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(Background: Endogenous oncogenic Kras induces a highly penetrant acute T-cell lymphoblastic leukemia/lymphoma

Results: Up-regulation of NOTCHLI signaling, through either overexpression of surface NOTCH1 or acquired gain-of-function
mutations, is involved in both T-ALL initiation and progression.

Conclusion: Notchl mutations contribute to leukemogenic transformation of normal T-cells.

Significance: Our data provide a rationale to target both NOTCHI1 and RAS signaling for T-ALL treatment.
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Acute T-cell lymphoblastic leukemia/lymphoma (T-ALL) is
an aggressive hematopoietic malignancy affecting both chil-
dren and adults. Previous studies of T-ALL mouse models
induced by different genetic mutations have provided highly
diverse results on the issues of T-cell leukemia/lymphoma-
initiating cells (T-LICs) and potential mechanisms contribut-
ing to T-LIC transformation. Here, we show that oncogenic
Kras (Kras G12D) expressed from its endogenous locus is a
potent inducer of T-ALL even in a less sensitized BALB/c
background. Notchl mutations, including exon 34 mutations
and recently characterized type 1 and 2 deletions, are
detected in 100% of Kras GI2D-induced T-ALL tumors.
Although these mutations are not detected at the pre-leuke-
mia stage, incremental up-regulation of NOTCH1 surface
expression is observed at the pre-leukemia and leukemia
stages. As secondary genetic hits in the Kras G12D model,
Notchl mutations target CD8* T-cells but not hematopoietic
stem cells to further promote T-ALL progression. Pre-leuke-
mia T-cells without detectable Notchl mutations do not
induce T-ALL in secondary recipient mice compared with
T-ALL tumor cells with Notchl mutations. We found huge
variations in T-LIC frequency and immunophenotypes of
cells enriched for T-LICs. Unlike Pten deficiency-induced
T-ALL, oncogenic Kras-initiated T-ALL is not associated
with up-regulation of the Wnt/B-catenin pathway. Our
results suggest that up-regulation of NOTCH1 signaling,
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through either overexpression of surface NOTCHI1 or
acquired gain-of-function mutations, is involved in both
T-ALL initiation and progression. Notchl mutations and
Kras G12D contribute cooperatively to leukemogenic trans-
formation of normal T-cells.

Acute T-cell lymphoblastic leukemia/lymphoma (T-ALL)? is
an aggressive hematopoietic malignancy that accounts for
10-15% of pediatric and 25% of adult ALL cases (1). The
tumor cells isolated from T-ALL patients are usually TdT™"
(terminal deoxynucleotidyltransferase) with variable expres-
sion of CD1A, CD2, CD3, CD4, CD5, CD7, and CD8 (2). These
expression patterns usually reflect transformation or a differ-
entiation blockade at distinct stages of intrathymic T-cell devel-
opment (3, 4).

Numerous genetic alterations have been identified in the
pathogenesis of T-ALL (5). Gain-of-function NOTCHI muta-
tions are the most common ones, being present in 50 -70% of
T-ALL patients (6, 7). These mutations often occur within the
heterodimerization domain and/or the proline-, glutamic acid-,
serine-, and threonine-rich (PEST) domain and render
increased levels of intracellular C-terminal NOTCHI1 protein.
In addition, elevation of RAS signaling, which plays an impor-
tant role in T-cell development through mediating T-cell
receptor (TCR) complex signaling and inducing cytokine gene
production (8), is detected in ~50% of T-ALL cases (9).
Recently, activating mutations in two RAS isoforms, NRAS and
KRAS, have been identified in patients with a subtype of T-ALL
termed early T-cell precursor ALL (10).

It remains controversial whether T-ALL is maintained by a
minor subpopulation of tumor cells called T-cell leukemia/
lymphoma-initiating cells (T-LICs). The answer to this ques-

3 The abbreviations used are: T-ALL, acute T-cell ymphoblastic leukemia/lym-
phoma; TCR, T-cell receptor; T-LIC, T-cell leukemia/lymphoma-initiating
cell; HSC, hematopoietic stem cell; B6, C57BL/6.
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tion has fundamental implications for cancer therapy. If leuke-
mogenic cells reside in small minority populations of T-LICs,
improved anticancer therapies should be identified based on
the ability to kill T-LICs rather than the bulk non-tumorigenic
cancer cells. Alternatively, if cells with leukemogenic potential
are common, it would be impossible to eradicate cancer by
focusing on small minority subpopulations. Rare T-LICs
enriched in CD3™" cKit™ cells have been identified to maintain
Pten deletion-initiated T-ALL (11), whereas in T-ALL initiated
by overexpression of oncogenic NRAS, a majority of tumor cells
have tumorigenic capability (12). Collectively, these results
suggest that the presence of T-LICs might be genetic
alteration-dependent.

Consistent with results from human studies, we and others
have found that oncogenic Kras (Kras G12D) expressed from its
endogenous locus promotes T-ALL development with a high
penetrance in bone marrow-transplanted C57BL/6 recipient
mice, which are known to be highly sensitized to T-ALL devel-
opment. In this model, hematopoietic stem cells (HSCs)
expressing KRAS G12D are required to initiate T-ALL (13).
Our previous results suggest that secondary genetic hits might
target downstream T-cells and transform them to maintain
T-ALL phenotypes (14). It remains unknown, however,
whether tumorigenic activity is present only in a small popula-
tion of T-LICs or in bulk T-ALL cells.

In a search for genes or pathways that are involved in
tumor cell transformation, we and others have reported that
CD44 is overexpressed in 100% of Kras GI12D-induced
T-ALL tumors (14, 15). Although loss of CD44 significantly
prolongs the survival of T-ALL mice, it does not prevent
T-ALL development or its transplantability to subsequent
recipient mice, suggesting that CD44 plays a minor role in
tumor cell transformation (13). In addition, ~50% of Kras
GI12D-induced T-ALL tumors carry Notchl mutations in the
PEST domain of exon 34 (14-17). Although Notchl muta-
tions are weak tumor initiators, they accelerate Kras G12D-
initiated T-ALL (18). Given its incomplete penetrance in the
Kras GI12D model, it is unclear whether up-regulation of
NOTCHI signaling represents a common mechanism con-
tributing to leukemia cell transformation.

Here, we show that Kras G12D is a potent inducer of T-ALL
not only in the C57BL/6 (B6) background but also in the
BALB/c background, which is less sensitized for T-ALL. All
Kras G12D-induced T-ALL tumors contain various Notchl
mutations, including exon 34 mutations and the recently char-
acterized type 1 and 2 deletions (19). Although these mutations
are not detected at the pre-leukemia stage, incremental up-reg-
ulation of NOTCHI1 surface expression is observed at the pre-
leukemia and leukemia stages. Consistent with our previous
hypothesis, Notchl mutations target T-lineage-committed pre-
cursor cells instead of HSCs. Huge variations are observed in
T-LIC frequency and immunophenotypes of cells enriched for
T-LICs. Unlike Pten deficiency-induced T-ALL, oncogenic
Kras-initiated T-ALL is not associated with up-regulation of
the Wnt/B-catenin pathway. Our results suggest that up-regu-
lation of NOTCHL signaling, through either overexpression of
surface NOTCHI or acquired gain-of-function mutations, is
involved in both T-ALL initiation and progression. Notchl
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mutations contribute to transformation of CD8" T-cells to leu-
kemia cells.

MATERIALS AND METHODS

Mice—All mouse lines (LSL Kras G12D/+, MxI-Cre, and
LSL Kras G12D/+;Mx1-Cre/+) were maintained in a pure B6
or BALB/c genetic background (>N10). All data were obtained
from mice in the B6 background unless specified otherwise.
Genotyping of Kras G12D and MxI-Cre was done as described
previously (14). CD45.1% B6 recipient mice were purchased
from NCI, whereas BALB/c recipient mice were obtained from
The Jackson Laboratory.

To induce CRE expression, 5-7-week-old mice were
injected intraperitoneally with 250 ug of poly(I-C) (Sigma-
Aldrich) every other day for two doses. All experiments were
performed 2 days after the second injection of poly(I-C). All
experiments were conducted with the ethical approval of
the International Association for Assessment and Accredita-
tion of Laboratory Animal Care at the University of Wisconsin-
Madison.

Bone Marrow Transplantation—Bone marrow transplanta-
tion experiments were performed as described previously (17)
using 2.5 X 10° Kras G12D bone marrow cells along with the
same number of congenic competitor/helper cells in individual
lethally irradiated mice. In serial transplantation experiments,
1 X 10° T-ALL cells were transplanted into individual suble-
thally irradiated mice as described (14). Fractionated and/or
diluted T-ALL cells were transplanted with (donor cell num-
ber = 10* and below) or without 2 X 10° congenic (CD45.1")
whole spleen carrier cells into individual sublethally irradiated
mice. Recipient mice were monitored for 16—-20 weeks for
T-ALL development.

Flow Cytometric Analysis—Control thymocytes and T-ALL
cells were analyzed using flow cytometry at 4-week intervals
after bone marrow transplantation. Stained samples were ana-
lyzed on a FACSCalibur or LSR II flow cytometer (BD Biosci-
ences). The data were analyzed using Flow]o software.

Intracellular staining of unphosphorylated B-catenin in
thymocytes was carried out using monoclonal antibody 8E4
as described previously (11). Samples were analyzed on a
FACSCalibur. The data were analyzed using CellQuest
software.

Characterization of Notchl Mutations—Genomic DNAs
were isolated from thymus using the Puregene® genomic DNA
purification kit (Qiagen). Total RNAs were extracted from thy-
mus using the RNeasy mini kit (Qiagen). First-strand cDNAs
were synthesized using the SuperScript first-strand synthesis
system (Invitrogen). Detection of Notchl mutations was per-
formed essentially as described previously (13).

Analysis of Ragl/2 Expression—Genomic DNA and total
RNA were extracted using the AllPrep DNA/RNA mini kit
(Qiagen). Reverse transcription was performed using the
SuperScript first-strand synthesis system according to the
manufacturer’s instructions. The PCR primers used were
described previously (15). PCRs were performed under the fol-
lowing conditions: 94 °C for 30 s and 35 cycles at 50 °C for 30 s
and 72 °C for 30 s.
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FIGURE 1. Kras G12D induces a highly penetrant T-ALL in the BALB/c genetic background. Lethally irradiated mice were transplanted with 2.5 X 10° total
bone marrow cells from control or Kras G12D mice in a pure B6 or BALB/c background along with same number of competitor cells. A, Kaplan-Meier survival
curves of reconstituted mice. Cumulative survival is plotted against days after transplantation. The p value was determined by the log-rank test. B, disease
distribution patterns in recipient mice transplanted with Kras G12D cells. C, flow cytometric analysis of total thymocytes from representative mice with control
cells and T-ALL mice with Kras G12D cells. D, flow cytometric analysis of peripheral blood from representative mice with control cells and myeloproliferative
neoplasm (MPN) mice with Kras G12D cells using antibodies against Mac-1 (CD11b) and Gr-1 (Ly6C/Ly6G). The percentages of cells enriched for monocytes
(upper left quadrant) and granulocytes (upper right quadrant) are indicated on the plots.

RESULTS

Kras G12D Induces a Fully Penetrant T-ALL in the BALB/c
Genetic Background—We transferred the LSL Kras GI12D;
MxI-Cre model from the B6 background (14) to a pure BALB/c
background to determine whether Kras GI2D efficiently
induces T-ALL even in a less sensitized genetic background. In
primary non-transplanted Kras GI12D mice, changing to a dif-
ferent genetic background did not significantly affect the sur-
vival of and HSC depletion and aberrant GM-CSF signaling in
Kras GI12D mice (supplemental Fig. S1) (13, 20). In recipient
mice transplanted with Kras GI12D bone marrow cells,
although BALB/c mice survived significantly longer than B6
mice (Fig. 14), the disease penetrance and phenotypes in the
BALB/c background were very similar to those in the B6 back-
ground (Fig. 1, B-D), suggesting that Kras GI12D is a potent
inducer of T-ALL in both genetic backgrounds. Because of the
ease in tracing donor-derived leukemias and more rapid disease
development in the B6 genetic background, the data presented
below were obtained from Kras G12D B6 mice.
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Notchl Mutations Are Identified in 100% of Kras G12D-in-
duced T-ALL Tumors—To better understand the mechanisms
of Kras G12D-initiated T-ALL, we characterized recipient ani-
mals transplanted with Kras G12D bone marrow cells at 4 or 8
weeks or at a moribund stage (~12 weeks) after transplantation
(Fig. 2). Four weeks after transplantation, <50% of thymocytes
were donor-derived in all of the recipient mice we examined,
and their thymus size was comparable with that of controls (Fig.
2A). Five of eight recipient mice showed >99% donor-derived
thymocytes 8 weeks after transplantation (pre-leukemia stage),
and their thymus weight was moderately but significantly
increased (Fig. 2, A and B). At this stage, thymi in mutant bor-
row recipients displayed variable expression patterns of CD4
and CD8 but unanimously up-regulated CD44 expression (Fig.
2C). At a moribund stage ~12 weeks after transplantation, all
recipient mice developed T-ALL with a markedly enlarged thy-
mus filled with donor-derived cells (Fig. 2, A and B). These
T-ALL cells were mostly CD2" CD5*/~ CD3~ CD4" CD8"
CD44™" TdT", representative of T-ALL developed at a precur-
sor stage (Fig. 2D) (14, 17). In the subsequent studies, our anal-
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FIGURE 2. Evaluation of thymi from recipient mice transplanted with Kras G12D bone marrow cells at different stages. Bone marrow cells expressing
endogenous KRAS G12D were transplanted together with the same number of congenic competitor cells into lethally irradiated mice. Recipient mice were
killed at 4 weeks (1 month) and 8 weeks (2 month) or at a moribund stage (around 3 month). A, representative results of donor contribution from thymi of
recipient mice at different stages. B, thymus weights in recipient mice at different stages. Results are presented as scatter plots of the thymus weight of
individual animals with mean = S.D. Student’s t test was performed: *, p < 0.05. mon, months. C and D, flow cytometric analysis of total thymocytes from
representative mice with control cells or Kras G12D cells at 8 weeks (C) or at a moribund stage (D).

ysis was focused on the five recipient mice with >99% of thy-
mocytes contributed from donor cells at the pre-leukemia stage
and moribund mice with fully developed T-ALL.

We examined various types of Notchl mutations at different
stages of T-ALL. The heterozygous type 1 deletion was detect-
able in all of the moribund recipient mice (n = 13) but not in the
mice at the pre-leukemia stage (n = 5) (Fig. 34). Consistent
with a previous report (19), the deletion occurred in the proxi-
mal promoter and exon 1 region of Notch1 and at the conserved
sites recognized by RAG recombinases (Fig. 3B). Some repeti-
tive sequences were inserted into the deleted regions, which led
to different sizes of the PCR products (e.g. clones M-7 and M-8).
Type 1 deletions were also detected in 100% of Nras G12D-
induced T-ALL tumors (supplemental Fig. S2). Unlike type 1
deletions, type 2 deletions were found only in 2 of 12 mice at the
moribund stage (Fig. 3C). In addition, mutations in the PEST
domain of exon 34 were identified in 10 of 13 moribund mice
(Fig. 3E) but not in the five mice at the pre-leukemia stage (Fig.
3D). Our data suggest that Notch 1 mutations occur between the
pre-leukemia and leukemia stages and might play an important
role in T-ALL progression.

Because the type 1 deletion at the NotchI locus is mediated
by RAG recombinases, we examined the expression levels of
these enzymes at different stages of T-ALL development to
determine whether elevated Ragl/2 levels contribute to the
prevalent type 1 deletion (Fig. 44). We found that the expres-
sion levels of Ragl/2 in Kras G12D thymocytes were compara-
ble with those in controls at the pre-leukemia stage but were
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generally down-regulated in fully developed T-ALL tumors,
consistent with partially blocked T-cell differentiation in these
tumor cells (14). In contrast, surface expression of NOTCH1
was significantly elevated at both the pre-leukemia and mori-
bund stages in an incremental manner (Fig. 4B), suggesting that
up-regulation of NOTCHI signaling by overexpression of sur-
face NOTCHI might be involved in both T-ALL initiation and
progression.

Notchl Mutations Target Kras G12D CD8" Cells That Con-
tain Leukemogenic Activity—The fully penetrant Notchl type 1
deletion provides a great opportunity to test our previous
hypothesis that, in the Kras G12D model, secondary genetic
event(s) occur in lineage-restricted progenitor/precursor cells
rather than in HSCs (14). We analyzed type 1 deletions in three
recipient mice that simultaneously developed T-ALL and a
myeloproliferative neoplasm (Fig. 54). As we expected, type 1
deletions were detectable only in the thymic T-ALL cells but
not in the bone marrow myeloid cells isolated from the same
animals, suggesting that the Notchl mutation occurs after Kras
GI12D HSCs differentiate into T-lineage cells. To further
exclude the possibility that type 1 deletions pre-exist in Kras
G12D bone marrow cells and are selected during leukemogen-
esis, we performed a high-sensitivity PCR and did not detect the
type 1 deletion in these cells (supplemental Fig. S3). Further-
more, Kras G12D thymocytes isolated at the pre-leukemia stage
(without detectable Notchl mutations) did not induce T-ALL
in secondary recipient mice, whereas T-ALL tumor cells (with
Notchl mutations) did (Fig. 5B). These data suggest that Notch 1
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FIGURE 3. Notch1 mutations are identified in 100% of moribund Kras G12D-induced T-ALL mice. Recipient mice transplanted with control or Kras G12D
cells were killed at 8 weeks (2 month) or at a moribund stage (~12 weeks). A, the type 1 deletion and its corresponding wild-type allele were examined in
thymocytes of recipient mice 2 months after transplantation or ata moribund stage. B, schematic representation of type 1 deletions identified in different T-ALL
tumors. Numbers indicate the nucleotide positions on mouse chromosome 2 according to the UCSC Genome Browser. C, the type 2 deletion was examined in
thymocytes from recipient mice 2 months after transplantation or at a moribund stage. PC, positive control. D and E, the status of Notch1 mutations is
summarized for recipient mice 2 months after transplantation (D) or for moribund recipient mice (E). N.A., not applicable.
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FIGURE 4. Kras G12D thymocytes overexpress surface NOTCH1 but not
Rag1/2 at the pre-leukemia stage. Recipient mice transplanted with control
or Kras G12D cells were killed at 8 weeks (2 month) or at a moribund stage
(~12 weeks). A, semiquantitative RT-PCR was performed to detect RagT and
Rag2 levels in control and Kras G12D thymocytes. B, representative histo-
grams of surface expression of NOTCH1 in control and Kras G12D CD4* CD8*
thymocytes at different T-ALL stages. Quantified data are mean = S.D. over
control cells. #, p < 0.05 (compared with controls); *, p < 0.05 (compared
between different stages of T-ALL).

mutations target T-ALL cells as secondary genetic hits and con-
tribute to their malignant transformation.

As the first step toward identifying leukemogenic cells in our
model, we determined that the leukemogenic activity of T-ALL
cells is sustained and self-renewable in vivo using a serial trans-
plantation approach (Fig. 5C). Next, we used a limiting dilution
approach to estimate the frequency of these leukemia-initiating
cells, which varied from 1 of 7 to 1 0f 16,000 (Fig. 5D), indicating

JUNE 21,2013 +VOLUME 288-NUMBER 25

that Kras GI12D-induced T-ALL is maintained by either a small
population of tumor cells called T-LICs or bulk T-ALL tumor
cells. We further fractionated T-ALL cells into different popu-
lations based on their immunophenotypes and found that only
CD8™ cells but not CD8™ cells contain T-LIC activity (supple-
mental Fig. S44). Consistent with our hypothesis that Notchl
mutations contribute to malignant transformation of T-cells,
only CD8™ cells, including both CD8" CD4" and CD8" CD4.~
cells, but not CD8" CD4~ cells were positive for the Notchl
type 1 deletion (supplemental Fig. S4B).

Due to the heterogeneity of T-ALL tumors, we were unable
to identify a single population of tumor cells that are enriched
for T-LICs in all of the tumors (supplemental Fig. S5). In some
T-ALL tumors (Group I), T-LICs were enriched only in the
distinct CD8* cKit™ cells, whereas in other tumors (Group II),
T-LICs were detected primarily in CD8" ¢Kit ™ cells. The iden-
tities of these T-LICs could be transferred to the subsequent
recipient mice. Additional fractionation based on expression of
CD34 or Scal yielded similar, highly variable results. Our data
indicate that the frequency and identity of leukemogenic cells
are highly variable in Kras G12D-initiated T-ALL.

The Wnt/B-Catenin Pathway Is Down-regulated in Kras
GI12D-induced T-ALL Cells—Previous studies showed that
B-catenin stabilization predisposes thymocytes to malignant
transformation (21) and is one of the mechanisms involved in
Pten deficiency-induced T-ALL (11). Therefore, we further
examined whether the Wnt/B-catenin pathway is dysregulated
in our T-ALL model (Fig. 6). Consistent with a previous report
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(11), ~18% of control thymocytes expressed the unphosphoryl-
ated (activated) form of B-catenin. However, expression of
unphosphorylated B-catenin was almost completely absent in
Kras G12D-induced T-ALL tumors, indicating that up-regula-
tion of the Wnt/B-catenin pathway is not associated with Kras
GI2D-induced T-ALL.

DISCUSSION

In this work, we investigated whether Kras G12D-initiated
T-ALL is maintained by rare T-LICs and whether up-regulation
of NOTCHLI1 signaling represents a common mechanism con-
tributing to malignant transformation of normal T-cells in this
model. Our results show that Kras G12D-initiated T-ALL is
maintained by either a small subset of or bulk CD8™ cells. As
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secondary genetic hits, Notchl mutations are detected in 100%
of T-ALL tumors but not at the pre-leukemia stage. In contrast,
leukemogenesis is not associated with up-regulation of the
Wnt/B-catenin pathway. Combined with human T-cell precur-
sor ALL sequencing results, our data provide a rationale to tar-
get both NOTCH1 and RAS signaling for T-cell precursor ALL
treatment.

Kras GI2D Is a Potent Inducer of T-ALL in Both B6 and
BALB/c Genetic Backgrounds—Tumorigenesis is greatly influ-
enced by genetic backgrounds (22). It is well known that the B6
background is more sensitized for T-ALL, whereas the BALB/c
background is more supportive for development of myeloid dis-
eases. Overexpression of a number of oncogenes, including all
the RAS isoforms and BCR-ABL, in these two genetic back-
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grounds yields very different disease spectrums, with T-cell
malignancies dominant in the B6 background and highly pure
myeloid malignancies dominant in the BALB/c background
(23, 24). Although endogenous Kras G12D promotes a highly
penetrant T-ALL in the B6 background (14, 15), we were uncer-
tain whether this is greatly influenced by the specific genetic
background or is due mainly to the Kras G12D function. There-
fore, we transferred the Kras G12D model from B6 to BALB/c.
To our surprise, Kras G12D also induced a highly penetrant
T-ALL in the BALB/c background, and the phenotypes of both
T-ALL and myeloproliferative neoplasm were indistinguish-
able between the two genetic backgrounds (Fig. 1). Our data
indicate that endogenous Kras GI12D is a functionally potent
inducer of T-ALL. In support of our finding, activating muta-
tions in KRAS have been identified in pediatric T-ALL patients
(10, 25).

A Subset of CDS™ Cells or Bulk T-ALL Cells Contain Leuke-
mogenic Activity—It remains controversial whether T-ALL is
maintained by rare T-LICs or bulk tumor cells. Highly variable
results have been reported not only in T-ALL models induced
by different genetic mutations (11, 12) but also in T-ALL
tumors containing a common initiating mutation (e.g Kras
G12D). One possibility is that the observation of T-LICs is asso-
ciated with tumor development at an early/intermediate stage.
Once tumorigenesis progresses to a more advanced stage, for
example, by accumulation of more malignant genetic muta-
tions, bulk tumor cells become tumorigenic.

In the Pten deficiency-induced T-ALL model (11), T-LICs
appear to be enriched in CD3 ™" cKit™* cells in all tumors. How-
ever, in the Kras GI12D model, T-LICs could be enriched in
either CD8™ cKit™ or CD8" cKit™ cells (supplemental Fig. S5).
This is not surprising, as a similar phenotypic heterogeneity of
tumor-initiating cells has been reported in gliomas, in which
both CD133* and CD133 ™ cells have tumorigenic activity (26).

Up-regulation of NOTCHI Signaling Is Involved in Both
T-ALL Initiation and Progression—W'e found that NOTCH1
signaling can be up-regulated by overexpression of surface
NOTCHI1 and/or Notchl mutations. Although Notchl muta-
tions appear to promote T-ALL development only at a later
stage, we believe that up-regulation of NOTCHI1 signaling by
overexpression of surface NOTCH1 is involved in T-ALL initi-
ation at the pre-leukemia stage (Fig. 4B). In addition, overex-
pression of CD44 (13) and likely other unknown epigenetic and
genetic events contribute to T-ALL development at the pre-
leukemia stage. The majority of tumor samples have two differ-
ent types of Notchl mutations. It is not clear whether this is due
toincremental NOTCHI1 activation in the same cells and/or the
presence of multiple clones in these tumor samples. In either
case, the heterogeneous Notchl mutations might at least par-
tially explain the variation we observed in T-LIC frequency and
immunophenotypes.

Different Notch1 mutations arise from distinct mechanisms.
For example, the Notchl type 1 deletion is mediated by RAG1/2
recombinase (19). Therefore, these mutations likely occur
spontaneously during T-cell development and are subsequently
selected during T-ALL progression. In contrast, the type 2 dele-
tion is associated with genome instability (27). Our prior com-
parative genomic hybridization analysis of T-ALL samples indi-
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cated low-level or no genome instability (14). Consistently, the
frequency of the Notchl type 2 deletion is very low in our
T-ALL model (Fig. 3).

Compared with mouse T-ALL, overexpression of intracellu-
lar NOTCH1 is achieved through similar but not identical
mechanisms in human T-ALL. For example, RAG1/2-mediated
Notchl deletion is predominant in mouse T-ALL models. In
contrast, in a small fraction of human T-ALL cases, the chro-
mosomal translocation t(7;9) results in deregulated expression
of a truncated activated form of NOTCH1 driven by the TCR-$
promoter (28). Nonetheless, consistent with our finding,
NOTCHI mutations are secondary events in some T-ALL
patients at diagnosis or at relapse (29). Some mutant-positive
patients at diagnosis relapsed with the same mutation(s) at the
same high level, whereas the others showed a change in muta-
tions at relapse.

Consistent with our hypothesis, we found that NotchI muta-
tions occur in CD8" T-cells (including both CD8" CD4™" and
CD8™" CD4™ cells) but not in HSCs (Fig. 5). Similarly, Li et al.
(30) reported that, in bone marrow cells overexpressing intra-
cellular NOTCHI, the first tumorigenic cells were detected
among more immature CD4~ CD8" TCR-af~ cells. In addi-
tion, the malignant CD4" CD8" TCR-a" and CD4~ CD8™
TCR-af" cells derived from the immature CD4~ CD8" TCR-
af3” cells were able to cause T-ALL in recipient mice as well.

Notchl mutations are also present in 100% of T-ALL tumors
induced by Kras G12D: CD44~'~, Nras G12D/+, or Nras
GI12D/G12D (supplemental Fig. S2) (13, 17, 31). Furthermore,
Kras G12D thymocytes isolated at the pre-leukemia stage
(without detectable Notchl mutations) did not induce T-ALL
in secondary recipient mice (Fig. 5). This result is not surprising
because we expect that, without Notchl mutations, these pre-
leukemia cells are not transformed and thus are non-leukemo-
genic. Taken together, our data suggest that gain-of-function
mutations in Notchl may represent a common mechanism
contributing to T-LIC transformation in endogenous Ras
GI12D-induced T-ALL models.

We also examined the Wnt/B-catenin pathway in our model
and did not observe up-regulation of this pathway (Fig. 6). This
result is probably not surprising because in Pten deficiency-
induced T-ALL, Notchl mutations are not identified, but tumor
cells show overexpression of c-MYC and up-regulation of the
Wnt/B-catenin pathway (11). These results suggest that
T-ALLs induced from different genetic alterations use different
genes and pathways to achieve T-LIC transformation. Up-reg-
ulation of NOTCH1 signaling through gain-of-function muta-
tions and up-regulation of Notchl surface expression in the
Kras G12D model may functionally substitute for other abnor-
malities observed in the Pten /~ model. Consistent with this
possibility, loss of PTEN is associated with resistance to
NOTCHI inhibition in human T-ALL cell lines (32).

In summary, we propose that in the Kras G12D-induced
T-ALL model, Kras GI12D targets HSCs to initiate T-ALL,
whereas secondary genetic hits (e.g. NotchI mutations) occur in
T-lineage-committed CD8™ cells to promote T-ALL progres-
sion (Fig. 7). Notchl mutations and Kras GI12D contribute
cooperatively to leukemogenic transformation of normal
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FIGURE 7. Model of Kras G12D-induced T-ALL.

T-cells and thus provide a further rationale for targeting
NOTCHLI1 and oncogenic RAS signaling pathways in T-ALL.
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