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Notch Signaling Induces Multilineage Myeloid Differentiation
and Up-Regulates PU.1 Expression

Timm Schroeder,* Hella Kohlhof,* Nikolaus Rieber,* and Ursula Just® ™

Hemopoietic commitment is initiated by and depends on activation of transcription factors. However, it is unclear whether
activation of lineage-affiliated transcription factors is extrinsically regulated by to date unknown agents or is the result of a cell
autonomous program. Here we show that signaling by the Notchl transmembrane receptor instructively induces myeloid differ-
entiation of multipotent hemopoietic progenitor cells and concomitantly up-regulates the expression of the transcription factor
PU.1. Transient activation of Notchl signaling is sufficient to irreversibly reduce self-renewal of multipotent progenitor cells
accompanied by increased and accelerated differentiation along the granulocyte, macrophage, and dendritic cell lineages. Acti-
vated Notchl has no direct influence on apoptosis of multipotent progenitor cells, shows a weak inhibition of proliferation, and
does not substitute for survival and proliferation signals provided by cytokines. Activated Notchl directly increases PU.1 RNA
levels, leading to a high concentration of PU.1 protein, which has been shown to direct myeloid differentiation. These findings
identify Notch as an extrinsic regulator of myeloid commitment, and the lineage-affiliated transcription factor PU.1 as a specific
direct target gene of Notch. The Journal of Immunology, 2003, 170: 5538 -5548.

ntercellular communication that controls the developmentalcan also play an active role in the differentiation of glial cells,

fate of multipotent cells is mediated by the Notch family of keratinocytes, endothelial cells, thymocytes, and granulocytic pro-

transmembrane receptors in several invertebrate and vertgenitors (8—15). However, the molecular mechanism(s) by which
brate developmental systems (1). In mammals, four Notch recepactivated Notch instructs multipotent cells to differentiate along a
tors (Notch1l-4) have been identified. Specific transmembrane liparticular lineage has not been established. 5]
gands encoded by the Delta and Serrate/Jagged family activate Since Notch receptors and cognate ligands are expressed in he=
Notch receptors on neighboring cells, inducing proteolytic libera-mopoietic tissues (16), it is likely that Notch receptors have a role 3
tion and nuclear translocation of the intracellular domain of Notchto play in the regulation of blood cell production. Hemopoiesis is £
(NotcH®)? (1). Nuclear Notclf associates with the transcriptional a continuous developmental process in which self-renewing, plu-
repressor RBP-J, converting it from a repressor into an activatoripotent stem cells give rise through a series of cell divisions to all 3
(2, 3). Through physical interactions with chromatin remodelingspecialized blood cells, e.g., to granulocytes, macrophages, den-g
enzymes and components of the transcriptional machinerydritic cells, erythrocytes, megakaryocytes, and B and T lympho- «
Notch® activates downstream target genes (4, 5). In vivo and incytes. Survival, proliferation, self-renewal, and commitment to dif- 7
cell culture, NotcH proteins function as ligand-independent, con- ferentiation of hemopoietic stem cells occur in close association e
stitutively active proteins (6, 7). The classical view holds thatwith cells of the bone marrow stroma. At present, however, it is =
Notch signaling keeps cells in an undifferentiated state (1). Restill a question of debate whether multipotent hemopoietic cells are &
cently, this idea has been challenged by observations that Notcéxtrinsically directed to differentiate down a particular cellular 2
pathway or whether the microenvironment only supports the sur- 2
vival and proliferation of cells that have intrinsically selected a
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of Rostock, Rostock, Germany set of genes in each mature cell type. The tightly controlled pat-
Received for publication February 28, 2002. Accepted for publication Marchterns of gene expression are achieved through the action of tran-
19, 2003. scriptional regulators with both general and restricted expression
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green fluorescent protein; JT, Jagged-transfected; M-CSF-R, M-CSF receptor; ; At e At
MNLC, intracellular domain of mouse Notchi: NERT, OHT-inducible i DHT. reflected by high level activation of specific transcription factors
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responsive hormone binding domain of the human estrogen receptor; rneo, retrovirfdeen described that control the expression of Iineage-affiliated
vector carrying theeo gene as a selection marker; INERTNneo, rneo vector carrying s . .
an intracellular domain of Notch1 fused to the hormone binding domain of the humantranscnptlon factors such as PU.1, it was proposed that commit-

estrogen receptor. ment is cell intrinsic and results from stochastic fluctuations in
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expression levels, which then establish a regulatory network
through positive and negative feedback loops (20, 21).

Notchl mRNA and protein are found in immature, CD34-pos-
itive, hemopoietic progenitor cells; lymphoid, myeloid, and ery-
throid precursor cell populations; as well as peripheral blood T and
B lymphocytes, monocytes, and neutrophils (16), suggesting an
influence of Notch on differentiation and/or proliferation of mul-
tiple hemopoietic lineages and at various stages of maturation.
However, while several studies indicate that Notchl is critically
involved in lymphoid development (22), the role for Notch sig-
naling in regulating the differentiation of normal hemopoietic stem
cells and early progenitors along the myeloid lineage remains un-
clear. Recently, we have shown that the effect of activated Notchl
isto promote differentiation of the granulocytic progenitor cell line
32D (8) rather than to block differentiation or maturation of 32D
cells as suggested by earlier studies (23-26). Ambivalent results
were aso found when primary hemopoietic progenitor cells were
stimulated by the Notch receptor ligands Jagged and Delta; in
some studies a moderate increase in colony formation was ob-
served (27—30), whereas others saw a decrease in colony formation
(31), accelerated differentiation (32), or maturation (33).

Studies aimed at unraveling the molecular controls that modu-
late the blood cell equilibrium are complex and require a pure
population of progenitor cellsthat have retained a high capacity for
both self-renewal and differentiation. The FDCP-mix cell lines
represent a unique system for these studies. Established from mu-
rine long term bone marrow cultures, FDCP-mix cells have a nor-
mal karyotype, are nonleukemogenic, and possess many charac-
teristics of very immature hemopoietic progenitor cells (34, 35).
FDCP-mix cells exhibit an increased self-renewal capacity in vitro
and therefore can be maintained indefinitely either on mouse stro-
mal cells or in the presence of IL-3. They show a predominantly
immature blast cell morphology, express cell surface markers char-
acteristic of murine hemopoietic stem cells, i.e., CD34, Sca-1, and
c-Kit, in the presence of high IL-3 and horse serum (self-renewal
conditions), and differentiate in a multilineage response to physi-
ological regulators for differentiation, such as stromal cells and
hemopoietic cytokines (35-38). Thus, we decided to use the
FDCP-mix cell system to investigate whether and how Notchl
signaling influences cell lineage commitment, differentiation, pro-
liferation, and survival of multipotent hemopoietic precursor cells.

Materials and M ethods
Cell culture

FDCP-mix cells were maintained in self-renewal culture medium consist-
ing of IMDM supplemented with 20% pretested horse serum and mouse
I1L-3-conditioned medium eguivalent to 100 U/ml recombinant mouse IL-3
(Roche, Mannheim, Germany) as previously described (36, 38). All ex-
periments shown were conducted with rIL-3 (Roche). For activation of the
4-hydroxytamoxifen (OHT)-inducible intracellular domain of mouse
Notch1(mN1'S; OHT-inducible mN1' (NERT)) in FDCP-mix cells, OHT
(Sigma-Aldrich, St. Louis, MO) was added to the medium at the concen-
trations indicated.

Differentiation was induced by washing the cells once in IMDM and
plating 1 X 10° cells/ml in IMDM containing 20% pretested FCS and the
respective lineage-affiliated cytokines as previously described (37-39).
Differentiation of FDCP-mix cells was monitored by morphological scor-
ing of May-Grinwald-Giemsa-stained cytospins. All differential counts
were made on 100—200 cells in a blinded fashion (by T.S. and U.J.).

For assessment of colony-forming cell capacity (clonogenicity), cells
were plated in triplicate at various cell densities in self-renewal culture
medium and 0.3% Bacto agar (Difco, Germany), in the presence or the
absence of OHT (triplicate wells in six-well plates). Colonies (>50 cells)
were counted after 7-9 days.

For coculture experiments of FDCP-mix cells and OP9 cells (40), 2 X
10° FDCP-mix cellg/six-well plate were seeded onto confluent OP9 cellsin
triplicate. Cocultures were kept in IMDM containing 10% FCS and horse
serum, respectively, and in the presence or the absence of 1 uM OHT. Half
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the medium was replaced by fresh medium every 3 days. Cobblestone
colonies were counted after 8—10 days.

Ltk™ and Jagged-transfected (JT) cell lines were kept in IMDM sup-
plemented with 10% FCS. OP9 cells were cultured in «MEM containing
20% FCS and 107* M 2-ME.

Transient transfections, luciferase assays, and reporter plasmids

FDCP-mix cells were transfected with the mN1'“-green fluorescent protein
(GFP) or CMVeGFP plasmids by electroporation as previously described
(8). RBP-J-dependent trans-activation was measured as previously de-
scribed (8) by transfecting rINERTneo or rneo cells with the reporter plas-
mid pGa981-6 (41), which carries aluciferase gene under the control of 12
RBP-J binding sites. Cells were treated with different concentrations of
OHT for 24 h, and luciferase activity in cell lysates was determined.

Sable transductions and selection procedures

To obtain clones of the multipotent progenitor cell line FDCP-mix A7, in
which translocation of the activated domain of mN1'“ into the nucleus and
RBP-J dependent trans-activation of target genes can be regulated, FDCP-
mix A7 cells were transfected by electroporation with a retroviral vector
carrying an intracellular domain of Notchl fused to the hormone binding
domain of the human estrogen receptor (rNERTNeo) (8), and stable lines
were established by G418 (Life Technologies Europe) selection. As acon-
trol, cells were transfected with the retroviral vector aone (rneo) (8) or
with aretroviral vector carrying only the hormone binding domain of the
human estrogen receptor of the rNERTneo construct (rERTneo). Cell
clones derived from three independent transfections were used in this
study.

[3H] Thymidine incorporation

Cells were plated in self-renewa medium in the presence or the absence of
OHT at 6 X 10%ml. After 24, 36, or 48 h, [3H]thymidine incorporation was
measured as previously described (42). Data are expressed as mean counts
per minute of triplicate wells = SD.

Determination of apoptotic status

The percentage of cells undergoing apoptosis was determined quantita-
tively using the ApoAlert FITC-annexin V apoptosis kit (Clontech, Palo
Alto, CA) as previously described (42).

Western blot analysis

Cells were cultured under self-renewal conditions and in the absence or the
presence of 1 uM OHT. Harvesting, electrophoresis, and Western blotting
of protein extracts was performed as previously described (8). Fifty mi-
crograms of protein was separated per lane. Abs specific for the HA tag
(no. 3808-1; Clontech), the human estrogen receptor « (sc-8002), mNotchl
(sc-6014), PU.1 (T-21), M-CSF-R (sc-692), C/EBPa (14AA), and actin
(C-2; al from Santa Cruz Biotechnology, Santa Cruz, CA) were used. The
detected proteins were visualized by the ECL system (Amersham Pharma-
cia Biotech, Little Chalfont, U.K.).

Northern blot analysis

Total RNA extracts were harvested using RNA Stat 60 (Tel-Test, Friends-
wood, Tx) according to the manufacturer’s instructions. Electrophoresis
and Northern blotting were performed using standard procedures. Twenty
micrograms of total RNA was separated per lane. For hybridization, %P
(Amersham Pharmacia Biotech)-labeled (random primed DNA labeling
kit; Roche) cDNA probes specific for C/EBP«, PU.1, M-CSF-R, and
GAPDH were used. To inhibit de novo protein synthesis, 50 wg/ml cyclo-
heximide (Sigma-Aldrich) was added where indicated 30 min before the
addition of 1 uM OHT.

FACS analysis

FITC-, PE-, or alophycocyanin-conjugated mAbs directed against CD11b
(Mac-1, clone M1/70), Ly-6A/E (Sca-1, clone D7), CD14 (clone rmC5-3),
CD80 (clone B7-1), CD86 (clone B7-2), CD11c (clone HL3), CD40 (clone
3/23), MHC-II (clone AF6-120.1), Ly-6G (Gr-1, clone RB6-8C5), or their
respective isotype controls were used (all from BD PharMingen Europe,
Uppsaa, Sweden). Cells were stained with Absin PBS containing 3% FCS
and Fc-Block (BD PharMingen Europe). FACS analysis was performed in the
presence of propidium iodide (PI) for dead cell exclusion with a FACSCalibur
machine and CellQuest software (BD Biosciences, Mountain View, CA), us-
ing standard procedures.
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Satistical analysis
Statistical differences were assessed using Student’s t test and ANOVA.

Results

A functional activated domain of Notchl can only be expressed
in an inducible form, not constitutively, in the multipotent
FDCP-mix cell line

Initially we attempted to express the activated domain of mN1'c
constitutively in FDCP-mix cells. However, those clones that were
obtained either failed to express the mN1'C protein or expressed an
aberrantly sized mN1'®, as judged by Northern blot analysis, and
none of the clones obtained was able to trans-activate the RBP-J
pathway (data not shown). We thus assumed that mN1'® overex-
pression might be compromising the proliferation or viability of
FDCP-mix cells or might interfere with self-renewal. Therefore,
we sought to employ an inducible form of mN1'® (NERT) (8) that
permits the conditional induction of mN1'® by OHT. To obtain
clones of the multipotential progenitor cell line FDCP-mix A7 in
which translocation of mN1'C into the nucleus can be regulated,
FDCP-mix A7 cells were transfected by electroporation with a
retroviral vector carrying the mN1'€ fused to the hormone binding
domain of the human estrogen receptor (INERTneo; Fig. 1A). As
controls, cells were transfected either with a vector that does not con-
tain the NERT cDNA (rneo) or with a vector carrying only the hor-
mone binding domain of the human estrogen receptor (rERTNeo). All
vectors confer geneticin resistance to transfected cells. The expression
of the correct sized NERT and ERT protein was confirmed by West-
ern analysis using an Ab against human estrogen receptor « in cul-
tures of rINERTneo and rERTneo FDCP-mix clones, respectively
(Fig. 1B and data not shown). The rINERTneo FDCP-mix cloneswere
then tested for trans-activation of the RBP-J pathway in the presence
or the absence of OHT. In the absence of OHT, no trans-activation of
the RBP-J pathway was observed (Fig. 1C). After addition of OHT,
the RBP-J pathway was trans-activated depending on the concentra-
tion of OHT present in the cultures in al clones used in this study
(Fig. 1C). Contral clones did not trans-activate the RBP-J pathway in
the presence or the absence of OHT (Fig. 1C and data not shown).

To analyze the effect of activated Notchl on FDCP-mix cells,
rNERTneo FDCP-mix cells were cultured in the presence or the
absence of OHT under various conditions and monitored for
changes in proliferation, survival, self-renewal capacity, and
morphology.

Activated Notchl reduces proliferation, but does not influence
apoptosis, of immature FDCP-mix cells

To evauate the effects of activated Notchl on cell proliferation,
[*H]thymidine uptake into DNA of proliferating rNERTneo
(clones 24, 25, 26, and 32), rERTneo (clones 2 and 5), and rneo
(clones 1-3 and 5) FDCP-mix cells was measured in the presence
or the absence of OHT under conditions optimal for self-renewal
and proliferation, i.e., in the presence of high IL-3 (100 U/ml). In
the absence of OHT, [H]thymidine incorporation of INERTneo
FDCP-mix cellswas virtually identical with that of rneo and rERT
control FDCP-mix cells (Table | and Fig. 2). However, the induc-
tion of mMN1'“ by OHT significantly reduced the proliferation of
rNERTneo FDCP-mix cells; the reduction in [*H]thymidine incor-
poration for INERTneo clones was 10—20% after addition of OHT
for 24 h (Table I) and up to 80% after addition of OHT for 48 h
(Fig. 2). Consistent with the terminally differentiated phenotype
(see below), by day 7 (induction with 1 uM OHT) or day 10
(induction with 50 nM OHT) the proliferation of INERTNneo clones
ceased entirely, and the cultures resulted in subsequent extinction
(data not shown; three independent experiments). Proliferation of
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rNERTneo:

A A
S'LTR ILTIR
mpsy 59 sa neoR ‘orry
B rNERT rERTneo

meo neo
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- a0 -
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FIGURE 1. Notch signaling is functional and inducible in FDCP-mix
cell clones expressing the NERT fusion protein. A, Schematic diagram of
the full-length mNotch1 receptor, the OHT-inducible NERT fusion protein
and the retroviral expression plasmid used in this study. mN1, mouse
Notchl; IC, intracellular; EGF, EGF repeats; LN, LIN/Notch repesats; M,
transmembrane domain; R, RAM23 domain; A, ankyrin repeats; N, nuclear
localization sequence; O, OPA sequence; P, pest sequence; ERT2, hor-
mone binding domain of the human estrogen receptor « (OHT-sensitive
mutant); sd/sa, splice donor/acceptor; neoR, neomycin resistance gene;
LTR, viral long terminal repeat; MPSV, myeloproliferative sarcoma virus,
SFFV, spleen focus-forming virus. Theretroviral vector backbone contains
the primer binding sequence from the mouse embryonal stem cell virus. B,
Expression of ERT protein in transfected FDCP-mix clones. The correct
sized ERT proteins were detected by Western blotting with an anti-human
estrogen receptor « mAb. C, OHT treatment induces RBP-J-dependent
trans-activation in a concentration-dependent manner in INERTneo clones.
The rNERTneo and rneo control clones were transfected in duplicate with
areporter plasmid carrying aluciferase gene under the control of 12 RBP-J
binding sites. Cells were treated with different concentrations of OHT for
24 h, and luciferase activity in cell lysates was determined. The mean =+
SEM corrected for transfection efficiency are shown. This experiment was
repeated three times with virtually identical results.

control rneo and rERTneo FDCP-mix cells was unaffected by OHT
(Table I and Fig. 2).

We next analyzed whether activated Notchl has an influence
on the apoptosis of FDCP-mix cells. Thus, the apoptosis of
rNERTneo (clones 24—26) and rneo (clone 1-3 and 5) FDCP-mix
cells was assessed in the presence of high IL-3 and in the presence
or the absence of OHT using annexin V and, as an indication of
cell viability, Pl. Neither rNERTneo nor control rneo FDCP-mix
cells showed a difference in the proportion of cells staining posi-
tively for either annexin V aone (apoptotic cells) or annexin V and
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Table . Activated mN1'“ reduces proliferation, but does not affect apoptosis, in immature FDCP-mix cells?

[®H] Thymidine Incorporation Pl /Annexin V— PI~/Annexin V* PI*/Annexin V*

A7 Clone (cpm) (living cells) (apoptotic cells) (dead cells)
rmeo 1

— OHT 6388 = 408 93 6 1

+ OHT 6223 + 519 93 6 1
rneo 5

— OHT 6242 + 354 93 6 1

+ OHT 6324 = 165 92 6 2
rNERTNneo24

— OHT 4175 + 372 97 2 1

+ OHT 3583 + 259 97 2 1
rNERTNneo25

— OHT 5780 = 63 96 3 1

+ OHT 5105 = 290 96 4 0
rNERTNe026

— OHT 3550 = 32 96 4 0

+ OHT 2935+ 85 94 5 1

a Cells were grown under self-renewal conditions and in the presence or the absence of 1 uM OHT for 1 day. [°H] Thymidine
incorporation was measured in triplicate cultures as described in Materials and Methods. The mean = SD of a representative
experiment are shown. The reduction in the proliferation rate is significant for all INETTneo FDCP-mix cells (clones 2426 and
32; p < 0.001), but not for rneo FDCP-mix cells (clones 1-3 and 5; p > 0.9). The experiments were repeated six times with
virtually identical results. The apoptotic status of the cultures was determined by FACS analysis of cells stained with annexin
V-FITC and PI. Data from a representative experiment are shown. The proportions of apoptotic and necrotic cells were not
different in rINERTneo (clones 24—-26) and rneo (clones 1-3 and 5) FDCP-mix cells in the presence or the absence of OHT
(apoptotic cells, p > 0.6; necrotic cells, p > 0.7; three independent experiments).

PI (necrotic cells) in the presence or the absence of OHT (Tablel).
The percentage of apoptotic cellsin the presence of high IL-3 was
never >8% regardless of the addition of OHT (Table I).

In the absence of cytokines or stromal cells, FDCP-mix cells
rapidly undergo apoptosis (43). Although not anticipated by the
results described above, we analyzed whether activated Notchl
could prevent apoptosis induced by cytokine withdrawal. IL-3 was
removed from the culture medium of rNERTneo (clones 22, 24,
25, 26, and 32), rneo 3, and the parental FDCP-mix cells, and the
cells were cultured in the presence of horse serum aone, either
with or without OHT. As expected, al cells died within 48 h re-
gardless of the induction of mN1'® by OHT (data not shown; three
independent experiments), indicating that activated Notchl does

O 48h - OHT W 48h + OHT

rmeo 3

rERTnheo 2

!

|__

rNERTneo 24 -_

0 10000

20000
3H-Thymidine - Incorporation (cpm)

FIGURE 2. Activated mN1'C reduces the proliferation of FDCP-mix
cells. Cells were grown under self-renewal conditions and in the presence
or the absence of 1 wM OHT for 48 h. [°*H] Thymidine incorporation was
measured in triplicate cultures as described in Materials and Methods. The
proliferation rates of rneo, INERTneo, and rERTneo FDCP-mix cell clones
were within the same range, and no significant difference was observed
(p > 0.1, by ANOVA). The mean = SD of arepresentative experiment are
shown. The reduction in the proliferation rate is significant for INERTneo
FDCP-mix clone 24 (p < 0.01), but not for rneo FDCP-mix clone 3 or
rERTneo FDCP-mix clones 2 and 5 (p > 0.9 and p > 0.2, respectively).
The experiments were repeated twice with virtually identical results.

not enhance the survival of immature FDCP-mix cells in the ab-
sence of IL-3.

Activated Notchl induces granulocyte, macrophage, and
dendritic cell differentiation of FDCP-mix cells

Since we observed a high percentage of differentiated cells during
the first weeks of selection of FDCP-mix cells transfected with the
retroviral vector expressing activated Notch constitutively, we as-
sumed that activated Notchl may have an influence on the prob-
ability of self-renewal vsdifferentiation. Therefore, we determined
the morphology and cell surface phenotype of rNERTneo FDCP-
mix cells (clones 22, 24, 25, 26, and 32), control rneo FDCP-mix
cells (clones 1-3 and 5), control rERTneo FDCP-mix cells (clones
2 and 5), and the parental FDCP-mix cells grown in the presence
or the absence of OHT under conditions that normally promote
self-renewal of FDCP-mix cells. In the absence of OHT, all cells
showed a predominantly undifferentiated blast cell morphology
(Fig. 3A). In contrast, in the presence of OHT, mature granulo-
cytes, macrophages, and dendritic cells appeared in all INERTneo
FDCP-mix cell clones, whereas in control clones the cells re-
mained undifferentiated (Fig. 3A). These results were further con-
firmed by FACS analyses using Abs directed against Mac-1,
Sca-1, CD14, CD11c, CD80, CD86, CD40, and MHC-I1I (Fig. 3, B
and C). Time-course experiments revealed that differentiation of
rNERTneo FDCP-mix cells along the myeloid lineage, i.e, into
granulocytes, macrophages, and dendritic cells, increased rapidly
after addition of OHT and continued over the time period analyzed
(Fig. 3 and data not shown). To further exclude that the NERT
fusion protein resultsin different effects than the wild-type mN1'€,
we expressed wild-type mN1'“ transiently in FDCP-mix cells us-
ing a plasmid-based transient expression system in which a target
protein is coexpressed with the enhanced GFP (8). FDCP-mix cells
were transfected by electroporation with the mN1'C expression
construct and, as a control, the eGFP expressing vector backbone
alone. Two days after transfection, GFP-positive FDCP-mix cell
populations were analyzed by two-color FACS anayses for ex-
pression of the cell surface markers Sca-1 and Mac-1. Under con-
ditions that favor self-renewal, GFP-positive, mN1'“-expressing
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A Control FDCP-mix

NOTCH INDUCES MYELOID DIFFERENTIATION AND PU.1 EXPRESSION

rNERTneo FDCP-mix

FIGURE 3. Activated mN1'“ induces myeloid dif-
ferentiation under cytokine conditions that favor sdlf-
renewal. Four rneo, two rERTneo, and three INERTNneo
FDCP-mix clones were cultured under self-renewal con-
ditions (100 U/ml IL-3) for up to 15 days and in the
presence or the absence of 50 nM or 1 uM OHT.
Differentiation was followed by scoring morphology
of May-Griinwald-Giemsa-stained cells and by three-

d3 + OHT

color FACS analyses of living cells using Abs against
Mac-1, Sca-1, CD14, CD11c, CD40, CD80, CD86,
and MHC-II. The induction of differentiation by acti-
vated Notchl is statistically significant (p < 0.001 for
al rNERTneo FDCP-mix clones analyzed). A, Mor-
phology of rNERTneo FDCP-mix cells and control
FDCP-mix cells under self-renewal conditions and in
the presence or the absence of 1 uM OHT for 3 days. i
Upper panels, Phase contrast micrographs of rNERT- B
neo clone 24 and of rneo clone 1. OHT treatment leads
to the typical morphology of myeloid differentiation
(adherent cell clumps and adherent cells) in rINERT-
neo cultures and has no effect on rneo or rERTneo
(data not shown) cultures. Magnification is 100-fold.
Lower panels, Micrographs of May-Grunwald-Gi-
emsa-stained cells of INERTneo clone 24 and rERT-
neo clone 2. OHT treatment results in the appearance
of mature granulocytes (depicted by the arrowheads)
in the supernatant of rNERTneo FDCP-mix cultures.
The rERTneo cells and rneo FDCP-mix cells (data not
shown) retain an undifferentiated blast cell morphol-
ogy regardless of the addition of OHT. Magnification
is 630-fold. The experiment was repeated 16 times for
rNERTneo and rneo FDCP-mix clones and three times
for rERTneo FDCP-mix clones with identical results.
B, Myeloid surface marker analysis. Undifferentiated
FDCP-mix cells express low levels of Mac-1 (left
quadrants of Mac-1-stained cells). Early differentiated
cells show increased Mac-1 expression and do not ex-
press Sca-1 (lower right quadrant of Mac-1/Sca-1 dou- C
ble-stained cells). Mature myeloid cells express high
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FDCP-mix cells contained a considerably higher number of Mac-
1"9Sca-1* cells, i.e., mature myeloid cells, than GFP-positive,
control vector-expressing, FDCP-mix cells (32—34 vs 5-8%; p <
0.001; three independent experiments; data not shown). In line
with our previous results (8), these data demonstrate that expres-
sion of the NERT fusion protein results in essentially the same
effects as expression of the mN1'C protein in FDCP-mix cells. To
prove that the increased differentiation by activated Notchl results
from differentiation induction and not from a selective influence on
proliferation, we determined the absolute number of mature dif-
ferentiated cells (Mac-1"9"Sca-1") in rNERTneo cell cultures
(clones 24—26) and rneo control cultures (clone 1 and 3) grown
under conditions that favor self-renewal and in the presence or the
absence of 50 uM OHT for up to 10 days. Induction of activated
Notchl by addition of OHT increased the absolute numbers of
mature differentiated cells 3- to 8-fold, whereas the absolute num-
bers of differentiated cells remained unchanged in control rneo

FDCP-mix cell cultures in the presence of OHT. The increase in ab-
solute numbers of mature cells by activated Notchl in rINERTneo
cultures is statistically significant (p < 0.01 for day 4, three in-
dependent experiments; p < 0.05 for days 7 and 10, two indepen-
dent experiments, respectively; for all clones analyzed). Thus,
these results demonstrate that activated Notchl induces myeloid
differentiation under conditions that favor self-renewal of FDCP-
mix cells, i.e., in the presence of high concentrations of IL-3.

Activated Notchl reduces self-renewal of the multipotent
hemopoietic progenitor cells FDCP-mix

To determine whether the induction of differentiation by activated
Notchl leads to a reduction of the self-renewal capacity of FDCP-
mix cells, we measured the number of colony-forming and cob-
blestone colony-forming cells of rINERTneo and control FDCP-
mix cells. To do this, INERTneo (clones 22, 24-26, and 32),
rERTneo (clone 2), and rneo FDCP-mix cells (clone 1-3 and 5)
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were first cultured for 4 daysin liquid self-renewal medium in the
presence or the absence of OHT and then cloned either in semi-
solid medium containing high concentrations of IL-3 or on mouse
stromal cells in the absence of added growth factors. In the pres-
ence of OHT, the clonogenicity in high IL-3 was markedly reduced
for INERTneo, but not for rERTneo and rneo, FDCP-mix cells
(Table I1). The reduction in clonogenicity was dependent on the
amount of OHT present in the medium (Table I1) and correlated
with the RBP-J trans-activation induced (compare Table Il and
Fig. 1). To determine whether the reduction in clonogenicity by
activated Notchl is reversible, cloning of cells after exposure to
OHT was performed in the absence of OHT. Asshown in Tablell,
the number of colony-forming cells was markedly reduced after
only 4 days of incubation with OHT, suggesting that the majority
of cells had irreversibly lost their self-renewal capacity. Further-
more, when rNERTneo FDCP-mix cells were cultured on stromal
cells, the number of cobblestone colonies forming in the presence
of OHT was reduced to 1/10th the cobblestone colonies forming in
the absence of OHT (data not shown; p < 0.01; five independent
experiments; clone rINERTneo 24 and 32). Control rneo FDCP-
mix cells showed no significant difference in cobblestone-forming
ability in the presence or the absence of OHT (data not shown; p >
0.9; clone rneo 1). Taken together, these data show that signaling
by Notchl reduces the self-renewal capacity of FDCP-mix cells.

Activated Notchl acts synergistically with lineage-affiliated
cytokines

Since differentiation into myeloid cells in INERTneo FDCP-mix
cells by the induction of activated Notchl also occurred in the
absence of lineage-affiliated cytokines we asked whether cytokines

Table 1. Activated mN1'© irreversibly reduces the self-renewal
capacity of FDCP-mix cells

Relative Clonogenicity®

Culture
FDCP-mix Clone  Conditions®  Cloned + OHT  Cloned — OHT

rneo 3 — OHT 100

50 nM OHT 106 102

1puM OHT 99 102
rERTneo 2 — OHT 100

1 uM OHT 90 ND
INERTnNeo 22 — OHT 100

50 nM OHT 9 14

1 uM OHT 0.02 0.07
NERTneo 24 — OHT 100

50 nM OHT 6 24

1 puM OHT 0.03 0.1
NERTneo 25 — OHT 100

50 nM OHT 42 53

1 pM OHT 0 10
INERTnNeo 26 — OHT 100

50 nM OHT 46 61

1 uM OHT 0 10

2The cells were cultured in suspension culture under self-renewal conditions in
the presence or the absence of OHT for 4 days at the concentrations indicated.

b Colony-forming capacity was then determined by plating the cellsin soft agar in
the presence of 100 U/ml IL-3 with or without OHT. The total number of clonogenic
cells per culture on day 4 was determined using percent clonogenicity and total viable
cell numbers. The relative clonogenicity (percentage) was calculated relative to the
clonogenicity of cells grown and cloned in the absence of OHT (100%). The plating
efficiency of cells grown and cloned in the absence of OHT was similar for all clones
analyzed. The reduction in clonogenicity is significant for INERTNneo 22 cells (p =
0.001), rNERTneo 24 cells (p = 0.001), rNERTneo 25 cells (p = 0.01), and
rNERTRNeo 26 cells (p = 0.01), but not for rneo (p > 0.9) or rERTneo cells(p > 0.5).
Values represent averages from at least three independent experiments. ND, not
determined.
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that normally promote differentiation of FDCP-mix cells could
modulate the differentiation programs activated by mN1'“. In the
presence of GM-CSF (G/M differentiation conditions), differenti-
ation of FDCP-mix cells is directed aong the granulocyte and
macrophage lineage (36), in the presence of GM-CSF and G-CSF
(G differentiation conditions) along the granulocyte lineage (37),
and in the presence of GM-CSF and M-CSF (M differentiation
conditions) along the macrophage lineage (39). Thus, INERTneo
and control FDCP-mix cells were cultured under conditions that
normally promote myeloid differentiation of FDCP-mix cellsin the
presence or the absence of OHT and were monitored for changes
in morphology and for the expression of cell surface markers. Re-
gardless of the addition of OHT, rNERTneo FDCP-mix cells dif-
ferentiated predominantly along the granulocyte lineage in the
presence of GM-CSF and G-CSF and aong the macrophage lin-
eage in the presence of GM-CSF and M-CSF (Fig. 4A). Time-
course experiments, however, revealed an accelerated onset of dif-
ferentiation of INERTneo FDCP-mix cellsin the presence of OHT
compared with cells differentiated in the absence of OHT (Fig. 4,
A and B). Differentiation of rERTneo and rneo FDCP-mix was
unaltered by the addition of OHT (Fig. 4B and data not shown). To
analyze this further, we determined the colony-forming ability of
rNERTneo and control rneo FDCP-mix cells during cytokine-in-
duced differentiation. The number of clonogenic cells of differen-
tiating INERTneo FDCP-mix cells was markedly reduced after
exposure to OHT (data not shown; p < 0.01; five independent
experiments), whereas control rneo FDCP-mix cells showed asim-
ilar decrease in clonogenicity during cytokine-induced differenti-
ation in the presence or the absence of OHT (data not shown; p >
0.9). Thus, the accelerated differentiation induced by activated
Notchl in the presence of lineage-affiliated cytokines correlated
with a decrease in self-renewal capacity. Taken together, our data
show that activated Notchl accelerates the differentiation of
FDCP-mix cells aong myeloid lineages, but does not dter lineage
decisions between these myeloid lineages in the presence of the
respective lineage-affiliated cytokines.

The Jagged/Notch pathway promotes myeloid differentiation of
FDCP-mix cells

FDCP-mix cells express mNotchl mRNA (44) and protein (data
not shown). Thus, since the activated form of Notchl promoted
myeloid differentiation of FDCP-mix cells, we asked whether
physiological activation of Notch signaling by its ligand Jagged-1
would lead to asimilar phenotype. To test this hypothesis, we used
a fibroblast cell line engineered to express the Notch ligand
Jaggedl (JT cells) (45) for coculture with FDCP-mix cells. JT cells
can activate Notch in cocultured C2C12 myoblasts and thereby
prevent muscle cell differentiation (45). The expression of Jaggedl
on JT cells, but not on the parental mouse Ltk™ cells, was con-
firmed by Western blot analysis (data not shown). To analyze the
influence of the Jagged/Notch pathway on FDCP-mix cell differ-
entiation, FDCP-mix cells were cultured under conditions that fa-
vor either self-renewal or differentiation and in the presence of JT
or Ltk™ fibroblasts and were monitored for morphology and ex-
pression of the cell surface markers Mac-1, Sca-1, and Gr-1. Under
conditions that favor granulocyte differentiation, i.e., in the pres-
ence of GM-CSF and G-CSF, coculture of FDCP-mix cellswith JT
cells resulted in an accelerated onset of differentiation along the
granulocyte lineage compared with FDCP-mix cells cocultured
with parental Ltk cells or with FDCP-mix cells cultured in gran-
ulocyte differentiation medium aone (Fig. 5). Under conditions
that favor self-renewal, i.e., in the presence of high IL-3 and in the
absence of cytokines normally required for FDCP-mix cell differ-
entiation, FDCP-mix cells cocultured with JT cells contained a

€702 ‘02 YoLe N uo 1s9nb Aq /B0 jounwiwi [7/:dny wouy pepeojumoq


http://jimmunol.org/

5544 NOTCH INDUCES MYELOID DIFFERENTIATION AND PU.1 EXPRESSION

A rNERTneo 24
differentiation conditions

o & #"'%" o
ST e

'\ l i
ME»{' e

+OHT ‘ o5 + OHT
B G/M differentiation conditions
- OHT + OHT
rneo 3
A
d1
d3
flg rNERTneo 25
(%)
d1
d3

Mac-1

FIGURE 4. Activated mN1'® accelerates cytokine-induced myeloid dif-
ferentiation. Three rneo, two rERTneo, and four rINERTneo FDCP-mix
clones were cultured in duplicate under cytokine conditions that favor
granulocytic (G; reduction of IL-3, addition of GM-CSF and G-CSF),
monocytic (M; reduction of IL-3, addition of GM-CSF and M-CSF), or
granulocytic/monocytic (G/M; reduction of IL-3, addition of GM-CSF)
differentiation and in the presence or the absence of 50 nM or 1 uM OHT.
Differentiation was followed by scoring the morphology of May-Grun-
wald-Giemsa-stained cells and two-color FACS analysis of living cells
using Abs against Mac-1 and Sca-1. The acceleration of cytokine-induced
differentiation by activated Notch was statistically significant for all
rNERTneo FDCP-mix clones and time points analyzed (p < 0.001). A,
Morphology of differentiating rNERTneo and rneo FDCP-mix cells. Open
arrowheads depict some mature neutrophil granulocytes; filled arrowheads
show some mature macrophages. Cells were stained with May-Grunwal d-
Giemsa. Magnification is 630-fold. The experiment was repeated 11 (G/M,
G, M) times with virtually identical results. B, Myeloid surface marker
analysis. Results for one representative rneo and one rNERTneo clone are
shown for GM conditions, respectively. The experiment was repeated six
times (G/M, G, M; 50 nM OHT) for rneo and rNERTneo FDCP-mix cells
and three times (G/M; 1 uM OHT; data not shown) for rneo, rERTneo, and
rNERT FDCP-mix cells with virtualy identical results.
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FIGURE 5. The Jagged-1/Notch pathway induces and accelerates my-
eloid differentiation. For the activation of endogenous Notch receptors,
FDCP-mix A4 cells were cocultured with JT cells expressing the Notch
ligand Jagged-1. As a control, FDCP-mix cells were cocultured with pa-
rental Ltk™ cells not expressing Jagged-1 or were cultured in suspension
medium only. Differentiation was monitored by FACS analysis of living
cells and morphological analysis (data not shown) for up to 6 days. Cells
were cultured under cytokine conditions favoring self-renewal (100 U/ml
IL-3) or that induced granulocytic differentiation (reduction of 1L-3 and
addition of GM-CSF and G-CSF). Induction of myeloid differentiation by
coculture with JT cells was statistically significant (p < 0.001; eight in-
dependent experiments).

considerably higher number of differentiated myeloid cells than
FDCP-mix cells cultured in high IL-3, whereas FDCP-mix cells
cocultured with the parental Ltk™ cells remained undifferentiated
(Fig. 5). The induction of myeloid differentiation of FDCP-mix
cells by coculture with Jagged1-expressing cells in the absence of
other physiological inducers of differentiation was similar to the
effects of activated mN1' on FDCP-mix cells (compare Figs.
3-5). Thus, in line with previous work showing that presentation
of the Notch ligands Delta-1 and Jagged-1 to murine bone marrow
cells or human monocytes, respectively, accelerates differentiation
into myeloid dendritic cells in the presence of GM-CSF (32, 33),
these results indicate a physiological role for activated mNotch1'©
in inducing myeloid differentiation of the multipotent progenitor
cells FDCP-mix.

Activated Notchl directly and specifically up-regulates the
expression of PU.1

In a search for candidate genes that may mediate the observed
effects of Notchl signaling, we reasoned that Notchl signaling
may activate transcription of lineage-affiliated transcription factors
involved in the induction of myeloid differentiation, i.e., PU.1 and
C/EBP« (46—48). Thus, we determined the protein and RNA lev-
els of PU.1 and C/EBP« in rNERTNeo (clones 24—26), control
rERT (clones 2 and 5), and rneo FDCP-mix cells (clones 1 and 3)

€702 ‘02 YoLe N uo 1s9nb Aq /B0 jounwiwi [7/:dny wouy pepeojumoq


http://jimmunol.org/

The Journa of Immunology

A rmeo 1

5545

meo 3 rNERTneo 24 rNERTneo 25 rNERTneo 26

OHT[h] 0 24 60 0

M-CSF-R [ =

10 24 60 10 24 60 0 O 10 24 60 0 10 24 60 kpa

=3 | S S YT

FIGURE 6. Activated mN1'C directly up- PU.1 - -. o e—— .. 32

regulates PU.1. Three NERTneo FDCP-mix C/EBPu e e == =1 IR o
. C—— — —

clones, two rERTneo FDCP-mix clones, two .

rneo FDCP-mix clones, two rNERTneo 32D actin e R — 39

clones, and one rneo 32D clone cultured in

self-renewal conditions were treated with 50 B FDCP-mix A7 D .

nM or 1 M OHT for up to 60 h (three i (r:lc_ie NERTneo 24 —_— fr?é;:{nm;)égi

pendent experiments). A, Activated mN1'> in-

creases levels of PU.1 and M-CSF-R, but not OHT il I . 1M BhOHT - + + -

of C/EBPqa, proteins in undifferentiated OHT[h] 12 4 1 1.4 1224 0 12 CHX - - + +

FDCP-mix cells. A representative Western M-csF-R ISR ,t. .j a7 M-CSF-R | - 37

blot analysis is shown. B, Activated Notchl —— - - ' ;

increases levels of PU.1 and M-CSF-R RNA (AN LA RS PR R Put WA e

in undifferentiated FDCP-mix cells. A repre- . - GAPDH 3

sentative Northern blot analysisis shown. Ac- CAPDH HMENSe . LR 1 BY BBuw 12

tivated Notchl did not alter levels of C/EBP« c E

RNA (data not shown). C, Activated Notchl 320 32D rNERTneo 21

increases levels of PU.1 RNA in undifferen- 'NERTneo 21 meo 1 h 4 0 8

tiated 32D_c¢|ls A representative Nortr_]ern OHT  50nM oM 1M OHT - + + - + + -

blot analysis is shown. D, and E, PU.1 is a —_ —_ — GHIC M SE X o s o

direct target gene of activated Notch in FDCP- OHT[h] 4 2 0 2 4 0 8 s B

mix (D) and 32D cells (E). A representative PUT B R 14 Ul AN "j. B 14

Northern blot analysis of INERTneo cells 4 or
8 h after addition of OHT is shown. For inhibi-
tion of trandation, cells were grown in the pres-
ence of cycloheximide (CHX). CHX treatment F

GAFDH S ama® 12

GAPDH ....... 1.2

done did not alter PU.1 or M-CSF-R RNA lev- r'iiET heo "E‘::

els in rneo control cells (data not shown). F, 3 2

PU.1 or M-CSF-R RNA levels were not atered

in rERTneo control FDCP-mix cells. A repre- 8hOHT - -+ - +t

sentative Northern blot analysis is shown. M-CSE-R - 37
PU.1 3 B R

GAPDH W M w M g g 12

during culture in self-renewal conditions in the presence or the
absence of OHT. To determine whether the induction of myeloid
differentiation by Notch signaling would also include the up-reg-
ulation of cytokine receptors, we further determined the protein
and RNA levels of the M-CSF-R, a cytokine receptor and target
gene of PU.1 required for the development of macrophages (49,
50). In the absence of OHT, rNERTneo and control FDCP-mix
cells expressed low levels of PU.1 and C/EBP« (Fig. 6, A, B, and
F), consistent with their phenotype as multipotent hemopoietic pro-
genitor cells (51). After addition of OHT, PU.1 and M-CSF-R RNA
and protein increased rapidly in rNERTNeo, but not in rERTneo or
rneo, FDCP-mix cells (Fig. 6, A, B, and F). In both, rINERTneo and
rneo FDCP-mix cells, C/[EBP« protein (Fig. 6A) and RNA (data not
shown) levels remained unchanged by the addition of OHT. To con-
firm that the up-regulation of PU.1 by activated Notchl is generaly
involved in the induction of myeloid differentiation and is not a spe-
cific feature of FDCP-mix cells, we determined whether PU.1 expres-
sion was similarly affected by activated Notchl in the granulocytic
progenitor cell line 32D. In 32D cells, Notch signaling promotes gran-
ulocytic differentiation (8). Thus, we determined RNA levels of PU.1
in 32D cell lines that expressed an OHT-inducible form of activated
Notchl (rNERTneo 32D) and in control rneo 32D cells (8) during
culture in self-renewing conditions in the presence or the absence of
OHT. As shown in Fig. 6C, PU.1 RNA rapidly increased in rNERT-
neo, but not in control reo, 32D cells after the addition of OHT.
Taken together, these data show that activated Notchl specifically

up-regulates the expression of PU.1 in multipotent and granulocytic
progenitor cells.

To determine whether activated Notchl up-regulates the expres-
sion of PU.1 and the M-CSF-R directly or indirectly, PU.1 and
M-CSF-R RNA levels were analyzed in NERTneo and rneo cells
after the induction of Notch signaling by OHT and in the presence
of cycloheximide to inhibit trandlation. As shown in Fig. 6, D and
E, protein synthesis was required for up-regulation of M-CSF-R
RNA, but not for PU.1 RNA, indicating that PU.1 is a direct target
gene of Notchl, whereas the expression of the M-CSF-R gene in
FDCP-mix cells may be indirectly induced via PU.1.

Discussion
Notch and hemopoietic cytokines act together to direct
hemopoietic stem cells to differentiate along the myeloid lineage

Hemopoietic stem cells self-renew and differentiate in response to
local environmental signals provided by hemopoietic stromal cells
in bone marrow. Here we have presented evidence suggesting that
Jagged1/Notch signaling is involved in this process by inducing
myeloid differentiation of multipotent hemopoietic progenitor
cells. Using an inducible system, we demonstrated that activated
Notchl reduces the self-renewal capacity of the multipotent he-
mopoietic cell line FDCP-mix with concomitant differentiation
along the granulocyte, macrophage, and dendritic cell lineages.
Apoptosis of FDCP-mix cells was not influenced by activated
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Notch, and proliferation of undifferentiated FDCP-mix cells was
only dlightly inhibited. Thus, the observed increase in differenti-
ation was not a consequence of selective apoptosis or proliferation
mediated by activated Notch. We also showed that presentation of
the Notch ligand Jaggedl to FDCP-mix cells expressing Notch
receptors endogenously resulted in an increase in myeloid differ-
entiation, suggesting that physiological activation of Notch by its
ligand induces multipotent hemopoietic progenitor cells to differ-
entiate along the myeloid lineages. Differentiation induced by ac-
tivated Notch, however, required the presence of hemopoietic cy-
tokines for the production of differentiated cells. This raises the
possihility that signals through Notch and cytokine receptors act in
concert to direct the development of myeloid cells from hemopoi-
etic stem cells.

Whether activated cytokine receptors induce differentiation into
a particular lineage or only alow proliferation and survival of
receptor-presenting cells that are committed to differentiate by an
endogenous program running independently of cytokine receptor
activation is still a matter of debate (17, 18). Based on available
evidence, we had formulated a model (hybrid model) (36, 52) that
integrates both features. The hybrid model predicts that ligand-
mediated activation of cytokine receptors would lead to activation
of genes required for survival and proliferation, but also to acti-
vation of a set of transcription factors that interact with the en-
dogenous program of differentiation in the determination of lin-
eage commitment. What constitutes this endogenous program,
which may be in part mediated by interaction of stem cells with
stromal cells (52), had not been defined. We have shown here that
activated Notch has no proliferative or antiapoptotic action on he-
mopoietic stem cells, but induces commitment to the myeloid lin-
eage. Thus, we propose that Jagged1l/Notch signaling participates
in the initiation and maintenance of the endogenous program by
priming lineage-specific transcription factors (see below). Signal-
ing by cytokines would be required for survival and proliferation.
In addition, cytokine signaling would further result in the activa-
tion of factors that influence differentiation, e.g., expression of
lineage-specific receptors (52, 53). The final choice of fate would
thus be determined by combinations between Notch and cytokine
signaling and possibly other as yet unknown factors. Further stud-
ies will elucidate how the signaling pathways of Notch and cyto-
kines are linked at the molecular level.

Notch signaling promotes an irreversible loss of self-renewal
potential and instructively induces myeloid differentiation

Our findings that Notch signaling induces myeloid differentiation
of more restricted (8) and of multipotent progenitor cells (this
study) challenge the prevailing view that Notch signaling in my-
eloid hemopoiesis functions principaly to inhibit the differentia-
tion of progenitor cells, thereby allowing expansion of the progen-
itor pool (16). This view arose from studies in which constitutive
ectopic expression of activated forms of Notch or presentation of
Notch ligands to hemopoietic cells led to a block or a delay in the
differentiation of myeloid progenitor or multipotent stem cells
(24-30, 54-56). Explanations for the apparent discrepancy may be
given by the experimental procedures used. 1) In view of our re-
sults showing that constitutive expression of a functional activated
Notch is not compatible with continuous proliferation of multipo-
tent hemopoietic progenitor cells, it is likely that mutants in which
theinduction of differentiation by Notch signaling is not functional
were selected in those studies attempting constitutive expression of
activated Notch (23-25, 54). In a previous study using the 32D cell
line we had addressed this possibility by comparing the results of
congtitutive and inducible expression of activated Notchl (8).
While directly after activation of Notch signaling granulocytic dif-

ferentiation was induced, the prolonged expression of constitu-
tively active Notchl resulted, as described previously (24, 25), in
mutants of 32D cells that were blocked in differentiation. 2) Sol-
uble ligands of Notch, as used in other studies that suggested a
block in differentiation (26, 29, 30, 55, 56), may act as dominant
negative forms (57, 58) and may not substitute for ligands pre-
sented by stromal cells (59). Thisinterpretation gained strong sup-
port from a publication that appeared during the revision of this
manuscript (59). While membrane-bound Delta-4 induced func-
tional Notch signaling and impaired the formation of early hemo-
poietic stem cells, soluble Delta-4 had no effect on hemopoiesisin
vivo and resulted in the expansion of human progenitor cells in
vitro (59). 3) The outcome of coculture experiments may be in-
fluenced by many additional factors unrelated to the expression of
Notch ligands, such as cytokines and other factors produced by
stromal cells. 4) Notch ligands Delta and Jagged may have differ-
ential effects (60). 5) Notch signaling is cell type dependent and
may lead to different outcomes in different hemopoietic progenitor
and stem cell stages (59). Because in most studies suggesting a
block of differentiation functional signaling by the Notch receptor
has not been shown in the cell types analyzed, it is difficult to draw
further conclusions from these studies regarding the function of
Notch.

Further evidence arguing against a block of myeloid differenti-
ation by Notch signaling comes from in vivo studies. First, to date
exclusively T cell tumors and no undifferentiated or myeloid leu-
kemias have been observed when activated forms of Notch or
Notch ligands are ectopically expressed in hemopoietic cells as a
result of chromosomal translocations (61) or experimentally (59,
62—-65). Second, mice reconstituted with bone marrow stem cells
expressing constitutive active Notchl did not show a block or de-
lay in myeloid differentiation, but instead demonstrated a decrease
in lymphomyeloid progenitors (66) and increased myeloid matu-
ration (67). Third, congtitutive expression of membrane-bound
Delta-4 strongly reduced the formation of early stem cellsin mice
and did not lead to stem cell expansion (59). However, it is difficult
to determine in vivo whether this reflects an influence of Notch on
survival, proliferation, or lineage commitment of hemopoietic
stem cells. In invertebrates, asin vertebrates, Notch can exhibit all
these activities (1). Our data presented here suggest that Notch
signaling instructively induces myeloid differentiation. Under con-
ditions that normally only alow self-renewal, activation of Notch
in FDCP-mix cells resulted in the generation of differentiated my-
eloid cells with concomitant loss of self-renewal capacity. Al-
though Notch signaling also reduced the proliferation of multipo-
tent (this study) and more restricted myeloid progenitors (42), the
absolute number of differentiated cells produced by activation of
Notch was increased. Furthermore, activated Notch increased not
only the extent, but also the rate, of myeloid differentiation. Both
activated Notch and hemopoietic cytokines such as GM-CSF pro-
moted myeloid differentiation; however, myeloid differentiation
was accelerated in response to Notch signaling. An effect on apo-
ptosis of undifferentiated FDCP-mix cells was not observed. Taken
together, these data rule out the possibility that Notch signaling
promotes myeloid development by selection, rather than instruc-
tion, in hemopoietic progenitor cells. Thus, in paralel to the func-
tion of Notch signaling in hemopoiesis of Drosophila (68), Notch
signaling is not involved in maintaining pools of undifferentiated
hemopoietic cells, but plays an instructive role in the differentia-
tion of myeloid cells.

PU.1 is a direct target gene of Notchl

Hematopoietic stem cells can differentiate along the B, T, and my-
eloid lineages. Combining our results with data from recent studies
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(66), we propose that activated Notchl reduces self-renewal and
regulates the myeloid vs lymphoid cell fate outcome of hemopoi-
etic stem cells. In a search for candidate genes that may mediate
these effects of Notchl signaling, we reasoned that Notch signaling
may activate transcription of the PU.1 gene, a transcription factor
involved in the specification of myeloid vs B lymphocyte cell fate
(46). PU.1 isessentia for myeloid (macrophage, dendritic cell, and
granulocyte) and lymphocyte development and regulates the dif-
ferentiation and proliferation of myeloid and B-lineage progenitors
by controlling the expression of myeloid and B-lineage-specific
gene expression programs, including the gene encoding the M-
CSF-R (69, 70). A low concentration of PU.1 protein alows the B
cell fate, whereas a high concentration induces macrophage dif-
ferentiation and blocks B cell development (46). The PU.1 geneis
expressed at low levels in multipotent progenitors and is induced
specifically at the onset of myeloid differentiation (51). Interest-
ingly, under conditions that normally only alow self-renewal,
overexpression of PU.1 in the multipotent progenitor cell line
FDCP-mix results in decreased self-renewal capacity and priming
of myeloid differentiation (47). How PU.1 expression is regulated,
however, is still unclear. We found that activation of Notch sig-
naling rapidly increased the expression of PU.1 and M-CSF-R.
Protein synthesis was required for up-regulation of M-CSF-R
RNA, but not for PU.1 RNA, indicating that PU.1 is adirect target
gene of Notchl, whereas expression of the M-CSF-R gene may be
indirectly induced via PU.1. Activated Notch had no effect on the
expression of the C/EBPa gene, another lineage-affiliated tran-
scription factor that is required for granulocyte development (48).
Thus, Notch signaling targets specific transcriptional regulators of
the hemopoietic system. Further work will determine whether and
which other lineage-affiliated transcription factors may be acti-
vated by Notch signaling in the hemopoietic system and whether
similar mechanisms have arole to play in mediating the differen-
tiation induction by Notch signaling in other cell systems. Taken
together, our results support the model that up-regulation of PU.1
expression by Notch signaling contributes to the induction of my-
eloid differentiation and to the blockade of B cell development.
Our study further suggests that a physiological extrinsic signa
provided by Jagged/Notch signaling directly activates the expres-
sion of a lineage-affiliated transcription factor, PU.1, which spec-
ifies distinct cell fates in the hemopoietic system, and provides
evidence that hemopoietic commitment is extrinsically regulated.
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