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Notch receptors participate in a conserved signaling pathway that controls the development of diverse tis-
sues and cell types, including lymphoid cells. Signaling is normally initiated through one or more ligand-me-
diated proteolytic cleavages that permit nuclear translocation of the intracellular portion of the Notch receptor
(ICN), which then binds and activates transcription factors of the Su(H)/CBF1 family. Several mammalian
Notch receptors are oncogenic when constitutively active, including Notchl1, a gene initially identified based on
its involvement in a (7;9) chromosomal translocation found in sporadic T-cell lymphoblastic leukemias and
lymphomas (T-ALL). To investigate which portions of ICN1 contribute to transformation, we performed a
structure-transformation analysis using a robust murine bone marrow reconstitution assay. Both the ankyrin
repeat and C-terminal transactivation domains were required for T-cell leukemogenesis, whereas the N-ter-
minal RAM domain and a C-terminal domain that includes a PEST sequence were nonessential. Induction of
T-ALL correlated with the transactivation activity of each Notch1 polypeptide when fused to the DNA-binding
domain of GAL4, with the exception of polypeptides deleted of the ankyrin repeats, which lacked transforming
activity while retaining strong transactivation activity. Transforming polypeptides also demonstrated moderate
to strong activation of the Su(H)/CBF1-sensitive HES-1 promoter, while polypeptides with weak or absent ac-
tivity on this promoter failed to cause leukemia. These experiments define a minimal transforming region for
Notchl in T-cell progenitors and suggest that leukemogenic signaling involves recruitment of transcriptional

coactivators to ICN1 nuclear complexes.

Notch receptors are highly conserved type I transmembrane
glycoproteins that regulate the morphogenesis of multicellular
animals through a novel signaling pathway with pleiotropic
effects of apoptosis, proliferation, and cellular differentiation
(1, 11). An enlarging body of evidence suggests that normal
signaling is triggered by several ligand-induced proteolytic
cleavages that release the intracellular domain of Notch (ICN)
from the cell membrane (6, 16, 18, 23, 25, 34, 48). This permits
ICN to translocate to the nucleus, where it up-regulates the
activity of downstream transcription factors of the Su(H)/
CBF1 family (4, 7, 10, 18, 28, 50).

Pathophysiologic alterations in Notch signaling have been
linked to several diseases, including certain forms of leukemia.
The human Notchl gene was originally identified by analysis of
a recurrent (7;9) chromosomal translocation [t(7;9)] found in a
subset of T-cell lymphoblastic leukemias and lymphomas
(T-ALL) (9). The t(7;9) disrupts the Notchl gene, fusing the
portion encoding its intracellular domain (ICN1) to enhancer
and promoter elements of the T-cell receptor 8 (TCRp) gene.
The resultant TCRB-Notchl fusion gene encodes a series of
truncated t(7;9)-specific Notchl polypeptides that localize to
the nucleus and structurally resemble ICN1 (2). The leukemo-
genic potential of Notchl was formally proven in our previous
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studies in which lethally irradiated mice were reconstituted
with bone marrow (BM) cells transduced ex vivo by retro-
viruses encoding activated forms of Notchl. About 50% of
animals reconstituted with BM cells expressing “gain-of-func-
tion” Notch alleles developed CD4"-CD8" T-ALLs closely
resembling their human counterparts by 10 to 40 weeks posttrans-
plantation, whereas animals reconstituted with cells expressing
full-length Notchl1, which lacks intrinsic signaling activity, re-
mained healthy (38). These findings are consistent with the hy-
pothesis that leukemogenesis stems from a pathophysiologic
increase in one or more Notch signals.

ICNI1, like the intracellular portions of other Notch recep-
tors, is composed of a series of distinct structural domains (see
Fig. 1), a feature that lends itself to deletional analysis of
function. The N-terminal portion of human ICN1 consists of
an ~110 amino acid RAM domain (amino acids 1757 to 1865),
which contains a high-affinity binding site for Su(H)/CBF1
(51), and a functional nuclear localization signal sequence (3,
19). C terminal to the RAM domain lie six interated ankyrin
repeats (ANK) (amino acids 1860 to 2155), a highly conserved
domain necessary for all known Notch functions (1). Immedi-
ately C terminal to the ANK is a stretch of ~100 amino acids
that has been implicated in functional interaction with cyto-
kine-signaling pathways (5), which is followed by a second
functional nuclear localization sequence (3, 24). Amino acids
2155 to 2374 encompass a transcriptional activation domain
(TAD) bounded at its C terminus by an OPA sequence (27),
while C-terminal amino acids 2375 to 2555 include a PEST
sequence. Although PEST sequences frequently target poly-
peptides for rapid degradation (47), the function of the PEST
sequence in Notchl is unknown.

Several different classes of activities that result in up-reg-
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ulation of Su(H)/CBF1 appear to be potentially relevant to
Notchl induction of T-ALL. One involves displacement of
transcriptional corepressors, such as CIR (14) and N-Cor/
SMRT (21), from Su(H)/CBF1 upon binding of ICN1, there-
by producing transcriptional activation through derepres-
sion (13). This activity has been investigated primarily using
reporter genes containing artificial promoters consisting of
iterated Su(H)/CBF1-binding sites and requires both the
high-affinity RAM Su(H)/CBF1-binding domain and the ANK
region (8, 35, 49). Once bound to transcription factors on
DNA, several domains of ICN can also recruit transcriptional
coactivators. The ANK of both GLP-1, a Caenorhabditis ele-
gans Notch receptor, and human ICN1 (2) have the capacity to
activate transcription in yeast when expressed as GAL4 fusion
proteins, and mutations that abolish this activity inhibit func-
tion in vivo (24, 45). The C-terminal TAD of ICN1 has been
shown to associate with the transcriptional coactivators PCAF
and GCN5 (26). Genetic and structural analyses have also sug-
gested the existence of another poorly understood ICN1 activ-
ity that is Su(H)/CBF1 independent (29, 30, 32, 33, 35, 36, 49).
One proposed component of this pathway is Deltex, a modu-
lator of Notch signaling that inhibits the activity of certain basic
helix-loop-helix (bHLH) transcription factors (32, 36).

To begin to dissect the signals that contribute to leukemo-
genesis, we made modifications to our BM transplant (BMT)
model that resulted in induction of Notch1l-dependent T-ALL
in 100% of animals by 15 weeks posttransplantation. This im-
proved model has allowed us to perform a structure-transfor-
mation analysis of human ICN1 in vivo. We find that both the
ANK and TAD are necessary for induction of T-ALL, while
the RAM and PEST domains are dispensable. The minimal
transforming region of ICN1 is a strong activator of transcrip-
tion when fused to the DNA-binding domain of GAL4 and
retains the capacity to activate transcription from the HES-1
promoter element in cultured cells. These findings indicate
that Notchl transformation of T-cell progenitors like-
ly requires the recruitment of transcriptional coactivators to
ICN1 nuclear complexes.

MATERIALS AND METHODS

c¢DNA expression constructs. cDNAs encoding full-sized ICN1 and forms of
ICN bearing various deletions (AW, ARAM, and AANK) have been previously
described (3). Additional deletions were made in these cDNAs by digestion at
unique restriction sites and ligation of compatible linker oligonucleotides. The
amino acid sequences of polypeptides encoded by the resultant cDNAs are
shown in Fig. 1. To permit the expression of GALA4 fusion proteins, in-frame
restriction sites were introduced into the 5’ ends of cDNAs encoding various
Notch1 polypeptides. These modified cDNAs were then ligated to the vector pM
(Clontech), which permits expression of polypeptides that are fused at their
amino termini to the DNA-binding domain of GALA.

Production and characterization of retrovirus. cDNAs ligated into the retro-
viral vector plasmid MigRI were transfected into the packaging cell line Bosc23
(41). Supernatants harvested 48 and 72 h after transfection were pooled and
stored at —80°C until use. Retroviral titers were normalized by transduction of
NIH 3T3 cells, which were assayed 48 h posttransduction for green fluorescent
protein (GFP) positivity by flow cytometry, as previously described (43).

Harvest, transduction, and transplantation of murine BM cells. All experi-
ments were conducted in accordance with NIH guidelines for the care and use of
animals and with an approved animal protocol from the University of Pennsyl-
vania Animal Care and Use Committee. Transduction of BM cells from female
BALB/c mice (Taconic Farms) with GFP-normalized retroviral supernatants and
transplantation of these cells into lethally irradiated (900 rads) 4- to 8-week-old
female syngeneic recipients was performed as previously described (40). Spin-
oculations were performed in medium containing interleukin-3 (6 ng/ml; R & D
Systems), interleukin-6 (10 ng/ml; R & D Systems), SCF (100 ng/ml; R & D
Systems), and 5% WEHI-conditioned supernatant as previously described (40).
On day 3 following BM harvest, 3 X 10° cells were injected into syngeneic 4- to
8-week-old female mice that had been lethally irradiated (900 rads total in a split
dose). Experiments with AW-, ARAMAP-, AANK-, and ARAMAOP-transduced
BM cells were performed at least twice with two independently prepared aliquots
of retroviral supernatants. In each cohort of animals reconstituted with BM cells
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FIG. 1. Schematic representation of Notch1 polypeptides encoded by expres-
sion constructs. N1, nuclear localization signal sequence 1; N2, nuclear localiza-
tion signal sequence 2; O, OPA sequence; P, PEST sequence.
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transduced with these deleted forms of ICNI, positive and negative control
transplants were also performed with BM cells transduced with leukemogenic
forms of ICN1 (either ICN1 or AW) and empty MigRI, respectively. None of 20
MigRI control mice, derived from at least four independent experiments, have
developed hematopoietic malignancy at >1 year posttransplantation.

Analysis of transplanted animals. Mice were followed after transplantation by
periodic peripheral blood sampling from retro-orbital sinuses and daily physical
inspection. Peripheral blood (PB) was assessed beginning 2 weeks posttransplan-
tation and every 2 weeks thereafter for the presence of GFP* immature T cells
by flow cytometric analysis using antibodies to CD4 and CDS8 (see below).
Tissues were harvested from diseased and unaffected animals after asphyxiation
with CO,. Portions of BM, spleen, thymus, and tumor masses were used to
prepare single-cell suspensions. For analyses on a Becton Dickinson FACSCali-
bur equipped with CellQuest software, suspensions of PB, BM, spleen, lymph
node, or thymus cells were stained with the following antibodies (PharMingen):
biotinylated CD11b/Mac-1 (M1/70), CD8a (53-6.7), Thyl.2 (53-2.1), or CD43
(Ly-48) and phycoerythrin-conjugated Gr-1 (RB6-8C5), CD4 (RM4-5), or
CD45R (RA3-6B2). Biotinylated antibodies were revealed with streptavidin-
CyChrome. Dead cells were identified by staining with TOPRO-III (Molecular
Probes) and excluded from the analysis.

Expression of Notch1 polypeptides was determined by Western blot analysis of
whole-cell detergent lysates with anti-Notchl rabbit sera (3). DNA prepared
from diseased and normal tissues by sodium dodecyl sulfate extraction and
proteinase K digestion was analyzed on Southern blots hybridized to probes for
the internal ribosomal entry site or murine TCRp, as described previously (39,
40, 43).

Transient transfection assays. cDNA inserts cloned into the plasmid pcDNA3
were transfected with Lipofectamine (Gibco BRL) into human 293A cells or
murine NIH 3T3 cells. To assay activation of endogenous Su(H)/CBF1, cells
were cotransfected with either HES-AB or HES-AAB plasmids containing firefly
luciferase gene reporters (18) and the plasmid pRL-TK (Promega), which drives
expression of a control sea pansy luciferase gene from the thymidine kinase
reporter. The transactivation activity of GAL4 fusion polypeptides was assayed
by cotransfection with various pM plasmids, GAL4X5 luciferase (a plasmid
containing five Gal4 binding sites adjacent to a cDNA encoding firefly lucif-
erase), and the pRL-TK sea pansy luciferase control plasmid. Normalized lucif-
erase activities were determined in triplicate 48 h posttransfection in whole-cell
lysates with the Promega Dual Luciferase Kit and a Turner Systems luminometer
configured for dual assays.

RESULTS

ICN1 induces T-ALL in 100% BMT recipients. While our
previous model established that ICN1 is an oncogene, T-ALL
appeared in only 30 to 50% of BM-reconstituted mice, and
cells transduced with the pGD retroviral vector were not read-
ily identifiable, making it difficult to distinguish technical fail-
ures from true-negative results. To overcome these limitations,
we have substituted a different retroviral vector, MigRI, which
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TABLE 1. Summary of results of BMT experiments®

Mice Onset (days)

Notchl construct ;
No. No. developing

transplanted leukemia Mean Range
ICN 6 6 47 23-55
AW 16 16 77 26-107
ARAM 8 8 67 50-75
ARAMAP 15 15 89 75-172
A(N-TAD-P) 8 0 423 NA
AANK 12 0 242 NA
ARAMAOQOP 16 0 375 NA
ARAMATAD 5 0 419 NA
ANK 8 0 242 NA
ARAMA(TAD-P) 5 0 390 NA

“ Mean onset indicates the time period that mice were followed posttransplan-
tation without the development of leukemia. The development of leukemia was
defined by the detection of CD4*-CD8* T cells in peripheral blood. NA, not
applicable.

drives the expression of a single bicistronic transcript encoding
proteins of interest and GFP, and altered the conditions of
transduction of hematopoietic progenitors ex vivo (43). To
assess the effects of these modifications, we initially assayed the
ability of ICN1 to induce T-ALL. Six of six lethally irradiated
recipient BALB/c mice receiving BM cells transduced with Mig
ICN1 developed an abnormal CD4"-CD8" double-positive
(DP) GFP" population of immature T cells in the PB as early
as 36 days post-BMT. From 6 to 15 weeks following transplan-
tation, the white blood cells (WBC) in each of the ICN1 mice
increased, as did the number of GFP* cells, with all animals
succumbing to illness or becoming moribund by 15 weeks post-
BMT. Gross and microscopic examination of tissues from dis-
eased mice showed marked splenomegaly, hepatomegaly, and
generalized lymphadenopathy due to extensive infiltration of
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organs by cells morphologically consistent with lymphoblasts,
which also effaced and replaced the BM and variably involved
the thymus, intestines, and kidneys (data not shown). Flow
cytometry confirmed heavy infiltration of organs by DP cells
expressing levels of GFP 2 to 3 logs higher than those of
control cells (see Fig. 3A). None of six control mice receiving
MigRI-transduced BM cells developed circulating DP cells or
a hematopoietic malignancy in over 1 year of observation (data
not shown). This robust model, in which 100% of mice receiv-
ing ICN1-transduced BM cells develop T-ALL with latencies
of less than 16 weeks, permitted us to conduct an in vivo
structure-transformation analysis of ICN1.

Requirement for C-terminal Notchl sequences. Because
certain Notch gain-of-function phenotypes in invertebrates and
mammalian cells are produced by polypeptides consisting of
only the ANK domain (46, 49), we first investigated the pos-
sibility that the Notchl ANK would be sufficient to induce
T-ALL. In the same cohort of animals, we also scored Notch1
polypeptides deleted of residues lying N terminal (ARAM) or
C terminal of the ANK [A(N-TAD-P)] to assess the role of
residues flanking the ANK (for structure of polypeptides,
see Fig. 1). The activities of these polypeptides were com-
pared to those of full-sized ICN1 and AW (3), a form of ICN1
lacking the first 13 N-terminal amino acids of the RAM do-
main.

All mice reconstituted with ICN1-, AW-, and ARAM-trans-
duced BM cells developed an abnormal DP T-cell population
in the PB between 23 and 107 days posttransplantation that
expanded with time (Table 1 and Fig. 2). In this experiment
and others, there was a trend toward slightly longer latencies in
animals reconstituted with AW- and ARAM-transduced mar-
row as compared to the ICN1 cohort (Fig. 2 and data not
shown). In contrast, DP T cells never appeared in the PB (or
any organs outside of the thymus) of ANK and AN-TAD-P
animals, despite the presence of 10 to 40% GFP™ circulating

L 3
L 2
L

—*—ICN1
—a—AW

---0-- ARAM
—&—ARAMAP
——ARAMAOP

100

80

60
Percentage
Leukemia
Free

40

20

0 ¥
0 20 40 60

£x

100 120 140 160 180 200

Days post BMT

FIG. 2. Onset of leukemia in mice reconstituted with retrovirally transduced BM cells. Time of leukemia onset is defined by the time post-BMT that CD4*-CD8*
DP GFP™ T cells were identified in the peripheral circulation. Mice typically survived for approximately 1 to 2 months after the onset of leukemia, during which time
the fraction and number of DP GFP™ cells continued to increase (data not shown). None of the mice reconstituted with the nontransforming viral constructs or the
empty MigRI virus developed circulating DP GFP™* cells or any evidence of neoplasia. A representative survival curve for a cohort of mice reconstituted with a
nontransforming virus (ARAMAOP) is shown. Although this figure shows leukemia-free survival to 200 days, these mice remained leukemia free for the duration of

this study (see Table 1).
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FIG. 3. Immunophenotypes of splenic WBC from mice receiving transduced BM cells. (A) Presence of GFP™ DP T cells in mice reconstituted with BM transduced
by leukemogenic Notch1 retroviruses. CD43, CD45R, Macl, and Grl staining were not performed on cells obtained from ICNARAM animals. (B) Lack of GFP* DP
T cells in mice reconstituted with BM transduced by nonleukemogenic Notch1 retroviruses. GFP expression is shown on the left in both panels; gates used to identify
the GFP™ population (given as percentages) are indicated. The antibodies used for staining are shown at the bottom adjacent to the relevant axis; numbers correspond
to relative percentages within the GFP* gate. The results shown are representative of individual analyses of each mouse included in the Table 1 summary. Similar results
were also found in analyses of cells isolated from the PB, BM, and lymph nodes from each mouse.

WBC (Fig. 3B). Disease progression, defined by cachexia and
inactivity, were evident in all ICN1, AW, and ARAM animals,
whereas all ANK and A(N-TAD-P) animals remained healthy
until necropsy (up to 14 months post-BMT). Gross and micro-
scopic examination of disease-free ANK and A(N-TAD-P)
mice showed no evidence of hematologic malignancy (data not
shown).

Examination of tissues from diseases AW and ARAM ani-
mals showed findings similar to those observed in ICN1 ani-
mals, with the most consistent findings being splenomegaly,
hepatomegaly, lymphadenopathy, and BM replacement by
lymphoblasts (not shown). Flow cytometric analyses con-
firmed that these tumor cells had a GFP* DP phenotype (Fig.
3A).

Analysis of C-terminally deleted forms of ICN1. To further
define the C-terminal sequences that are necessary for leu-
kemogenesis and identify a minimal transforming region, a
series of additional deletions were made in ARAM (Fig. 1).
The resultant cDNAs encoded polypeptides lacking all se-
quences C terminal of the bipartite nuclear localization se-
quence [ARAMA(TAD-P)], the PEST sequence (ARAMAP),
the entire TAD (ARAMATAD), or the OPA and PEST se-
quences (ARAMAOP). To demonstrate a role for the ANK
region in leukemogenesis, an ICN1 cDNA encoding a poly-
peptide deleted of the ANK (AANK) was also made.

All 15 mice reconstituted with ARAMAP-transduced BM
cells developed extrathymic GFP* DP T cells followed by T-
ALL (Fig. 3A). The latency of T-ALL induction with ARAMAP
was consistently longer than that seen with other leukemogenic
forms of ICN (Fig. 2), indicating that deletion of C-terminal
amino acids 2375 to 2555 attenuated transforming activity.
In contrast, constructs encoding polypeptides with all or a
portion of the C-terminal TAD deleted [ARAMA(TAD-P),
ARAMATAD, and ARAMAOP] uniformly failed to cause dis-
ease at up to 14 months after reconstitution (Table 1). AANK
also failed to cause disease, indicating that C-terminal se-
quences are insufficient for leukemogenesis in the absence of
the ANK domain. Extrathymic GFP™ DP T cells were never
detected in mice receiving nontransforming constructs, even
though these constructs were successfully transduced into cells,
as judged by the presence of a persistent population of circu-
lating GFP™ cells (Fig. 3B).

Detection of transforming and nontransforming polypep-
tides in tissue extracts. Although we previously noted that
GFP and Notchl polypeptide levels correlated in MigRI-trans-
duced cells (43), it remained possible that certain deletions
destabilized Notch1 polypeptides in vivo. To exclude this pos-
sibility, tissue extracts were analyzed on Western blots (Fig. 4).
ICN1 and ARAM lymph node tissues contained abundant
Notchl polypeptides of the appropriate size (Fig. 4A). The
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presence of other Notch polypeptides were assessed and com- and nontransforming ARAMATAD, ARAMAOP, and ARAMA
pared in extracts prepared from BM cells, splenocytes, and (TAD-P) (Fig. 4C) Notchl were readily detected. In each
thymocytes; representative results are shown (Fig. 4B to D). animal, the levels of Notchl polypeptides were higher in BM
Extracts prepared from BM and spleen showed that polypep- than in spleen, a finding compatible with our prior observation
tides of the expected size for transforming ARAMAP (Fig. 4B) that transduced cells are first detected in the BM, then in the
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FIG. 4. Western blot analyses of tissue extracts. (A) Extracts of nodal masses
in ICN1 and ARAM animals. (B and C) Extracts of BM (B), splenic cells (S), or
(D) thymic cells from animals expressing transforming ARAMAP or nontrans-
forming ARAMATAD, ARAMAOP, and ARAMA(TAD-P) polypeptides. Por-
tions of lymph node tumors, spleens, and thymuses were snap frozen in liquid
nitrogen, pulverized with a pestle, and then lysed in sodium dodecyl sulfate-
polyacrylamide gel electrophoresis loading buffer (~100 wl/mg of tissue) at 95°C
for 10 min. BM cells were flushed from femurs with normal saline, pelleted, and
immediately lysed in loading buffer. Blots shown in panels A and B were stained
with « TC rabbit serum (12) raised against the TAD of human Notch1, while blots
shown in panels C and D were stained with «T6 rabbit serum (2) raised against
the human Notchl ANK and revealed by a chemiluminescent method.

spleen, and then in other peripheral sites (43). We also ob-
served that nontransforming ARAMATAD and ARAMA
(TAD-P) polypeptides were detected in thymocyte extracts
(Fig. 4D), indicating that T-cell progenitors were success-
fully transduced even in animals that remained well. In some
extracts, the level of nontransforming polypeptides (e.g.,
ARAMATAD in thymocytes (Fig. 4D) was approximately
equal to that of transforming polypeptides such as ARAMAP,
despite apparent selection for high-level expression in clones
that grew out as leukemias. These findings suggest that the
failure of particular polypeptides to cause T-ALL is unlikely to
stem from inadequate expression.

Clonality of Notch-induced leukemias. Southern blot analy-
ses of DNA extracted from tissues infiltrated by Notchl-in-
duced leukemias showed the presence of one to four MigRI
proviruses; representative results are shown in Fig. SA to C.
Similarly, TCRB gene rearrangement studies typically showed
one to four non-germ line bands (Fig. 5A to C). In contrast,
Southern blot analysis of DNAs obtained from the tissues of
mice expressing nonleukemic forms of Notchl showed a poly-
clonal pattern of proviral integration (not shown). This com-
bination of findings, together with the 100% penetrance of the
leukemogenic phenotype, suggests that Notch1-induced leuke-
mias result from the selective outgrowth of one to a few trans-
duced cells, possibly due to the stochastic acquisition of addi-
tional genetic aberrations.

MoL. CELL. BIOL.

Correlation of transforming and transcriptional activation
activities. To correlate transformation with known Notchl ac-
tivities, each polypeptide was scored in tissue culture cells for
its ability to activate the HES-1 promoter and to function as
a transcriptional activator when fused to the DNA-binding
domain of GAL4. We focused most closely on analysis of
C-terminal deletions spanning the ANK domain or TAD, since
these regions appeared critical for transforming activity.

Both ICN1 and ARAM polypeptides were strong activators
of the Su(H)/CBF1-sensitive HES1 promoter in 293A and NIH
3T3 cells, while the transforming ARAMAP polypeptide pro-
duced intermediate levels of activation (Fig. 6A and C). In
contrast, the nontransforming ARAMATAD, ARAMAOP, and
ARAMA(TAD-P) polypeptides were weaker activators in both
cell types, while the nontransforming AANK polypeptide was
devoid of activity (Fig. 6C). None of the constructs had any
effect on a mutated HES-1 luciferase reporter, HESAAB, lack-
ing Su(H)/CBF1-binding sites (data not shown), consistent with
the observed effects being mediated primarily through Su(H)/
CBF1.

Two additional pieces of data indicated that the various
deletions in ICN1 produced predominantly qualitative changes
in function. First, Western blot analysis performed using pro-
tein loads normalized for transfection efficiency showed that
transforming ICN1, ARAM, ARAMAP, and nontransforming
ARAMATAD polypeptides were all expressed at similar levels
in 293A cells (Fig. 6A, inset). Secondly, a dose-response ex-
periment in 293A cells showed that ARAM was more potent
than ARAMATAD or AANK at all levels of plasmid input
(Fig. 6B).

To assess transactivation activity per se, GAL4-Notchl fu-
sion polypeptides were assayed on a GAL4-responsive lucifer-
ase reporter gene (Fig. 7). All polypeptides retaining an intact
TAD were intermediate to strong transcriptional activators.
ICN1 and ICNARAM were equivalently strong, whereas AANK
consistently produced the highest levels of transcriptional ac-
tivation of any polypeptide analyzed. ARAMAP produced in-
termediate levels of transcriptional activation, whereas poly-
peptides lacking any part of the TAD [ARAMA(TAD-P),
ARAMAOQP, and ARAMATAD)], all produced only weak tran-
scriptional activation. In control Western blot analyses, each of
these cDNAs resulted in the expression of roughly equivalent
amounts of protein when normalized for transfection efficiency
(data not shown), indicating that the observed variation in
activity was due to qualitative rather than quantitative differ-
ences.

Together, these cell culture correlates revealed that trans-
forming polypeptides were moderate to strong activators of the
HES-1 promoter and moderate to strong transactivators when
fused to the DNA-binding domain of GALA. In contrast, non-
transforming forms of Notchl produced weaker or negligible
activation of transcription from the HES-1 promoter and were
weaker transactivators with the exception of AANK, which was
a potent transactivator but devoid of activity on the HES-1
promoter. These correlates are summarized in Fig. 8.

DISCUSSION

We have used a robust in vivo assay to define a minimal
Notchl transformation domain for T-cell progenitors consist-
ing of the ANK region, a flanking sequence containing a func-
tional nuclear localization signal sequence, and a TAD. This
analysis serves as the basis for a working model of leukemo-
genic NOTCHI1 signaling (Fig. 9), in which the ANK interact
with downstream transcription factors, possibly displacing co-
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FIG. 5. Analysis of proviral integration and TCRB chain rearrangement in leukemias from mice receiving transduced BM cells. (A) Southern blots of EcoRI-
digested genomic DNA isolated from ICN1 spleens (mouse 4 and 5), ARAM spleens (mouse 1 and 5), and a kidney (KID) obtained from a control BALB/c animal.
(B) Southern blots of EcoRI-digested genomic DNA isolated from AW spleens (spl) (mouse 67 and 71) and a liver (liv) from a MigRI control animal. (C) Southern
blots of either EcoRI-digested (IRES) or HindIII-digested TCRB (TCR) genomic DNA obtained from ARAMAP BM (mouse 5) or spleen (mouse 3). To determine
the number of proviral integration sites, DNAs were digested with EcoRI, which cleaves once within the provirus, and analyzed on Southern blots hybridized
with a 592-bp encephalomyelitis virus IRES probe. A second set of digestions with Xbal, which cleaves once in each retroviral long terminal repeat, confirmed
the presence of intact proviral DNA in all samples (data not shown). To determine the configuration of TCRB genes, DNAs digested with either EcoRI or
HindIII were analyzed on blots incubated with a TCR-JB2-specific DNA probe (10) that hybridizes to a 2.2-kb EcoRI fragment or a 5-kb HindIII fragment in
germ line DNA. Two to five micrograms of DNA was loaded in each lane (A to C) except the BALB/c kidney lanes (A), which contained 15 pg. The hybridization
probes are listed below the blots. The HindIII-digested lambda size markers are indicated adjacent to each blot. Sizes (in kilobases) are 23.1, 9.4, 6.6, 4.4, 2.3,

and 2.0, reading from top to bottom.

repressors in doing so, and the TAD serves to recruit coacti-
vator molecules.

ANK domains generally serve as sites of protein-protein
interaction, and multiple polypeptides genetically implicated in
Notch signaling have been shown to bind this domain, includ-
ing Su(H)/CBF1 (3, 10, 45), Deltex (31), SPT6 (also known as
EMBS) (15), and LAG-3 (47). Because polypeptides with de-
letions spanning the Notchl ANK remain strong transactiva-
tors when fused to the DNA-binding domain of GALA4, yet
have no transforming activity and do not transactivate the
HES-1 promoter element, it seems likely that this domain is
crucial for the association of ICN1 with downstream signaling
molecules.

In addition to the ANK, T-cell transformation by Notchl
also requires a TAD lying between amino acids 2215 and 2374.
This conclusion is based on the finding that four different
constructs encoding polypeptides either entirely lacking the
TAD [ANK, ARAMA(TAD-P), and ARAMATAD] or just the
OPA sequence portion of the TAD (ARAMAOP) uniformly
failed to cause T-cell leukemia. This dependency on the TAD
for transformation correlates with cell culture assays in which
the TAD is required for transactivation by GAL4-Notchl fu-
sion polypeptides and for strong activation of the HES-1 pro-

moter. Recently, the TAD of murine ICN1 was shown to be
required for interaction with two transcriptional coactivator
complexes, PCAF and GCNS5 (26), providing a mechanism for
its protranscriptional effects in cultured cells, as well as its
protransforming effects in vivo.

Our model for leukemogenic Notchl signaling reflects sev-
eral important remaining uncertainties. One concerns how
“RAM-less” forms of ICN1 activate Su(H)/CBF1-sensitive
promoter elements. All of the transforming forms of Notchl
that we have identified retain the capacity to moderately to
strongly activate transcription from a 254-bp DNA sequence
derived from the murine HES-1 promoter (18), a known down-
stream target of Notchl signals. The activation of this pro-
moter by Notchl requires two iterated Su(H)/CBF1-binding
sites, implying that it is mediated through Su(H)/CBF1. Inde-
pendent evidence that the RAM domain is not strictly required
for signaling through Su(H)/CBF1 comes from invertebrates,
in which RAM-less forms of Notch can still produce Su(H)/
CBF1-dependent phenotypes (45, 46). The ANK region con-
tains a weak binding site for Su(H)/CBF1 that might be the
basis for direct physical interaction in vivo (3, 10, 22, 45).
Alternatively, the ANK of ICN1 could interact indirectly
through a bridging molecule such as SKIP (55) or LAG-3 (42)
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(factor X in Fig. 9), each of which bind to both the ANK
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Of note, SKIP also binds to the corepressors SMRT and N-
CoR, which are competitively displaced by binding of the ANK
to SKIP (63).

Our data obtained with the HES-1 promoter differ from
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FIG. 6. Transcriptional activation of the HES-1 promoter by Notchl poly-
peptides. (A and C) Activation in acutely expressing 293A cells and NIH 3T3
cells, respectively. (B) Dose response in 293A cells. In the experiments shown in
panels A and C, six-well dishes were transfected with 250 ng of pcDNA3 plasmids
containing the indicated Notchl cDNAs, 500 ng of HES-AB firefly luciferase
plasmid, and 10 ng of pRL-TK Renilla luciferase plasmid. In the experiments
shown in panel B, the amounts of pcDNA3 plasmids were varied. Cell lysates
were prepared ~48 h posttransfection. Firefly luciferase activities were normal-
ized to the corresponding Renilla luciferase activities. Transcriptional activities
were expressed relative to the normalized activities observed in extracts prepared
from cells transfected with empty pcDNA3 plasmid. The results shown represent
the means of three experiments.

those observed in experiments using promoters consisting of
iterated Su(H)/CBF1-binding DNA sites. In acute expression
assays using such reporters, the RAM and ANK domains are
both needed for transcriptional activation (8, 35, 49), which
correlates with displacement of the transcriptional corepres-
sors CIR and SMRT/N-CoR from Su(H)/CBF1 by ICN1 (14,
21). We have recently observed that our ARAM polypeptide,
which is fully active on the HES-1 promoter in NIH 3T3 cells
(Fig. 6) shows only limited activity on a promoter consisting of
iterated Su(H)/CBF1-binding sites, confirming that this dis-
crepancy applies to the leukemogenic form of ARAM used by
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FIG. 7. Transcriptional activation by GAL4-Notch1 fusion polypeptides. 293A or NIH 3T3 cells grown in six-well plates were transfected with 250 ng of pM plasmids
encoding various GAL4-Notch1 fusion polypeptides, 500 ng of GAL4XS firefly luciferase plasmid, and 10 ng of pRL-TK Renilla luciferase plasmid. Firefly luciferase
activities were normalized to the corresponding Renilla luciferase activities. Transcriptional activities were expressed relative to the normalized activities observed in
extracts prepared from cells transfected with empty pcDNA3 plasmid. The results shown represent the means of three experiments.
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FIG. 8. Correlation of leukemogenesis with the transcriptional activities of
various forms of Notchl. HES-1 activation refers to the capacity to activate
transcription from a promoter element derived from the murine HES-1 gene;
transactivation refers to the activity of Notchl-GAL4 DNA-binding domain
fusion polypeptides on an artificial promoter containing five iterated GAL4
binding sites.

us (J. C. Aster, unpublished data). Of potential importance
in explaining these differences, the HES-1 promoter con-
tains additional DNA sequences 5’ of the two Su(H)/CBF1-
binding sites that bind unknown factors (17), and it is pos-
sible that such factors directly or indirectly provide additional
contact points that permit recruitment of RAM-less forms of
ICNI1.

Although our results support a model in which Su(H)/CBF1-
dependent signaling is required for transformation, we cannot
rule out contributions from Su(H)/CBF1-independent path-
ways. Notch signaling through Su(H)/CBF1-independent path-
ways is supported by genetic data (33); however, the molecules
and pathways mediating this signaling are poorly understood.
One of the few molecules to be linked to Su(H)/CBF1-inde-
pendent signaling is Deltex, which may inhibit the activity of
certain bHLH transcription factors (32, 36). Initial experi-
ments indicate that overexpression of Deltex is insufficient to
cause T-cell transformation, as mice receiving human Deltex1-
transduced bone marrow cells remain healthy (F. G. Karnell
and W. S. Pear, unpublished). Additional work will be needed
to determine whether Deltex-mediated signals are necessary
for leukemogenesis.

Deletion of sequences C terminal of the TAD, including a
PEST sequence, attenuated but did not prevent T-ALL induc-
tion in our murine BMT assay. Most prior genetic and bio-
chemical analyses of Notch function have suggested that the
C-terminal domain is a negative regulatory region, possibly due to
its ability to interact with the Notch antagonist Numb (54).
However, our work indicates that this domain also contributes
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modestly to transcriptional activation, possibly through inter-
action with currently unknown coactivators, as the AP deletion
caused a significant reduction in transcriptional activation of
the HES-1 promoter and transactivation by GAL4 fusion poly-
peptides in cell culture assays. Other groups have also ob-
served that deletion of the corresponding region of murine
Notchl (amino acids 2398 to 2531) resulted in diminished
transcriptional activation (8, 27), indicating that the require-
ment of this domain for full activity is a conserved feature of
mammalian Notchl. Regardless of its basis, the attenuated
phenotype that we observed with ARAMAP serves to further
highlight a theme emerging from our work: that transcriptional
activation correlates with transforming activity.

The minimal ICN1-transforming domain we have identified
in T-cell progenitors differs from the minimal transforming
domain that two groups have identified independently in cul-
tured baby rat kidney cells immortalized with E1A (8§, 19). In
both of these studies, a polypeptide consisting of the ANK do-
main and the conserved sequence extending to the C-termi-
nal nuclear localization signal sequence [corresponding to
our ARAMA(TAD-P) construct] was sufficient for transforma-
tion. It thus seems likely that the mechanism of T-cell progen-
itor transformation in vivo differs from that of cultured rat
kidney cells in vitro. This would not be surprising, as structure-
transformation differences have been observed with other
oncoproteins, such as BCR-ABL and TEL-PDGFR, when
transformation of cultured cells was compared to that of pri-
mary cells in vivo (37, 52).

The critical downstream events that contribute to ICN1-
induced leukemogenesis are unknown but may be lineage spe-
cific, since transforming activity appears to be restricted among
hematopoietic progenitors to T-cell precursors (43). One po-
tentially important target is HES-1 (18, 20), a factor that, like
Notchl (43, 44), is important for commitment to T-cell fate
(53). HES-1 belongs to the family of hairy enhancer-of-split
factors that antagonize certain bHLH transcription fac-
tors that are required for lineage-specific differentiation.
Although Notchl1 promotes early T-cell differentiation, endog-
enous Notchl is normally down-regulated in DP T cells and
then reexpressed in single-positive thymocytes (12). The en-
forced expression of activated Notchl in BM progenitors leads
to the rapid appearance of an abnormal population of DP T
cells (43), suggesting that down-regulation of Notchl at this
stage may be required for progression to later stages of T-
cell maturation. Our development of a murine model that
closely mimics its human disease counterpart provides an
experimental framework to test such hypotheses in order to
elucidate the mechanisms of Notchl-induced T-cell leuke-
mia.

ICN1 w

X
—

Repression of
Transcription

De-repression
Weak Activation
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of Co-activators
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FIG. 9. Model for leukemogenic Notchl signaling complex. CBF1, transcription factor Su(H)/CBF1; CoR/HDAC, corepressor-histone deacetylase complex; X,
molecule capable of binding to Su(H)/CBF1 and ICNI1, of which SKIP and LAG-3 are prototypes; CoA/HAT, coactivator-histone acetylase complex.
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