ORIGINAL ARTICLE

Leukemia (2006) 20, 1967-1977
© 2006 Nature Publishing Group All rights reserved 0887-6924/06 $30.00

&

www.nature.com/leu

Identification of Notch target genes in uncommitted T-cell progenitors: no direct

induction of a T-cell specific gene program
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Deregulated Notch signaling occurs in the majority of human
T-ALL. During normal lymphoid development, activation of the
Notch signaling pathway poses a T-cell fate on hematopoietic
progenitors. However, the transcriptional targets of the Notch
pathway are largely unknown. We sought to identify Notch
target genes by inducing Notch signaling in human hemato-
poietic progenitors using two different methods: an intrac-
ellular signal through transfection of activated Notch and a
Notch-receptor dependent signal by interaction with its ligand
Deltal. Gene expression profiles were generated and evaluated
with respect to expression profiles of immature thymic
subpopulations. We confirmed HES1, NOTCH1 and NRARP as
Notch target genes, but other reported Notch targets, including
the genes for Deltex1, pre-T-cell receptor « and E2A, were not
found to be differentially expressed. Remarkably, no induction
of T-cell receptor gene rearrangements or transcription of
known T-cell specific genes was found after activation of the
Notch pathway. A number of novel Notch target genes,
including the transcription factor TCFL5 and the HOXA cluster,
were identified and functionally tested. Apparently, Notch
signaling is essential to open the T-cell pathway, but does not
initiate the T-cell program itself.
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Introduction

One of the most important signaling cascades involved in T-cell
development is the Notch pathway.'? The Notch signal
transduction pathway is an evolutionary conserved mechanism
that regulates cell fate determination during developmental
processes.” Four family members of the transmembrane Notch
receptor are recognized, named Notch1 to 4. Signaling is
initiated when the large extracellular domain of the Notch
receptor binds a membrane-bound ligand on a neighboring cell.
The five Notch ligands in mammals are Deltal, 3 and 4 and
Jagged1 and 2. Binding of a ligand induces proteolytic cleavage
of the intracellular part of the Notch protein (IC-Notch), which
translocates to the nucleus and binds to the transcription factor
CSL (in human referred to as CBF1, in mouse as RBP-Jk),
activating transcription of Notch target genes.*

T cells develop from multipotent progenitor cells that seed the
thymus from the bone marrow (BM) or fetal liver.! The thymus
is rich in expression of Notch ligands® and after entering
the thymic microenvironment, progenitors immediately start
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expressing Notch target genes.® These newly generated thymo-
cytes do not express CD4 and CD8 and are therefore called
double negative (DN). In humans, these most immature DN
thymocytes are characterized as CD34*CD1a"CD38™ and are
homologous to murine DN1 cells.” In the next DN stage,
thymocytes are CD34"CD1a”CD38™" (DN2). This subset still
contains (at the population level) potential to develop into all
hematopoietic ~ lineages.® In  the subsequent stage
(CD34"CD1a™, DN3), thymocytes become irreversibly com-
mitted to the T-cell lineage.” Finally, thymocytes lose expression
of CD34 and proceed into the immature single positive (ISP)
stage.

The importance of Notch signaling for the induction of a T-cell
fate was first demonstrated in mice in which the Notch1 gene was
conditionally deleted, resulting in a complete block in T-cell
development at the DN1 stage’ and the emergence of ectopic
B-cell development in the thymus.'® Conversely, overexpression
of IC-Notch in the BM instructed a T-cell fate in BM progenitors
and inhibited B-cell development.'’ The same effect ensued
when Delta4 was overexpressed in the BM.'? In vitro, this
phenomenon can be mimicked by expression of Deltal, but not
Jagged1, in BM stromal cell lines. Using this co-culture system, T-
cell precursors can be efficiently generated from murine and
human hematopoietic progenitors.'*'® The significance of Notch
signaling is underscored by studies on T-ALL leukemogenesis. At
least half of all human T-ALL carry activating mutations in the
intracellular part of Notch1.'”'®

To develop into a T cell, Notch signaling is clearly
indispensable, but the downstream mechanisms by which a
Notch signal is translated into a T-cell program are still largely
unclear. The best known Notch target genes are Hairy-Enhancer
of Split (HES)T and HES5 and Hes-related repressor protein
(HERP). Hes and Herp are basic-helix-loop-helix (bHLH)
proteins that function as transcriptional repressors.'??° Indeed
overexpression of Hes1 and Hes5 in the BM partly inhibits B-cell
development.?' But although proliferation of early thymocytes is
severely affected by HesT deficiency,?*?* thymocytes still
develop in these mice. Hes1 can therefore not be the sole
target of Notch signaling responsible for inducing a T-cell fate.

PTCRA (the gene for pre-T-cell receptor « (pTo)) was found as
a Notch target using Representational Difference Analysis (RDA)
in murine thymoma cell lines with or without retroviral
transduction of 1C-Notch.>* The pTa promoter was demon-
strated to contain a CSL-binding site and could be activated by
IC-Notch in vitro.>> Nevertheless, the physiological role of
Notch signaling for pTa expression during T-cell development
remains controversial, as pTo expression was not affected in
mice in which Notch1 was conditionally deleted from the DN3
stage onwards.”® A role for Notch1 in opening of the T-cell
receptor-f (TCRB) locus has been shown, but only for the
complete TCRB rearrangements (V to DJ).?¢%”
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Other Notch target genes identified in the thymoma cell line
were DTXT (gene for Deltex1), Ifi-202, Ifi-204, Ifi-D3, ADAM19
(MeltrinB).?* A number of other genes have been reported as
being Notch targets, including NOTCH1 itself,?® NRARP in
Xenopus embryos,”> BCL2 in thymoma cells,*® CCND1 (gene
for cyclin D1) in a kidney cell line,*' CDKN1A (gene for cyclin-
dependent kinase inhibitor 1A (p21, Cip1)) in keratinocytes®?
and TCF3 (gene for E2A).""2? It is unknown whether these genes
are in vivo targets in the earliest thymocytes and whether they
function in T-cell commitment.

In this study, we investigated the downstream mechanisms of
Notch signaling in human hematopoietic progenitor cells.

Materials and methods

Isolation of cells

Human umbilical cord blood (UCB) material was obtained
according to the informed consent guidelines of the Medical
Ethical Committee of Erasmus MC, Rotterdam. UCB mono-
nuclear cells were isolated using Ficoll density centrifugation
and frozen down until further use. For each experiment, frozen
UCB cells of at least four different donors were used. CD34 ™
progenitor cells were purified using immunomagnetic beads
(Miltenyi Biotec, Bergisch Gladbach, Germany). Purity of the
recovered subpopulations was checked by flow-cytometry
(FACS Calibur, BD Biosystems, San Jose, CA, USA) and was
always >95%.

Transfection of CD34™" UCB cells

Human cDNA encoding the intracellular domain of Notch1l
(amino acids 1770-2555%%) was cloned into the multiple cloning
site of eukaryotic expression vector pcDNA3 (Invitrogen,
Carlsbad, CA, USA). CD34" UCB cells were cultured for 1h
in the presence of 10 ng/ml recombinant human IL-7 and 50 ng/
ml recombinant human SCF (both from R&D Systems, Minnea-
polis, MN, USA). Subsequently, 4 x 10° cells were transfected
with 4 ug pcDNA3-IC-Notch or empty pcDNA3 using a human
CD34 Nucleofector kit (AMAXA) and an AMAXA Nucleofector
Device, according to the manufacturers protocol. pEGFP-CT1
(0.1 ug) (BD Clontech, San Jose, CA, USA) was co-transfected
with each sample. After transfection, cells were cultured on
confluent layers of the murine BM stromal cell line $17, in the
presence of 10ng/ml IL-7 and 50 ng/ml SCF. After 6 and 24 h,
cells were carefully harvested without disturbing the S17
monolayer and RNA was isolated. An aliquot of cells was taken
from each sample to monitor transfection efficiency (GFP
expression) by flow-cytometry.

Co-culture of CD34™ UCB cells on S17

S17 BM stromal cells retrovirally transduced with either Deltat-
IRES-eGFP (S17-DL) or control LZRS-IRES-eGFP (S17-GFP) were
kindly provided by Dr L Parreira (Faculdade de Medicina de
Lisboa, Portugal) and have been described previously."* S17
cells were grown in confluent monolayers in 24-wells plates.
1x10° CD34™ UCB cells were co-cultured with S17 in the
presence of 10 ng/ml IL-7 and 50 ng/ml SCF. After 3, 6 and 24 h
cells were carefully harvested and processed for RNA isolation.

Microarray analysis

Affymetrix microarray analysis of the samples transfected with
pcDNA or pcDNA-IC-Notch was performed as described
previously.>> For the samples co-cultured on S17, an extra
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cycle of cDNA and cRNA synthesis was performed. The starting
amount of RNA for the first round of cDNA synthesis was
30-60ng.

For the transfected samples, Affymetrix U133A and B
microarrays were used, for co-cultured samples only U133A
arrays. In comparison experiments, care was taken that the 5'/3’
GAPDH ratio, scaling factor, noise, and percentage of presence
calls were comparable. Scanned images were analyzed using
Affymetrix Microarray Suite 5.1 software, and pair-wise
comparisons were generated using the appropriate control
samples (without induced Notch signaling) as baseline. Differ-
ential expression was considered significant when the gene
received a ‘present call’ for at least one of the microarrays used
for the comparison, the fold change was >1.8 and change-P
value <0.003. Differential expression of genes after Notch
induction was compared to expression profiles of CD34+ UCB
cells and the relevant thymocyte subsets: comparisons of
CD34% UCB cells vs CD34*CD1a~CD38~ (DN1) and CD34™
CD1a~CD38™" (DN2) (data generated previously”).

Probes for DTX1 and NRARP were present only on the U133B
array. HES5 was not represented on the microarray used (U133).
Of the Ifi family, only Ifi16 was present on the microarrays.

Pharmacological inhibition of Notch signaling

Human CD34 " UCB cells (4 x 10%) were cultured on confluent
layers of the S17-DL1 stromal cell line, in the presence of 10 ng/
ml IL-7 and 50 ng/ml SCF. After 16 h incubation, DAPT was
added to the cells to the final concentrations of 1 or 5uMm.
Alternatively, medium or DMSO alone was added as control.
The cells were harvested before addition of DAPT and after 24 h
incubation, and processed for RNA isolation and cDNA
synthesis. TCFL5 and HEST expression was analyzed by real-
time quantitative-polymerase chain reaction (PCR). The vehicle
alone control (DMSO) did not have any effect.

Real-time quantitative-PCR

The expression of several target genes was tested using TagMan-
based RQ-PCR. cRNA (1ug) generated in the microarray
analysis procedure was treated with 1U of DNase | and
subsequently reverse transcribed to cDNA with avian myelo-
blastosis virus-reverse transcriptase (5 U), oligo(dT) and random
hexanucleotide primers.

Mixes containing the appropriate pre-designed primer/probe
sets were obtained from Applied Biosystems. For TCFL5, HES1,
HoxA9 and HoxA10 these were Assays-on-Demand, for HoxA5
an Assay-by-Design. A 1/20 cDNA mixture was used for RQ-
PCR for each primer/probe set and performed in duplicate. The
RQ-PCR reaction was performed using TagMan Universal
mastermix (Applied Biosystems) and was run on a PRISM
7700 sequence detection system containing a 96-well thermal
cycler (Applied Biosystems). RQ-PCR results were normalized to
GAPDH expression (kit from Applied Biosystems) in the same
sample.

Functional testing of TCFL5 in fetal thymic organ culture
Full-length ¢cDNA for human TCFL5 was obtained from
Invitrogen, cloned into the retroviral vector LZRS-IRES-eGFP
and high titer retrovirus was produced in the Phoenix packaging
cell line. CD34" UCB cells were cultured for one day and
retrovirally transduced for 2 days in the presence of 50 ng/ml
SCF, 10 ng/ml recombinant human TPO and 50 ng/ml recombi-
nant human FIt3L (all from R&D Systems). The percentage of



GFP positive cells was determined using flow cytometry and
cells were transferred into irradiated murine embryonic day 14
thymic lobes. After 2 days, lobes were cultured on filters floating
on medium. After an additional nine days, lobes were harvested,
single cell suspensions were made and T-cell development was
analyzed using a FACS Calibur flowcytometer (BD Biosystems).
Monoclonal antibodies against human antigens were CD1a-
RD1 (Beckman Coulter, Fullerton, CA, USA) and TCRyo-PE,
CD3-PerCP, CD8-PerCP, CD4-APC and CD34-APC (all from BD
Pharmingen). At least 50000 events were acquired and
analyzed by flow cytometry.

HoxA5 mutant mice

Mice deficient for HoxA5 function have been described in
detail*®* Hoxa5 heterozygous mice from an outbred genetic
background were bred to generate homozygous, heterozygous
and wild type littermates. Surviving HoxA5 homozygous mice
were viable and did not display evident abnormalities.>® In mice
of 2.5, 4 and 25 weeks old, BM, spleen and thymus were
analyzed for presence of different hematopoietic lineages using
flow cytometry. Embryonic thymic lobes of day 16 were directly
stained for flow-cytometry. Embryonic thymic lobes of day 13
and 14 were cultured on a filter for 16 days, after which T-cell
development was analyzed using flow-cytometry. Fetal livers of
embryonic day 13 and 14 were either directly used for flow-
cytometry to analyze progenitor populations or transferred into
irradiated wild type day 14 thymic lobes for FTOC experiments.
Chimeric thymic lobes were cultured for 14 days on a filter, after
which T-cell development was analyzed using flow-cytometry.

HoxA5-deficient BM cells were assayed for the presence of
granuloctye-macrophage colony-forming units (CFU-C) and
erythroid burst-forming units (BFU-E) by in vitro colony
formation in viscous methylcellulose culture medium contain-
ing cytokines: for BFU-E 4 U/ml human erythropoietin (EPO,
Behringwerke AG) and 100 ng/ml murine SCF (R&D); for CFU-C
30ng/ml murine IL-3, 100 ng/ml SCF and colony stimulating
factor (CSF, 300 x dilution of ConA adsorbed fraction of
pregnant mouse uterus extract). In all, 40000 and 100000 cells
were plated in duplicate dishes. The number of colonies was
determined after 10 days of culture.

HoxA5-deficient BM cells were assayed for their ability to
reconstitute the immune system of sublethally irradiated mice.
8- to 11-week-old C57BI/6 mice harboring the CD45.1 (Ly5.1)
allele as a congenic marker, received a sublethal dose of 6 Gy
total body irradiation. Mice were intravenously injected with
2x10° thawed BM cells (CD45.2%). At 10 weeks after
transplantation, mice were killed and BM, spleen and thymus
were isolated. In each organ, total cell numbers were
determined and the percentage of CD45.27" cells and their
subset distribution was assayed by flow cytometry.

Monoclonal antibodies against mouse antigens were ER-
MP20-FITC (anti Ly6bc, own culture), CD25-FITC, IgM-FITC,
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Scal-FITC, CDA45.2-FITC, CD4-PE, CD43-PE, TERT19-PE,
NK1.1-PE, CD127-PE, Sca-1-PE, CD3-PerCP, CD8-PerCP, Lin-
PerCP (CD3-biotin, B220-PerCP, NK1.1-biotin, MAC1-PerCP,
GR1-biotin, TER119-biotin, Streptavidin-PerCP), CD44-APC,
B220-APC, CD19-APC, MAC1-APC and c-kit-APC (all from
BD Pharmingen).

Results

Induction of Notch signaling

To identify target genes of Notch signaling, gene expression
profiles were generated of human hematopoietic progenitors
that did or did not undergo Notch signaling. We provided Notch
signals in two different ways: by transfection with IC-Notch or
by co-culturing cells on Deltal expressing stromal cells.

It has been shown previously that human CD34% cells
expressing 1C-Notch develop into T/NK progenitors when co-
cultured on BM stroma.*” Human CD34" UCB cells were
transfected with the IC-NOTCH gene, together with a separate
GFP vector in order to monitor transfection efficiency. At 6h
after transfection, the percentage of GFP expressing cells was
high and comparable between IC-Notch transfected and control
cells (Supplementary Figure 1). At 24h after transfection GFP
expression had slightly decreased (Supplementary Figure 1).

Another way to induce the Notch signaling cascade is to
allow progenitor cells to interact with their cognate ligand
responsible for inducing T-cell development. To this end,
human CD34" UCB cells were cultured on the BM stromal
cell line S17, which was retrovirally transduced with either
human Deltal in combination with GFP (S17-DL) or with GFP
only (S17-GFP)."* Other groups have shown that CD34* UCB
cells cultured in this and similar systems develop into double
positive (DP) thymocytes'*'® and also in our hands CD34*
progenitor cells efficiently developed into CD7* T/NK pre-
cursors cells after 2 weeks of culturing on S17-DL (data not
shown). CD34 " progenitor cells were cultured on S17-DL for 3,
6 and 24h, as kinetics of translocation of Notch-IC to the
nucleus and induction of target RNA transcription are unknown.

From all samples RNA was isolated and gene expression
profiles were generated using Affymetrix technology. Pair-wise
comparisons were made between samples with or without
Notch signaling. Numbers of significantly differentially ex-
pressed genes (=2 fold difference, P<0.003 by t-test*® are listed
in Table 1) (ttest). Both up- and downregulated genes were
found, indicating that Notch functions as an activator as well as
a repressor of transcription in hematopoietic progenitors.

Expression profiles of human thymocyte subsets have
been previously generated and described in detail.” The
differential expression of genes induced by Notch signaling
in hematopoietic progenitors was compared to the relevant
UCB and thymocyte subsets: CD34" UCB vs DN1 (CD34 ™
CD1a~CD387) and DN1 vs DN2 (CD34"CD1a~CD38 ™). DN1

Table 1 Numbers of significantly up- or downregulated genes (>2 fold, P<0.003)

6h ICN® 24h ICN? 3h S17-DL° 6h S17-DL° 24h S17-DL°
U133A array 701 12} 171 44] 101 87] 131 14] 1371 162]
U133B array 3571 5] 131 0} nt nt nt

nt, microarray not performed.

#CN: progenitor cells from human UCB transfected with pcDNA-IC-Notch versus control pcDNA.
PS17-DL: progenitor cells from human UCB cultured on S17-DL versus S17-GFP.
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Figure 1 Differential expression of putative Notch target genes. (a, b)

Fold changes in expression levels extracted from gene expression
profiles generated from hematopoietic progenitor cells with or without
induced Notch signaling, as well as previously performed gene
expression profiles from human UCB and thymocyte subsets.” ICN vs
control: comparisons of progenitors transfected with pcDNA-IC-Notch
vs control pcDNA. DL vs GFP: comparisons of progenitors cultured on
$17-DL vs S17-GFP. CB vs DN1: comparisons of CD34 " UCB cells vs
CD34*CD1a CD38" (DN1) thymocytes. DN1 vs DN2: comparisons
of CD34"CD1a CD38~ (DN1) thymocytes vs CD34 " CD1a CD38™"
(DN2) thymocytes. Asterisks indicate a significant difference in
expression levels (fold change >1.8, P<0.003).

cells have just entered the thymus and are therefore expected to
upregulate Notch target genes.® Indeed, the development of
murine early thymic progenitors (ETP) into subsequent thymic
stages is strictly Notch-dependent.’® DN2 cells should also
express Notch target genes, as they have contacted Notch
ligands for prolonged periods and as Notch-ligand interactions
throughout the DN1 and 2 stage are necessary for irreversible
T-cell commitment.*® In addition, during the DN2 stage,
commitment to the T-cell lineage is initiated and cells start
rearranging T-cell receptor f (TCRB) genes.”

Expression of previously reported Notch target genes

Comparison files were mined for the expression of known Notch
target genes. In all samples, transcription of HEST, the universal
Notch target,®> was clearly increased after Notch signaling
(Figure 1a). This was most pronounced in the progenitor cells
transfected with IC-Notch for 6 h, reflecting the strong Notch
signal induced in this way. 24 h after transfection, HEST was
still upregulated, but to a lesser extend. This might indicate
negative feed-back mechanisms that are initiated after receiving
a strong Notch signal. Alternatively it may reflect the fact that
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Figure 2 Differential expression of T-cell associated genes. Deter-
mined by microarray analysis as indicated for Figure 2. (a) TCR gene
rearrangement-associated genes. (b) Transcription factors involved in
T-cell development.

transfection was transient, consistent with the slightly dimin-
ished GFP expression found after 24 h (Supplementary Figure 1).

In the cells cultured on S17-DL, HEST expression was most
prominent after 24h (Figure 1a). HEST was also highly
upregulated in the DN1 thymocytes as compared to CD34"
UCB cells (Figure Ta), demonstrating that the artificially induced
Notch signals in our experiments mimic the relevant processes
in vivo.

HERP1 and 2 were not expressed in any of the samples,
neither before nor after inducing a Notch signal (Figure 1a).
NOTCH1 itself is also a Notch target’® and was found to be
significantly upregulated after 6 h of transfection and after 24 h
of culturing on S17-DL (Figure 1a). This was reflected by high
expression in the DN1 subset as compared to UCB (Figure T1a).
Also NOTCH3 was transcribed at high levels in the DN1 cells as
compared to UCB, but Notch signaling in vitro induced
NOTCH3 transcription to a lesser extend and with slower
kinetics than NOTCHT (Figure 1a). NOTCH2 (Figure 2a) and
NOTCH4 (not shown) were not differentially expressed in any of
the samples.

Of the other previously reported Notch target genes men-
tioned above, only NRARP was significantly upregulated after
induction of Notch signaling (3.5-fold increased 6h after
transfection of IC-Notch (not shown)). The other genes were
either not differentially expressed or not expressed at all
(Figure 1b and data not shown), indicating that they are not
Notch target genes in early hematopoietic progenitor cells. This
finding is especially remarkable for Deltex1 and pTa, which
have been reported as Notch targets during T-cell develop-
ment.'*?*2% |n the thymocyte subsets, significantly increased
mRNA expression of PTCRA was only found at the DN2 stage,
but not at the DNT1 stage (Figure 1b), while genuine Notch target
genes (HES1, NOTCHT) were expressed already in DN1
thymocytes (Figure 1a). PTe may be a Notch target gene at



later stages of T-cell development, but is not immediately
upregulated when cells enter the thymus.

For BCL2 a consistent, but not significant, trend of upregula-
tion was observed in most comparisons, which was nevertheless
not reflected in the thymocyte subsets (Figure 1b). Conversely,
CDKNT1A (p21) was significantly decreased in the DN1 subset,
but did not show any differential expression after Notch
activation (Figure 1b).

Notch does not induce a T-cell program

The mechanisms by which Notch signaling induces or promotes
a T-cell fate still warrant elucidation. To investigate whether
Notch signaling can trigger T-cell commitment by directly
inducing TCR gene rearrangements or transcription of ‘classical’
T-cell specific genes, we mined our data set for such genes.

No induction of RAGT, RAG2 and DNTT (gene for TdT) and
germline transcripts of TCRB, TCRD and TCRG were found after
Notch signaling (Figure 2a and not shown), suggesting that
Notch has no direct function in opening of the TCR loci or the
initiation of TCR gene rearrangements.

In addition, we found no differential expression (mostly no
expression at all) of T-cell specific genes after activation of
Notch signaling, while these genes were highly upregulated in
the DN1 thymocytes (including CD7 and CD2) or in the DN2
subset (including CD7a, LAT and CD3y) (data not shown).

Next, we investigated differential expression of a number of
transcription factors that are known to be important for T-cell
development.' Tcf1 and GATA3 are among the first transcription
factors to show up when a cell initiates a T-cell program,*'
which we confirmed in our DN1 subset (Figure 2b). Although it
has been suggested that Notchl1 acts upstream of Tcfl and
GATA3,%” we did not find induction of these genes after Notch
signaling (Figure 2b).

Some reports have proposed that Notch inhibits B-cell
development through inhibition of bHLH factor E2A,''*3
although E2A is clearly important for T-cell development as
well, both as a homodimer and as dimerization partner for
HEB." In our experiments, we found no change in expression of
either E2A or HEB after Notch signaling (Figure 2b).

Novel Notch target genes in hematopoietic progenitors
Next to the known Notch target genes HEST and NOTCH1, we
discovered significant differential expression of a number of
previously unknown Notch target genes. At 6 h after transfection
with IC-Notch, high induction of HOXA5, HOXA9, HOXA10
and to a lesser extend HOXA7 mRNA was detected (Figure 3a
and b). Upregulation was markedly decreased after 24 h. In S17-
DL cultures, a small increase in HOXA transcripts could be
detected after 24 h by RQ-PCR but not by microarray analysis
(Figure 3a and b). HOXA5, A9 and A10 were previously shown
to be expressed in the human thymus,*? but we did not observe
upregulation of these genes in DN1 and DN2 thymocytes
(Figure 3a).

Among the highest upregulated genes 6h after 1C-Notch
transfection were TCFL5 (transcription factor like 5), MEK5c
(mitogen-activated protein kinase kinase) and DUSP6 (dual-
specificity phosphatase 6, also termed MAP kinase phosphatase
3) (Figure 3c). TCFL5 is a transcription factor of the bHLH
family, first identified in spermatocytes.*>** Both MEK5c and
Dusp6 can influence MAP kinase activity and interactions
between the Notch and MAP kinase pathways have been
described.*> Our microarray results showed limited upregula-
tion of MEK5c and TCFL5 transcripts after 24 h of culturing on

Notch target genes in uncommitted T-cell progenitors
F Weerkamp et al

S17-DL, while for unknown reasons RQ-PCR validation of TCFL5
showed high induction in this condition as well (Figure 3d).
TCFL5 and DUSP6 were significantly increased in the DNT1
thymocytes as compared to CD34 " UCB (Figure 3c), supporting
a functional role of these genes in T-cell differentiation.

Lastly, we found high upregulation of a number of genes
associated with vasculogenesis, including ANGPT2 (gene for
angiopoietin), FGF22 and FBLN (gene for fibulin) (Figure 3e).
These genes were detected only after transfection with 1C-Notch
and not after co-culture on S17-DL or in thymocyte subsets,
suggesting that their induction is not related to thymic function,
but rather to other biological processes. These vasculogenesis
genes may be physiologically induced by Notch ligands other
than Deltal, for instance by Jagged. Interestingly, Notch
signaling has been implicated in vasculogenesis and angiogen-
esis.**~*% Furthermore, hemangioblasts (bipotent progenitors for
endothelial and hematopoietic cells) are present among CD34 *
UCB cells.* This intriguing finding warrants further research,
but is beyond the scope of this report.

Pharmacological inhibition of Notch signaling

Before starting on functional experiments to elucidate the role of
TCFL5 in T-cell development, we sought to obtain other
experimental evidence that TCFL5 is a Notch target gene. For
this, we have induced Notch signaling in CD34 " uncommitted
progenitor cells and subsequently inhibited Notch signaling
with a y-secretase inhibitor (DAPT). Direct addition of DAPT to
cells cultured on S17-DL1 led to less Hes-1 and TCFL5
expression in some experiments, but this was inconsistent (data
not shown) presumably due to the strong Notch signal delivered
by S17-DL1 and the complex competition between activating
(DI1) and inhibitory (DAPT) signals. Therefore, we chose to first
have cells undergo a Notch signal, followed by inhibition of that
signal by DAPT. CD34 " progenitor cells were cultured over
night (16h) on S17-DL1 to induce Notch signaling. DAPT was
added for the indicated periods of time, after which cells were
harvested, RNA was isolated and used for RQ-PCR to determine
levels of GAPDH, TCFL5 and Hes-1. CD34 " UCB cells do not
express significant levels of HES-1 nor TCFL5, but after inducing
Notch signaling HES1 is abundantly expressed and TCFL5
moderately. Both the levels of Hes-1 and TCFL5 were reduced
by 50-70% of controls (Figure 4), after inhibition of Notch
signaling by the well-known Notch inhibitor DAPT. Interest-
ingly, in absence of Delta signal, both Hes-1 and TCFL5
decreased, and further decreased by incubation with DAPT.
(Figure 4). This pharmacological approach therefore provides
additional evidence that TCFL5, similar to HEST, is a true Notch
target gene showing similar kinetics of induction and pharma-
cological inhibition, albeit with lower absolute expression.

Functional validation of novel Notch target genes
TCFL5 and HOXA5
Among the most striking novel Notch target genes identified in
our studies were TCFL5 and the HOXA genes. The relevance of
these genes is substantiated by the finding of putative CSL-
binding sites upstream of TCFL5 exon 1 and in the human
HOXA5-HOXA4 intergenic region (data not shown). Never-
theless, functional studies are necessary to understand the
significance of TCFL5 and HoxA proteins for hematopoiesis and
T-cell development in particular.

First we data-mined previously performed microarrays of all
major thymocyte subsets” for the expression of TCFL5. We
found a progressive increase in TCFL5 mRNA from DNT up to
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the early DP stage (Figure 5a). Levels sharply dropped when To test whether TCFL5 is functionally important during T-cell
thymocytes started expressing CD3, suggesting that TCFL5 development, we retrovirally expressed the TCFL5 gene together
functions mainly during the early stages of T-cell development  with the GFP gene in human CD34" UCB hematopoietic
(Figure 5a). progenitors. As a control, CD34 ™ cells were transduced with
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the same construct containing only the GFP gene. After
transduction, cells were cultured in fetal thymic organ cultures
(FTOC) to allow them to differentiate into T cells. After 9 days in
FTOC, thymic lobes were harvested and stained for flow-
cytometric analysis. The TCFL5 transduced GFP ™" cells showed
an acceleration of T-cell development: the percentage of DP
cells was almost doubled as compared to control transduced
GFP™ and GFP™ cells and TCFL5 transduced GFP~ cells
(Figure 5b and data not shown). In addition, the percentage of
TCRyé ™ cells was markedly increased in the TCFL5 transduced
GFP* cells (Figure 5c¢).

We found a remarkable increase in HoxA5, A9 and A10 in
progenitor cells transfected with IC-Notch (Figure 4a), suggest-
ing a role for these genes in hematopoiesis. Mice deficient for
HoxA9 have previously been shown to display defects in
myeloid, B-cell and T-cell development,®>>" while on the other
hand overexpression of HoxA10 inhibited lymphoid develop-
ment.>? HoxA5 mutant mice were generated some years ago,”>
but their hematopoietic system has not been studied. We now
analyzed the BM, spleen and thymus of HoxA5 homozygous,
heterozygous and wild-type littermates of 2.5, 4 and 25 weeks
old. No consistent abnormalities were detected in populations
of B, T, NK and myeloid cells in the thymus, BM and spleen of
HoxA5-deficient mice (data not shown). As the thymic defects of
HoxA9-deficient mice were more pronounced in fetal mice than
in adults, we also analyzed HoxA5-deficient embryos. We
found normal T-cell development in fetal thymic lobes of
HoxA5-deficient embryos and in FTOCs of HoxA5-deficient
fetal liver cells (Figure 6a). Furthermore, no differences were
found in numbers of Lin~Sca-1 " c-Kit™ cells between the fetal
livers of HoxA5-deficient and normal embryos (Figure 6b),
indicating that hematopoietic stem cells are normally present in
these mice. Colony assays were performed to determine the
frequency of erythroid and myeloid progenitors in HoxA5-
deficient BM: no abnormalities were detected (data not shown).
To investigate whether HoxA5-deficient BM progenitors can
reconstitute the immune system under competitive conditions,
BM cells were transplanted into sublethally irradiated recipients.
After 5, 8 and 10 weeks, the percentage of donor cells in the
blood was identical between mice transplanted with wild-type
or HoxA5-deficient BM cells (Figure 6c). Furthermore, all
hematopoietic lineages were normally present among donor
cells in thymus, BM and spleen of the recipients.

Discussion

Despite the unmistakable role of Notch signaling for T-cell
lineage specification, studies to identify downstream Notch
target genes in relevant primary progenitors have not been
undertaken.

In the present study, we took advantage of the recently
introduced AMAXA nucleofection system, which allows transient
transfection of primary hematopoietic progenitor cells with a high
efficiency and relatively low mortality. Using this technique, we
were able to induce a rapid and strong Notch signal, as shown by
high HEST expression after 6 h. Furthermore, the S17-DL stromal
cell co-culture system allowed us to more physiologically mimic
the Notch signal encountered by progenitor cells that enter the
thymus. We chose to use human CD34 ™% UCB cells as source of
progenitor cells, as these are readily available, unactivated,
multipotent and efficiently develop into T-cells when cultured in
murine fetal thymic lobes or on BM stroma expressing
Delta1."*'*37 Progenitor cells start expressing Notch target genes
only after entering the thymus,® which made them preferable over
CD34" thymocytes which have already contacted Notch
ligands. Using CD34" UCB cells and either IC-Notch transfec-
tion or the S17-DL co-culture system in combination with
Affymetrix microarray technology, we found upregulation of the
generally acknowledged Notch target genes HEST, NOTCHT and
NRARP, which validated our procedures. The delayed upregula-
tion of target genes in cells cultured on S17-DL as compared to
transfection with IC-Notch indicates that cells need prolonged or
multiple contacts with the Deltal ligand to get accumulation of
significant amounts of IC-Notch.

Our assays did not show induction of a number of genes
previously reported to function as Notch targets during T-cell
development, including PTCRA, E2A and DTX1.""2%33 This is
especially critical for Deltex1, as many studies use expression of
Deltex1 as the read-out for active Notch signaling, mostly in
combination with Hes1,"*%* but in some cases as sole
evidence.”® The main evidence for PTCRA and DTX1 as Notch
targets in T-cell development comes from studies by Deftos
et al., ***% in which IC-Notch was retrovirally transduced into a
murine DP thymoma cell line. Apart from the fact that Notch
signaling and downstream events may be dysregulated in
malignantly transformed cells, retroviral transduction takes
several days and identified genes may represent indirect targets
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Figure 5 Functional validation of a role for TCFL5 in T-cell
development. (a) Relative amounts of TCFL5 mRNA in thymocyte
subpopulations. Values extracted from previously performed gene
expression profiles.” CB: CD34" UCB, DN1: CD34 *CD1a CD38",
DN2: CD347CD1a"CD38", DN3: CD34"CD1a™, ISP: CD4TCD3™,
DP1: CD47CD8*CD3~, DP2: CD4"CD8*CD3™", SP4+: CD4™
CD3 %, SP8+: CD8"CD3™*. (b, ¢) Human CD34" UCB cells were
retrovirally transduced with a vector containing only the gene for GFP
(left panels) or TCFL5 and GFP (right panels) and allowed to develop
into T-cells in FTOC. After 9 days of culture, cells were harvested and
examined by flow cytometry. (b) Expression of CD4 and CD8 within
the GFP™ gate. (b) Expression of TCRyd within the GFP™ gate.

or may have resulted from compensatory mechanisms. There-
fore, Deltex expression may strongly depend on the context in
which the Notch signal is given. Upregulation of genes
identified in the thymoma line was confirmed in the thymi of
mice transgenic for IC-Notch,?* but may again result from
indirect activation. Nevertheless, it possible that PTCRA is a
Notch target gene in more differentiated T-cell precursors. This
would fit with our finding that PTCRA is upregulated at the DN2
stage (Figure 2b) and with the fact that Notch signaling
continues throughout the DN2 stage.*°

We did not find any evidence for direct induction of a T-cell
program by Notch signaling. This is in contrast with a recent
study by Hoflinger et al.,®” in which a Notch signal was induced
by culturing multipotent progenitor cells on OP9-DL. These
cells rapidly upregulated PTCRA, DTX1, GATA3 and TCF1, but
not HEST transcripts. However, these results should be inter-
preted with caution, as this study used murine Pax5~'~ pro-B
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cells expanded on the ST2 cell line as source of uncommitted
progenitors: non-physiological cells that express many B-cell
specific genes and have already started TCR gene rearrange-
ments (Vy-Jy, V5-J6 and DS-JB).?” It remains however possible
that sustained activation of Notch signaling (for at least several
days), in addition to other signals and special microenviron-
ments is required to induce a T-cell specific gene program. We
cannot exclude that some of the target genes induced by Notch
in turn can activate T-cell specific genes (either alone or in
concert with the right other signaling routes). Our findings are
consistent with experiments of Taghon et al.>* in which murine
fetal liver progenitors were cultured on OP9-DL. This study
showed that GATA3, TCF1 and PTCRA began to be expressed
after three days of culture on OP9-DL, while high HEST
transcription was detected already after one day. These findings
indicate that either Notch signaling induces T-cell genes in more
differentiated thymocytes, or Notch signaling stimulates the
expression of other transcription factors, which then in turn
activate or repress lineage differentiation genes. TCFL5 is a
likely candidate for such a function.

TCFL5 is a member of the group B bHLH proteins and
presumably binds to the same non-canonical E-box as Hes1.** It
was first found in spermatocytes, but was not detected in the
thymus by Northern-blot analysis.*>** This might be explained
by the fact that TCFL5 levels decrease in the more mature stages
of T-cell development (Figure 5a), which comprise the larger
part of the thymus. Also during spermatogenesis, TCFL5 is
expressed in a highly cell-type and stage-specific pattern.*3**

By overexpressing TCFL5 in FTOC, we obtained initial
evidence that TCFL5 positively regulates T-cell development.
The observed effects were mild, presumably because TCFL5 is
expressed already during the early stages of T-cell development
(Figure 5a), and enhanced expression is not likely to induce
remarkable changes. We have attempted loss of function studies
using siRNA for TCFL5. These have not been successful in a
setting (lentiviral vector) that allows sustained siRNA expression
required in T-cell developmental studies, while in transient
assays downregulation of TCFL5 was readily obtained (data not
shown). The gain-of-function experiments, however, give an
indication that TCFL5 plays a functional role during T-cell
development in the thymus. Thus, TCFL5 may be a negative
regulatory bHLH factor that function in concert with or
alternative to Hes1. The similar expression pattern during
subsequent stages of thymic T-cell development (not shown)
further suggests such a role.

The finding of the HOXA cluster genes as Notch targets is novel
and intriguing. Notch induced HOXA transcripts may be
important for T-cell development, as HoxA9-deficient mice have
a partial block at the DN1 stage of thymocyte development.®’
Furthermore, overexpression of HOXA genes is observed in
human T-ALL.>® We did not find upregulation of HOXA genes in
DNT cells. Possibly, HOXA genes are induced only in a tiny
subset of DN1 cells that have just contacted Delta, and are
rapidly downregulated afterwards. However, we did not detect
any defects in T-cell differentiation or hematopoiesis in general in
HoxA5-deficient mice. The high functional redundancy of the
different HoxA genes probably obscures the importance of
HoxA5 for hematopoiesis. Other than a role in T-cell develop-
ment, the Hox genes may be involved in alternative Notch-
regulated processes in hematopoietic stem cells. Notch signaling
is clearly important for self-renewal of hematopoietic progenitors
(reviewed by Radkte et al.>”). Interestingly, HOXA5, A9 and A70
were found to be part of the ‘stem cell profile’.>® Without doubt,
the relation between Notch signaling and expression of the HoxA
cluster should be studied in greater detail.
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Figure 6 Hematopoiesis in HoxA5-deficient mice. (a) Thymic lobes of normal (left and middle panels) and HoxA5-deficient (right) embryos of day
14 of gestation (E14) were cultured on filters. After 16 days, T-cell development in the lobes was analyzed using flow cytometry. (b) Hematopoietic
progenitor populations were determined in fetal livers of normal (left and middle panels) and HoxA5-deficient (right) E12 embryos. Percentages of
Lin~Sca-1 7 c-Kit™ (LSK) cells are shown in the upper right quadrant. (c) Sublethally irradiated mice were transplanted with wild-type or HoxA5-
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The progenitor population we have used contains a very small
population of apparently T-cell committed CD34*CD7 ™" cells,
as described by Haddad et al.>? It is possible that activation of
the Notch pathway leads to differentiation of CD34"CD7~
progenitors into CD347CD7* progenitors, as activation of
Notch signaling by culturing on S17-DL1 leads to upregulation
of CD7 (data not shown, but see also®). Alternatively, Notch
signaling leads to selective outgrowth of the CD45"CD34 *
CD7 ™" cells described by Haddad et al., but this seems less
likely, as the CD347CD7* population expresses TCRB,
whereas in our micro array experiments these were undetect-
able. Therefore, uncommitted CD34% cells (most likely
CD34%CD38~ HSC) are induced to start T cell commitment,
while losing myeloid potential, which is retained when cultured
on $17-Jagged19).

The mechanism by which Notch signaling initiates a
T-lineage differentiation program in hematopoietic progenitors
remains a fascinating issue. Here, we demonstrate that
Notch does not directly activate a T-cell specific transcription
program, nor does it directly induce TCR gene rearrangements.
Apparently, other factors are needed besides Notch to
induce T-cell commitment. Perhaps Wnt signaling, by delivering
essential proliferative factors to immature thymocytes under-
going Notch signaling is important in this respect.”' For sure,
Hes1 executes part of the downstream Notch effects. In
addition, TCFL5 and HoxA proteins may prove to be major
player in Notch-regulated mechanisms during T-cell develop-
ment. Furthermore, these novel Notch target genes may
contribute to the pathogenesis of T-ALL with gain-of-function
mutations in Notch1.
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