
shRNAs (shCtl) were seeded onto OP9-DL1 cells, cultured, and processed as described. Results are normalized relative to percentages in cultures of cells transduced with
scrambled shRNAs (shCtl), and are presented as normalized ratios (NR) or -fold increase. Means � SD percentages of 4 independent experiments are shown. Statistically
significant differences are indicated. Dot-plot analyses are presented in supplemental Figure 5B. Note also that AF1q deficiency does not affect cell proliferation (data not
shown).
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The AF1q locus is not a downstream target of Notch in
multipotent HPCs

We then examined the transcriptional regulation of AF1q in
CD45RA�Lin� HPCs. Limited cell numbers were cultured for
48 hours as triplicates in 96-well plates without serum but with
SCF, FLT3L, and TPO. Nested qRT-PCR showed that none of the
cytokines affected AF1q transcript levels (data not shown). Be-
cause SCF and FLT3L allowed for better cell viability, this
condition was used as an internal calibrator thereafter.
CD45RA�Lin� HPCs were then treated with IL-7, Wnt3a, or Sonic
Hedgehog or cultured onto Notch ligand Delta1ext-IgG before
qRT-PCR analysis. None of these affected AF1q transcript levels
(supplemental Figure 5A). To screen for other potential activators
of AF1q transcription, the HPCs were treated with graded doses of
GM-CSF, TNF-�, TGF-�1, retinoic acid, IL-3, or IL-15 alone or in
combination. Only TGF-�1 elicited a dose-dependent increase of
AF1q transcript levels, and BMP4, another TGF� super-family
member, exerted a comparable activity. Because TGF-�1 regulates
the stability of various nuclear proteins,25 we examined whether it
affected AF1q protein catabolism (supplemental Figure 5B). Dose-
response and time-course experiments showed that adding TGF-�1
to CHX-treated HEK-AF1q cells delayed AF1q degradation.
Neither TGF-�1 nor Delta1ext-Ig antagonized AF1q nuclear export
(data not shown).

AF1q increases the susceptibility of multipotent HPCs to
Delta-like/Notch–induced signals

We next compared the gene-expression profiles of CD45RA�Lin�

and CD45RA�Lin� HPCs transduced with nuclear-sequestered
A2M or the empty vector. Statistical analysis of the microarray data
confirmed the selective targeting by AF1q of the more immature
cell population: A2M modulated expression of 44 probe sets
(43 annotated genes) in CD45RA�Lin� HPCs relative to only 1,
ELK4, in the CD45RA�Lin� cells (Figure 4A and data not shown).
Of the 43 genes for which expression changed in CD45RA�Lin�

cells, 42 were down-regulated (�2.9 � FC � �2.02) and only 1,
RAP1a, was up-regulated (supplemental Table 4). SPEN, which
encodes a corepressor that competes with the Notch intracellular
domain for binding to RBPJ,26 was in the top 2 genes that A2M
down-regulated. qRT-PCR confirmed that SPEN transcript levels
decreased � 2-fold in AF1q- or A2M-transduced CD45RA�Lin�

HPCs (Figure 4B). Analysis of CD45RA�Lin� HPCs by ChIP
showed an A2M-induced repressive trimethylation of histone H3 at
lysine 9 on the Spen locus but failed to detect association with
SPEN regulatory regions (Figure 4C-E and data not shown). AF1q
did not interfere with SPEN expression levels in CD45RA�Lin�

HPCs or T-cell leukemia cell lines, arguing for the selectivity of its
effect (data not shown). Down-modulation of SPEN in pre-DN1
thymocytes was in step with AF1q up-regulation, thus strengthen-
ing the physiologic pertinence of our data (supplemental Figure 6).

To evaluate the relationships between AF1q and the Notch
signaling pathway, AF1q- or A2M-transduced CD45RA�Lin�

HPCs were cultured for 72 hours on 2 or 5 �g of plastic-
immobilized Delta1ext-IgG27 before qRT-PCR analysis. Both AF1q
and A2M increased Notch-mediated expression of the Notch-target
gene HES1 (Figure 4F). In contrast, neither Notch signaling nor
A2M or AF1q affected LRF, Notch1, or Notch2 expression levels
in CD45RA�Lin� cells (data not shown). To investigate whether
AF1q synergizes with Notch signaling to promote the polarization
of CD45RA�Lin� HPCs toward the T-cell lineage, A2M-
transduced and control cells were cultured as above on graded

doses of plastic-immobilized Delta1ext-IgG before gene-expression
profiling. Analysis of the microarray data showed that Notch
signaling up-regulated the expression of 551 probe sets
(464 annotated genes) in A2M-transduced cells relative to only
262 (227 annotated genes) in controls (Figure 4G). Notch-
responsive genes segregated into 3 groups, referred to as A, B, and
C. Group A (172 probe sets, 143 annotated genes, supplemental
Table 5A) was composed of genes for which expression increased
to overall similar extents in A2M-transduced and control cells, and
contained several T-cell genes. Group B, constituted of genes
overexpressed only in A2M-transduced cells, was the most repre-
sented because it comprised 379 of the 641 probes sets up-
regulated by Notch (321 annotated genes; supplemental Table 5B)
and included most T-lineage–affiliated transcription factors (ETS1,
GATA3, TOX, MYB, RUNX3, IKZF2, and SOX4), Notch targets,
DTX4, and Nrarp, as well as diverse Wnt signaling pathway
intermediates (SFRP5, FZD2, FRZD3, and FZD7). For the major-
ity of group B genes, we also observed higher expression in
Notch-activated control cells, although differences were not statis-
tical significant in this case. Group C, encompassing genes
overexpressed in control cells (90 probe sets; 84 annotated genes),
was more heterogeneous and segregated into 2 subgroups: C1
comprising genes whose expression also increased, albeit to a
lesser extent, in A2M-transduced cells, and C2 comprising the
majority of genes that remained at baseline in A2M-transduced
cells (supplemental Table 5C-D). These data indicate that AF1q
increases the susceptibility of multipotent HPCs to Delta-like/
Notch interactions, possibly through down-modulation of SPEN.
This may also account for accelerated T-cell differentiation in
OP9-DL1 cultures.

AF1q promotes the emergence of BM prothymocytes in
humanized mice

NSG mice were used to examine the effects of AF1q on T-cell
lineage commitment and differentiation in vivo.28,29 We first
investigated whether NSG mice engrafted with CD34� HPCs
supported the emergence of BM prothymocytes. Analysis of
recipient mice 8 weeks after grafting showed that this was the case
because we detected the presence of a population of BM
CD34�CD7� HPCs (0.8%-5% of human cells), all of which
coexpressed CD45RA and CD2 (data not shown). CD34�CD7�

cells were also detected at low levels in the spleen (0.01%-0.1% of
human cells), indicating that they circulated in the blood, and they
accounted for the majority of early thymic immigrants (data not
shown). To confirm that BM CD34�CD7� HPCs corresponded to
prothymocytes, this population was sorted and analyzed by qRT-
PCR (Figure 5A-B). Relative to the more immature CD34�CD7�

CD10� cells, CD34�CD7� HPCs expressed 2- to 8-fold greater
AF1q, HES1, TCF7, GATA3, and TRBC1-2 transcript levels
(Figure 5C), confirming that they were primed for the T-lineage
differentiation program and displayed ongoing Notch signaling.
The 2 populations did not differ with regard to SPEN expression
(data not shown), indicating that SPEN down-modulation follows
entry into the thymus.

To investigate whether AF1q-enforced expression affected
the emergence of prothymocytes, NSG mice were grafted with
CD34� HPCs exposed to lentiviral vectors driving expression of
AF1q or A2M or to the empty vector and analyzed 8 weeks later.
Comparable levels of BM GFP�CD45� cells were found in all
3 conditions (median, 2.6%-3.5%), indicating that neither AF1q
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nor A2M affected engraftment (Figure 6A). In mice reconsti-
tuted with empty vector–transduced cells, GFP� cell percent-
ages among human CD45� cells were 5- to 10-fold lower in the
thymus than in the BM (Figure 6B; median, 0.8%), indicating
that these cells competed poorly for thymus colonization. AF1q-
and A2M-enforced expression compensated for this defect and
led to 3 to 4.5-fold greater levels of GFP�CD45� thymocytes,
respectively (median, 2.2% and 3.6%, respectively; Figure 6B-C).
A2M again generated a more pronounced phenotype than
wild-type AF1q, but the difference was not statistically signifi-

cant. Phenotypic characterization of GFP�CD45� BM cells
showed that AF1q/A2M–enforced expression resulted in a 2- to
4-fold increase in the percentages of CD34�CD7� prothymo-
cytes (Figure 6D,G). Whereas a limited decrease in the levels of
CD34�CD10� B-cell precursors was observed (median, 65% vs
77%), forced expression of AF1q/A2M antagonized B-cell
development at later stages. Median percentages of
CD34�CD10�19� B cells decreased from 82% to 54% in NSG
mice reconstituted with AF1q/A2M–transduced cells (P � .04,
Student t test; Figure 6D,G). AF1q/A2M–enforced expression

Figure 4. AF1q potentiates Notch signaling. (A) Gene-expression profiling of CD34�CD45RA�Lin� HPCs transduced with nuclear-sequestered AF1q (A2M).
CD34�CD45�Lin� HPCs were FACS sorted, exposed to A2M (A1-A2) or control (P1-P2) vectors, sorted based on GFP expression, and subjected to global gene-expression
analysis 72 hours later. Results are from 2 independent experiments (Exp1: A1/P1; Exp2: A2/P2). Statistical analysis, performed with the R package “locfdr” (lfdr 
 2%),
showed that 44 probe sets were differentially expressed between A2M (A1-A2)- and empty vector (P1-P2)–transduced CD34�CD45RA�Lin� HPCs. Results are presented as
a heat map of the average expression levels (up: red; down: green). (See also supplemental Table 2.) (B) AF1q down-modulates SPEN transcript levels in
CD34�CD45RA�Lin� HPCs. qRT-PCR analysis of CD34�CD45RA�Lin� cells transduced with AF1q, A2M, or the empty vector (Ctl). Expression levels (nr) are normalized
relative to those in cells transduced with the empty vector. Means � SD percentages of 3 independent experiments are shown. (C-E) AF1q induces histone H3 modifications at
the Spen locus. (C) Diagram illustrating the genomic context of Spen promoter loci. Regions amplified by site-specific qPCR are indicated by bars. (D-E) CD34�CD45RA�Lin�

cells were transduced as above with A2M or the empty vector and cultured for 72 hours before ChIP analysis via anti-H3ac (D) and anti-H3K9me3 (E) antibodies. Results are
means of 2 ChIP experiments analyzed in triplicate. (F-G) Forced AF1q expression broadens the repertoire of Notch-responsive genes in CD34�CD45RA�Lin� HPCs.
(F) CD34�CD45RA�Lin� HPCs were transduced with AF1q, A2M, or the empty vector (Ctl), sorted based on GFP expression, and cultured for 3 more days onto graded doses
of plastic-immobilized Delta1ext-IgG before qRT-PCR analysis. Expression levels are normalized relative to those in cells transduced with the empty vector. Means � SD of
3 independent samples are shown. (G) Venn diagram detailing shared and distinct gene expression between Notch-stimulated A2M- and empty vector–transduced cells.
CD34�CD45RA�Lin� HPCs were transduced with A2M or the empty vector (Ctl), and cultured as above before being subjected to global gene-expression analysis. Statistical
analysis performed with the R package “locfdr” (lfdr 
 5%) showed that, after Notch activation, 551 probe sets were up-regulated in A2M-transduced cells, relative to only
262 for their homologs transduced with the empty vector (see also supplemental Table 5A-D).
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also elicited a 2.5-fold increase in the level of multipotent
CD34�CD7�CD10� HPCs (Figure 6E and G). Flow cytometric
analysis of the CD45�GFP� thymocytes showed increased
levels of single-positive mature T cells in AF1q/A2M mice
(Figure 6F and H), suggesting accelerated T-cell development.

Analysis of mice grafted with CD34� HPCs exposed to
vectors driving the expression of shAF1q or scrambled shRNA
showed that, although AF1q silencing did not affect BM
engraftment at week 8 (median, 1.8% vs 2.1%), it did inhibit
thymus colonization (Figure 7A-C). Relative to the BM,
CD45�GFP� cell percentages decreased to barely detectable
levels in the thymi of mice reconstituted with AF1q-deficient
cells (median, 0.05% vs 1%), indicating that AF1q-deficient
progenitors have a decreased capacity to enter and settle in the
thymus. Analysis of the impact of AF1q silencing on BM
hematopoiesis found a 2.5-fold reduction in the percentages of
CD34� progenitors, the CD34 expression of which was also

decreased (Figure 7F). Consistent with the above reported
defect in thymopoiesis, AF1q silencing caused a 3- to 5-fold
reduction in the percentages of BM CD34�CD7� prothymo-
cytes, as well as a corresponding increase of CD34�/�CD10�19�

cells, which represented the majority of BM cells (median, 98%
vs 89%; Figure 7D,F). Interestingly, AF1q silencing also led to
almost complete disappearance of the most immature
CD34�CD7�CD10� HPCs, the percentages of which decreased
by 8- to 10-fold (Figure 7E-F). Analysis of the few CD45�GFP�

cells isolated from the thymi of AF1q-deficient mice showed
that T-cell development was arrested at the CD7loCD4loCD8�

DN stage and disclosed a corresponding accumulation of
CD19� B cells that could reach up to 80% of donor-derived
AF1q-deficient thymic cells (Figure 7G). These data indicate
that, in the absence of AF1q, T-cell instructive signals are
diminished, thus favoring B-cell development in the BM and
thymus.

Figure 5. Phenotypic characterization of early lymphoid progenitors in humanized mice. (A-B) Gating procedures. Irradiated NSG mice were injected intravenously with
CD34� HPCs (1.5 
 105 cells), and the BM and thymus were harvested 8 weeks later. Single-cell suspensions obtained from 3 mice were pooled and labeled with the
corresponding antibodies. Gates are set on human CD45� cells. (A) CD34�� BM cells were sorted based on CD7 and CD10 expression. (B) Thymocytes were sorted based on
CD7, CD4, and CD8 expression. The corresponding cell populations were then analyzed by qRT-PCR. (C) qRT-PCR analysis of sorted CD34�CD7�CD10� and
CD34�CD7�CD10� BM HPCs, and of CD7�CD4�CD8� and CD7�CD4�CD8� thymocytes of recipient mice 8 weeks after grafting (see also supplemental Figure 5B).
Expression levels are normalized relative to those detected in total nonfractionated BM CD34� HPCs. For BM cells, results are means � SD of 2 independent experiments. For
thymocytes, results are from one experiment.
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Discussion

In the present study, we identify AF1q as a novel upstream
regulator of lymphoid development in humans. Analysis of
AF1q intracellular trafficking found that it is constitutively
exported from the nucleus and then subjected to ubiquitin-
mediated degradation by the proteasome in the centrosomal
area. Because this suggested that AF1q biologic function might
depend on its subcellular localization, we compared the effects
of the wild-type protein and also its nuclear-sequestered mutant
A2M on hematopoiesis. Neither affected in vitro HPC growth
and survival nor led to myelodysplasia or leukemia transforma-

tion in vivo in humanized mice, indicating that AF1q does not
possess intrinsic transforming capacity. Neither AF1q nor A2M
influenced erythroid-, GM-, or NK-cell development in vitro,
but both displayed a modulatory effect on T-cell compared with
B-cell lymphoid potential of multipotent CD34� HPCs. Whereas
forced AF1q or A2M expression antagonized B-cell differentia-
tion, both stimulated T-cell development. In OP9-DL1 cocul-
tures, AF1q and A2M enhanced the Notch-dependent generation
of CD7�CD1a�/� T-cell precursors and accelerated subsequent
T-cell development. Evidence of a functional link between AF1q
and the Notch pathway is substantiated by the finding that
AF1q/A2M conferred an increased susceptibility to Notch
ligation to multipotent HPCs, which was characterized by more

Figure 6. Effect of forced AF1q expression on T-cell
development in humanized mice. (A-B) CD34� HPCs
(1.5 
 105 cells) exposed to the AF1q, A2M, or empty
vectors were injected intravenously into irradiated NSG
mice, and the BM, spleen, and thymus were harvested
8 weeks later. Single-cell suspensions were analyzed by
multicolor flow cytometry to determine the extent of
CD45�GFP� chimerism and for phenotyping the cells.
Percentages of GFP� cells among CD45� human cells
present in the BM (A) or the thymus (B) of individual
recipient mice are shown (transduction efficiency:
14% � 2%; 8 mice per condition; 2 experiments). Median
percentages are indicated by a horizontal bar. (C) Effect
of AF1q or A2M on thymus colonization. The efficiency of
thymus engraftment was calculated as the ratio of
GFP�CD45� cell percentages detected in the thymus
and BM of individual mice. Statistically significant differ-
ences (P 
 .05; Student t test) between AF1q/A2M and
control mice are marked by asterisks. (D-F) Percentages
of CD7� and CD10� lymphoid precursors (D) or of
multipotent CD7�CD10� HPCs (E) among CD34�

GFP�CD45� BM cells. (F) percentages of CD4�CD8�

and CD4�/�CD8�/� single-positive T cells among thymic
GFP�CD45� cells. Means � SD percentages are shown.
Statistically significant differences are marked as above.
(G-H) Flow cytometric analysis of CD45�GFP� cells in
the BM (H) and thymi (I) of individual mice at week 8 after
grafting. Numbers in quadrants indicate the percentages
of each population.
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efficient induction of the Notch target gene HES1, as well as of
several T lineage–affiliated genes.

Consistent with our in vitro data, AF1q/A2M promoted the differen-
tiation of BM prothymocytes in NSG mice, enhanced thymus coloniza-
tion, and accelerated subsequent intrathymic development, whereas

AF1q silencing generated an opposite phenotype. A more limited effect
of AF1q on early B-cell development was observed in reconstitution
experiments, probably because of the well-documented B-lineage
developmental bias of human hematopoiesis in NSG mice.28,30 In vivo
analysis of the impact of AF1q silencing on lymphoid development

Figure 7. Effect of AF1q deficiency on T-cell development in humanized mice. (A-B) NSG mice were injected with CD34� HPCs (1.5 
 105 cells) exposed to shAF1q or
scrambled shRNA vectors and analyzed as described in Figure 6. The percentages of GFP� cells among CD45� human cells present in the BM (A) or thymi (B) of individual
mice are shown (transduction efficiency: 12% � 3%; 8 mice per condition, 2 experiments). Median percentages are indicated by a horizontal bar. (C) Effect of AF1q deficiency
on thymus colonization. The efficiency of thymus engraftment was calculated and expressed as above. Statistically significant differences are marked by asterisks.
(D-E) Percentages of CD7� and CD10� lymphoid precursors (D) or of multipotent CD7�CD10� HPCs (E) among CD34�GFP�CD45� BM cells. Statistically significant
differences are marked by asterisks. (F-G) Flow cytometric analysis of CD45�GFP� cells in the BM (F) and thymi (G) of individual mice at week 8 after grafting. Numbers in
quadrants indicate the percentages of each population.
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strengthened the relationship between AF1q and Notch signaling. As
reported for mice deficient in Notch1 signaling,31-34 AF1q silencing
arrested intrathymic T-cell development at the CD4�CD8� DN stage
and led to the accumulation of intrathymic B cells. Although this may
increase the susceptibility of CD34� HPCs to Delta-like4/Notch1
interactions, we do not favor the hypothesis that down-modulation of
SPEN is pivotal for the impact ofAF1q on lymphoid development in the
BM. Unlike forced expression of AF1q or of Notch intracellular
domain, SPEN deficiency does not affect B-cell development, but
generates instead a thymic phenotype characterized by both enhanced
generation of early thymic progenitors and subsequent intrathymic
block at the DN2 stage.35 The molecular mechanisms by which AF1q
exerts its repressive effect on gene expression require further investiga-
tion. Even when tethered to a synthetic promoter,AF1q andA2M do not
affect the transcriptional activity of a Luciferase reporter gene (A.P.,
unpublished data), indicating that AHDs do not correspond to docking
sites for coactivators or corepressors. We nonetheless found that AF1q
induces H3K9me3-repressive histone marks at the SPEN locus, suggest-
ing that it may be part of a repressive chromatin complex.

Our data support a model in which TGF/BMP–induced up-
regulation of AF1q in CD34�CD7�CD10� HPCs promotes Notch-
dependent emergence of BM prothymocytes (supplemental
Figure 7). Later, possibly through down-modulation of SPEN, the
increase in AF1q expression in early T-cell-lineage progenitors
cooperates with Notch signaling to drive intrathymic commitment
toward the T-cell lineage.
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