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Abstract

Gain-of-function mutant IL-7Ra (mutIL7R) occurs in approximately 10% of patients with T-
cell acute lymphoblastic leukemia (T-ALL), an aggressive pediatric cancer. Nearly half of
patients with T-ALLs also overexpress RAS guanyl nucleotide exchange factor (RASGRP1),
an activator of RAS. Since mutant RAS itself has been shown to cooperate with mutIL7R in
leukemogenesis, we evaluated whether RASGRP1 overexpression could do so through
activation of wild type RAS. Immature murine thymocytes were transduced with mutlL7R
combined with overexpression of wild type RASGRP1. The combination of the two
transgenes was sufficient to induce transformation into aggressive T-ALL, whereas neither
transgene alone could do so. The resulting leukemia was polyclonal with heterogeneous T-
cell markers, and its subclones showed different clinical behaviors as do genetic subtypes
of patient T-ALLs. Like a leukemia model driven by NRAS®’" and mutlL-7R, overexpression
of RASGRP1 increased ERK1/2 phosphorylation and enriched RAS gene expression
signature. The leukemia driven by mutlL7R and RASGRP1 was susceptible to ruxolitinib
inhibition of Janus kinase, a key component of the IL-7R pathway, and trametinib inhibition
of MEK, a downstream component of the RAS pathway. Combination therapy with
ruxolitinib and trametinib resulted in the near elimination of the leukemia. This study
demonstrates that these two oncogenes, which frequently occur in T-ALL, can drive

leukemia and suggests targeting drugs to the pathways they activate.



Introduction

Acute lymphoblastic leukemia is the most common cancer in children, and approximately
15% of cases are of T-cell origin (T-ALL) 2. The lymphoid progenitors that give rise to T-
ALLs exhibit partially blocked ontogeny as a result of diverse genetic alterations, some of
which define classified subtypes 3. While treatment outcomes differ between
immunophenotypically or genetically defined subtypes, generally, the 5-year survival rate
is 80-90% “*°; however, multi-agent, risk-adjusted, intensive chemotherapy is required.
Treatment-associated complications aside, the prognosis for relapsed cases is poor ¢. A
recent T-ALL classification system combines extensive genetic characterization and
immunophenotypic data to achieve prognostically significant risk strata ’. Understanding
the molecular mechanisms of leukemogenesis and blocked ontogeny can more effectively

target leukemia cells and minimize undesirable effects.

IL7R is a heterodimer, comprised of IL7Ra and yc, and functions in normal T-cells to
regulate development and peripheral homeostasis & °. Approximately 10% of T-ALLs
express a gain-of-function mutant IL7R (mutlL7R), frequently via insertion of a cysteine
near the transmembrane domain. This generates a disulfide-linked homodimer of two

IL7Ra chains, creating a ligand-independent, constitutively active signaling complex &°.

It has been shown that the mutIL7R alone is insufficient for leukemogenesis, but

sufficiency can be achieved in combination with mutant NRAS®™P ° or wild-type MYC



overexpression ''. The experimental demonstration of the leukemogenic cooperation of
mutlL7R-mediated activation of JAK1-STAT5 and PI3K-AKT, together with RAS-ERK
signaling pathways, indicates the oncogenic potential of these three axes. In patients,
mutations in the cytokine receptor and RAS signaling pathways have been found in
approximately 67% of early T-cell progenitor (ETP)-ALLs 2, and mutations in the RAS
pathway account for 30-50% of ALL relapses '*. An underappreciated regulator of RAS
activation is RAS guanyl-releasing protein 1 (RASGRP1), a RAS guanine exchange factor
that activates RAS via the facilitation of GDP-GTP exchange. Its overexpression has been
found in approximately 50% of T-ALLs 4, and can cooperate with mutant NOTCH1 ', a

positive regulator of IL7R expression, to achieve sufficiency for leukemogenesis '°.

The present study evaluated whether mutlL7R combined with overexpression of RASGRP1
was sufficient to generate T-ALL from murine T-cell progenitors. We show that this led to
an aggressive T-ALL and, through phenotypic and transcriptional characterization at the
single-cell level, identified a pair of therapeutic agents that targeted the relevant pathways,

yielding a marked suppressive effect on the most aggressive subclones of the leukemia.



Materials and Methods

Retroviral vector construction, transfection, and transduction

Human mutant IL7R (mutlL7R) and wild-type RASGRP1 cDNAs were cloned into pMIG and
IRES-mCherry retroviral vectors, respectively. The mutlL7R construct contained the in-
frame insertion ¢.731_732insTTGTCCCAC &. Retrovirus was produced in Phoenix cells
using pCL-Eco helper plasmid and used to transduce CD4*/CD8"-depleted thymocytes
isolated from 3-6-week-old C57BL/6J female mice. Transduced thymocytes were cultured
on OP9-DL4 stromal cells prior to transplantation '’. All animal experiments were
conducted in accordance with NIH guidelines and approved by the NCI Animal Care and

Use Committee.

Founder and passaged leukemia generation

Transduced thymocytes (5%10° cells/mouse) were injected intravenously into sub-lethally
irradiated (3 Gy) 6-12-week-old female Rag1~/~ mice. Engraftment was monitored biweekly
by flow cytometry for GFP*mCherry* cells in peripheral blood. Mice were monitored daily
for leukemia-associated morbidity and euthanized when humane endpoints were reached.
Hematopoietic and lymphoid tissues were collected for downstream analyses.

For serial transplantation, spleen-derived leukemic GFP*mCherry” cells were injected into
irradiated Rag17/~ recipients (1-5x10° cells/mouse), and disease progression was

assessed as above.



Drug treatment study

Spleen-derived leukemic cells were transplanted into Rag1™/~ mice (5 x 10° cells/mouse).
Forty-eight hours post-transplantation, mice received vehicle, ruxolitinib, trametinib, or
combination therapy for 10 days. Ruxolitinib was administered orally and trametinib
intraperitoneally. Leukemic burden and clinical response were evaluated by flow

cytometry and survival monitoring.

Flow cytometric analysis

Single-cell suspensions from blood and tissues were stained with fluorochrome-
conjugated antibodies against T-cell markers and analyzed to quantify GFP*mCherry”*
leukemic cells. Intracellular phospho-flow cytometry was performed to assess STAT5, AKT,
and ERK1/2 activation. Formalin-fixed, paraffin-embedded tissues were sectioned and

stained with hematoxylin and eosin for histopathologic evaluation.

scRNA- and scTCR-sequencing data processing

Single-cell 5" mMRNA and TCR libraries were generated using the 10x Genomics platform
and sequenced on lllumina instruments. Data were processed using Cell Ranger and
analyzed in Seurat '8, Differential expression, gene set enrichment analysis, and clonotype

identification were performed using standard computational pipelines.

Statistical analysis



Statistical analysis was performed on Prism version 7 (GraphPad, San Diego, CA, USA).
Unpaired, two-tailed Student’s t-test was used to compare two groups, and one-way
ANOVA was used for multiple comparisons. p<0.05 was considered statistically

significant. Error bars represented standard deviation.

A detailed description of other methods used is provided in the Supplementary Methods.

Results

MutiL7R and RASGRP1 induced leukemia in a mouse model

Gain-of-function, oncogenic, mutant /L7R, wild-type IL7R, and wild-type RASGRP1
overexpression can be found in approximately 10% &2, 54% '°, and 50% of T-ALL patients
415 respectively. Multiple groups have shown that while the mutIL7R alone cannotinduce
T-ALL, sufficiency for leukemogenesis can be achieved in cooperation with a secondary
oncogene ", often in the RAS signaling pathway %221, Retroviral co-transduction of
thymocytes with mutant IL7R and RASGRP1 was performed to determine whether thisis a
novel pair of oncogenes sufficient to induce T-ALL (Fig. 1A), and to recapitulate a pair of co-
occurrent genetic alterations in T-ALL patients (Fig. 1B) >4, Mice that received
mutlL7R+RASGRP1-transduced thymocytes reached the humane endpoint at 3 to 4 weeks
post-injection, and GFP+ mCherry+ cells were identified by flow cytometry in the blood,
bone marrow, thymus, spleen, and lymph nodes (Fig. 1C, Supplemental Fig. 1A). Passage

studies were performed to distinguish non-transformed leukocytosis from leukemia.
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Recipient mice that received mutlL7R+RASGRP1-transduced cells, but not mutlL7R-alone,
developed severe clinical signs and met humane endpoint parameters (Fig. 1D). Recipient
mice that received RASGRP1-transduced cells did not develop clinical signs (data not
shown). A dose response was observed showing decreased survival with increasing
numbers of transferred cells (Fig. 1E). The ability of mutlL7R+RASGRP1-transduced cells to
pass from a founder to secondary recipients demonstrates a neoplastic process, and this

disease process will be referred to as the mutlL7R+RASGRP1 leukemia.

Clinicopathologic features of the mutlL7ZR+RASGRP1 leukemia

To further describe and support the transformed state of the mutlIL7R+RASGRP1 leukemia,
clinicopathologic features were evaluated and compared with those of other established
mutlL7R-driven T-ALL models. As expected, both splenomegaly and hepatomegaly were
observed in passaged leukemia mice compared with founder leukemia and control mice
(Fig. 1F)'*2°, The histopathologic features in the lymph nodes, spleen (Fig. 2A), and liver
(photomicrographs not shown) of founder leukemia mice were consistent with leukemia;
furthermore, the severity of the findings was greatly intensified in the passaged leukemia
mice. The clinicopathologic changes observed in both the founder and passaged
mutlL7R+RASGRP1 leukemia mice were similar to those observed in other mutIL7R-driven
T-ALL models '®2°, The only notable discordant finding was that the livers and kidneys of
passaged leukemia mice (Fig. 2B) were more severely affected than previously reported.
Taken together, the mutlL7R+RASGRP1 leukemia falls within the spectrum of disease

compared to other mutlL7R-driven T-ALL models.
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T-cell lineage classification of the polyclonal mutlL7ZR+RASGRP1 leukemia

Lineage switch has been described in a mutIL7R-driven ALL model #. Flow cytometry and
scRNA-sequencing, and scTCR-sequencing, were used to determine the phenotype and
clonality of the mutlL7R+RASGRP1 leukemia, respectively. GFP+ mCherry+ cells were
predominantly CD8+ and TCRB+ (Fig. 2C; Supplemental Fig. 1B, Supplemental Fig. 2B, C),
similar to other T-ALL models driven by mutlL7R and RAS pathway dysregulation %20,
Transcriptionally, the mutlL7R+RASGRP1-transduced cells were predominantly T-cell-like,
of which they were subclassified as naive thymus-derived, memory, and effector CD8+ a8
T-cells (Supplemental Fig. 3A). Similar to other mutlL7R-driven T-ALL models > %', the
mutlL7R+RASGRP1 leukemia was polyclonal (Fig. 2D; based on TCR CDR3 sequence).
However, over 50% of the founder population was dominated by four clones, which
suggests a weaker oncogenic potential of RASGRP1 compared to mutNRAS®™P and MYC
and the transformation of a smaller pool of initiating cells ?'. The low frequency of leukemia
initiating cells is also suggested by the five-fold increase (5x10° vs 1x10°) in the total
number cells needed to transfer leukemia (Fig.1E). Interestingly, in a subset of passaged
leukemia mice (6 out of 13), the leukemia shifted towards an immature
immunophenotype, characterized by the loss of TCR and CD3 expression (Supplemental
Fig. 3B) and increased proportion of CD8+ and CD4+ CD8+ cells (Supplemental Fig. 3C),
consistent with immature single positive and double positive stages of normal thymocyte
maturation, respectively %. Specific to the bone marrow, a minor subpopulation of TCR-

CD3- CD4- CD8- leukemia cells was also identified in two passaged leukemia mice
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(Supplemental Fig. 3C). The transcriptional phenotype corroborated the
immunophenotype of the founder mutlIL7R+RASGRP1 leukemia. Analogous to the
mutIL7R+mutNRAS®"P and mutlL7R+MYC T-ALL models '>?°, and unlike the mutIL7R+TLX3
model %, the mutlL7R+RASGRP1 leukemia retained T-cell lineage features. The observed
shift towards an immature phenotype was accompanied by increased aggressiveness of
the passaged leukemia, as observed in patients with early T cell progenitor (ETP) compared

to non-ETP ALLs #7-%°,

Oligoclonal origin of an aggressive thymocyte-like subpopulation of the
mutiL7R+RASGRP1 leukemia

T-ALL classification moved beyond immunophenotypic or cytogenetic subtypes to include
next-generation sequencing ”-3%, which can have prognostic significance ’. To determine
whether these observations in T-ALL patients are recapitulated in this mouse T-ALL model,
the clinical parameters of immature thymocyte-like versus mature T-cell-like passaged
leukemias were compared. Mice with immature thymocyte-like passaged leukemia had
significantly shorter survival than the mature T-cell-like counterpart (Fig. 2E) and worsened
pathologic parameters such as splenomegaly and hepatomegaly (Fig. 2F). To interrogate
the marked clinical differences between these two passaged leukemia subtypes, the origin
of the immature thymocyte-like subpopulation within the founder leukemia was explored.
TdT is a component of the TCR gene rearrangement process that is normally expressed in
immature thymocytes. Consistent with this, TdT was widely expressed (48%) by passaged

leukemia cells with the immature thymocyte-like phenotype (Fig. 3A, Supplemental Fig.
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3D), but less frequently (11%) by the founder leukemia cells (Fig. 3A). A few dominant
clones already seen in the founder were mostly annotated as naive, non-effectors T-cells,
whereas the more numerous clones were mostly annotated as various effectors (Fig. 3B).
These data suggest that the passaged leukemia with more aggressive immature
thymocyte-like characteristics likely originated from the oligoclonal minority of cells in the
founder that were less mature and expressed TdT. On the other hand, the polyclonal
leukemia cells with an effector T-cell-like phenotype, which were more frequent in the
founder, generated less aggressive disease upon transfer. The differences in the severity of
pathologies and pace of clinical progression between these two subtypes recapitulate
similar observations in T-ALL patients comparing immature versus mature

immunophenotypic subtypes’.

MutlL7R+RASGRP1 leukemia hyperactivated the RAS-ERK pathway

The mechanism of cooperation of these two oncogenic pathways was further investigated.
The mutlL7R has been shown to activate the JAK1-STAT5, PI3K-AKT, and RAS-ERK signaling
pathways &°2° and RASGRP1 overexpression has been shown to preferentially activate
RAS-PI3K-AKT over RAS-RAF-MEK-ERK signaling pathways and to potentiate IL2-, IL7-, and
IL9-mediated proliferation in T-ALL cells ' 2%, To determine whether the cooperation of
mutlL7R and RASGRP1 was mediated through the hyperactivation of the JAK-STAT, RAS-
PISK-AKT, and/or RAS-RAF-MEK-ERK signaling pathways, GSEA and phospho-flow
cytometry were performed to compare the differential activation of the aforementioned

pathways compared to the mutlL7R-driven leukocytosis. Enrichment of IL2-STAT5 and RAS
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signaling signatures and underrepresentation of the PI3K-AKT signaling signature were
observed (Fig. 3C); only increased phosphorylation of ERK1/2 (Fig. 3D) was functionally
validated. Although the JAK-STAT pathway was implicated, we did not observe increased
STAT5 phosphorylation (Fig. 3E); the GSEA result suggests that other mechanisms may
amplify this pathway downstream. Consistent with the underrepresentation of the PI3K-
AKT signaling signature, a functional decrease in the phosphorylation of AKT was observed
(Supplemental Fig. 4A). The intensified clinicopathologies exhibited by the immature
thymocyte-like passaged leukemia were not due to further hyperactivation of the RAS-ERK
signaling pathway (Supplemental Fig. 3B). These results suggest that RASGRP1 ¢, despite
being an activator of RAS, cooperates with the IL-7R pathway differently from mutNRAS®'P
20jn that the mutlL7R+RASGRP1 leukemia did not preferentially activate the RAS-PI3K-AKT
signaling pathway (Supplemental Fig. 4A), increase Myc (data not shown), or enrich the

MYC target signature (Fig. 3C).

Ruxolitinib and trametinib suppressed leukemia progression and prolonged survival
The GSEA result implicated the JAK-STAT pathway in cooperation between the two
oncogenes (Fig. 3C). JAK inhibitors are effective in ALLs with JAK-STAT pathway
dysregulation '*34, and their clinical applications in the treatment of ALLs are currently
being explored at various phases of clinical trials (NCT04996160, NCT06128070,
NCT03571321, NCT05592015). However, the effectiveness of MEK inhibitors in RAS
dysregulated ALLs is unclear. Specifically, the MEK inhibitor trametinib was effective in the

mutlL7R+mutNRASC™P T-ALL model '® and numerous T-ALL PDXs in vitro 2%, but ineffective
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in a Rasgrp1-overexpressing acute myeloid leukemia (AML) model *. The
mutIL7R+RASGRP1 leukemia showed enriched JAK-STAT5 and RAS signaling signatures
(Fig. 3C) and increased p-ERK1/2 (Fig. 3D). Therefore, ruxolitinib (JAK1/2 inhibitor) and
trametinib (MEK inhibitor) were selected to test their efficacy as single agents and in
combination (Supplemental Fig. 4C) in an early engraftment treatment model
(Supplemental Fig. 4D, E). Two dosages, high and low, were selected for both inhibitors in
recognition that their combination is toxic in chronic studies. While both ruxolitinib and
trametinib at low and high doses resulted in variable suppression of the leukemia, only the
combination of low-dose ruxolitinib and trametinib and high-dose ruxolitinib and high-dose
trametinib rescue resulted in consistent suppression across all 3 tissue compartments
(Fig. 4A, B, C). This leukemia suppression translates to prolonged survival with treatment
compared to vehicle control (Fig. 4D). The therapeutic responses of the
mutIL7R+RASGRP1 leukemia to ruxolitinib and trametinib as single agents or in
combination were similar to the mutlL7R+mutNRAS®"*> model '° and T-ALL PDXs *.

Discussion

Type 1a gain-of-function mutant IL-7R 83" has been shown to cooperate with a small, and
likely incomplete, repertoire of oncogenes ' 2%2"-2% to achieve sufficiency for
leukemogenesis; several of which are in the RAS signaling pathway 2%, RASGRP1 '® has
been suggested to cooperate with the IL-7 signaling pathway in T-ALL '* 3% due to the
observation that RASGRP1 is overexpressed in approximately 50% of T-ALLs '*2¢ and

activates RAS ', Herein, it was demonstrated that RASGRP1 can indeed cooperate with
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mutlL7R to achieve sufficiency for T-cell leukemogenesis, and the mutlL7R+RASGRP1

leukemia represents a novel model to study RAS-dysregulated, mutlL7R-driven T-ALLs.

The mechanism of RASGRP1 overexpression in T-ALLs remains elusive despite an
extensive genomic and transcriptional characterization study of patient T-ALLs 7, which
suggests a non-mutational basis of dysregulation. Regardless, the intersections between
mutIL7R, MYC %20 mutant NOTCH1 82323 gand mutant RAS "°in the T-ALL context have
been the subject of interest "2 38 and RASGRP1 should be included therein '*4°, Since a
direct regulatory link between NOTCH1 and RASGRP1 is not known to exist, indirect links
should be considered 4’4, The existence of convergent regulatory axes on RASGRP1 may
have clinical implications, as evidenced by the marked therapeutic response of the
mutIL7R+RASGRP1 leukemia to dual targeted therapy with ruxolitinib and trametinib,

which will be further discussed.

The ability of the mutIL7R to cooperate with multiple RAS pathway effectors suggests that
mutlL7R-expressing T-cell progenitors are especially prone to RAS pathway dysregulation
and subsequent transformation. Functionally equivalent mutations have been found in B-
ALLs *“°  and likewise, mutlL7R-driven B-ALLs are also susceptible to RAS pathway
dysregulation “¢. Whether RASGRP1 overexpression has similar cooperative effects on B-
cell progenitors remains to be seen. Further work in this area will inform how prone
particular lymphoid progenitors are to mutlL7R- and RAS-mediated transformation and

potentially respond to targeted therapeutic agents. Interestingly, our GSEA analysis
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revealed negative enrichment of PI3BK/AKT/mTOR- and MYC-associated gene sets in
mutIL7R+RASGRP1 leukemia relative to mutlL7R-driven leukocytosis. IL7R sighaling is not
restricted to PIBK/AKT but engages multiple interconnected downstream pathways,
including JAK/STAT and RAS/MEK/ERK. Thus, rather than uniformly enhancing all pathways
associated with mutant IL7R signaling, RASGRP1 overexpression may reshape their
relative downstream outputs. Consistent with the GSEA results, AKT phosphorylation was
also reduced in mutlL7R+RASGRP1 cells relative to mutIL7R cells, whereas ERK1/2
phosphorylation was increased. Although these findings support differential utilization of
downstream signaling pathways in the presence of RASGRP1 overexpression, the
underlying mechanism cannot be established from the current experiments and will

require further investigation.

IL-7R-mediated signaling is known to enrich for leukemia-initiating cells (LICs) in T-ALL 4748,
A subsequent study that examined the frequency of LICs between MYC and mutlL7R+MYC
leukemias ?' reaffirmed the earlier studies and posed the question of whether this effect of
IL-7R signaling on the frequency of LICs is restricted to the context of MYC. The
observations herein suggest that the frequency of LICs is also affected by the secondary
oncogene in cooperation, as the number of cells needed to initiate a passaged leukemia in
the mutlL7R+RASGRP1 model was 5-fold that of the mutlL7R+mutNRAS®'P model '*%°. As
such, the mechanism of RAS signaling pathway activation affects the frequency of LICs
between these two T-ALL models. Factors such as survival and proliferative potential of the

initiating cell confound all indirect methods of LIC identification '*2%2', |n search of and to
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more precisely characterize the mutlL7R+RASGRP1 leukemia LICs, the expression of TdT
was identified as a potential marker, as these rare, oligoclonal, TdT-expressing founder
leukemic cells were disproportionately expanded in a subset of passaged leukemia mice.
While these TdT-expressing founder leukemia cells were not solely responsible for
reconstituting the passaged leukemia, they exhibited the greatest initiation potential. As
such, the expression of TdT may be used in future studies as a direct comparison of LIC

frequency in TdT-expressing T-ALL models.

Widely accepted T-ALL classification systems have focused on either immunophenotype,
as with ETP-ALLs '>27-2%:49 or genomic alterations 3%32.59, A recent large-scale
comprehensive (immunophenotypic, genomic, and transcriptomic characterizations) T-
ALL classification study ’ found that for certain genomic subtypes, such as KMT2A and
MLLT10, the integration of immunophenotypic classification, ETP-like vs non-ETP-like, has
prognostic significance. Analogous to this difference in clinical behavior, the survival of
mice with immunophenotypically defined immature thymocyte-like passaged
mutlL7R+RASGRP1 leukemia was significantly shortened compared to the mature T-cell-
like counterpart. The implication for future in vivo models is evident, in which an ideal
model should recapitulate the genetic alterations of interest, the immunophenotype of the
intended patient population, and the relative clinical behavior in patients based on both
genomic and immunophenotypic characterization. Currently, only the ETP status has been
combined with genomic classification to show differences in prognosis 7. While neither the

founder nor the passaged mutlL7R+RASGRP1 leukemia was consistent with the ETP-like
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classification, likely, the integration of other immunophenotypic subtypes into the
proposed comprehensive T-ALL classification system ” will expand the prognostic
significance of certain genomic subtypes. This is evidenced by the observation that
transcriptionally defined DP-like, aB-like, and y&-like subclassifications had prognostic

implications for certain genomic subtypes ’.

T-ALL patients with mutant IL-7R are associated with very poor prognosis upon relapse ©
and may benefit from targeted therapeutics against the JAK-STAT, PI3K-AKT-mTOR, and
RAS-ERK pathways %-3435.5153 The suppressive effects of ruxolitinib and trametinib as
single agents and in combination on the immature thymocyte-like passaged
mutlL7R+RASGRP1 leukemia were expected and consistent with similar models % 3%,
However, these results do not support 2 proposed mechanisms of RASGRP1-mediated
MEK inhibitor resistance ¢ %. Specifically, the overexpression of RASGRP1 does not
necessarily confer MEK inhibitor resistance, nor does it necessarily hyperactivate the PISK
pathway, functionally or transcriptionally. As such, the perspective herein is that
trametinib resistance, perhaps MEK inhibitors in general, is model-specific and cannot be
generalized to RASGRP1 overexpression alone. The near elimination of leukemia cells by
the combined treatment of ruxolitinib and trametinib, at both high and low doses, was a
surprise, especially in the bone marrow, which is a difficult site to target and a niche that
supports LIC survival 5#%°, A limitation of this study is that, despite the marked reduction in
leukemia burden following combined Ruxolitinib and Trametinib treatment, the

improvement in overall survival was modest. The cause of this discrepancy could not be
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definitively determined, as comprehensive pathological analyses were not performed.
Further optimization of drug doses and/or treatment schedules may improve the balance
between antileukemic efficacy and tolerability and potentially result in a greater survival
benefit. Future studies incorporating dose optimization and pathological assessment will
be important to address this question. Despite these limitations, the antileukemic activity
observed with dual inhibition may have important clinical implications. This approach may
offer an opportunity to achieve complete remission (less than 5% blasts in the bone
marrow) and pave the way for hematopoietic stem cell transplantation, which remains one

of the only paths for long-term cure.

Overall, the studies herein demonstrated that the combination of mutlL7R and RASGRP1
overexpression was sufficient to induce T-ALL development in mice, and that the
oligoclonal, TdT-expressing founder leukemia cells were the most aggressive
subpopulation and possessed the greatest leukemia initiation potential. This model also
reaffirmed the observation in patient T-ALLs that the immunophenotype of a given genetic
subtype can significantly affect clinicopathologic parameters, such as survival. Lastly,
RASGRP1 overexpression drives functional activation and transcriptional enrichment of
the RAS pathway and, as in the mutlL7R+mutNRAS®"*® model, renders the
mutlL7R+RASGRP1 leukemia highly susceptible to the combined treatment of ruxolitinib

and trametinib.
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Figure Legends.

Figure 1: The cooperation of RASGRP1 overexpression and mutIL7R results in
multisystemic pathologies in a mouse model of human disease. A. Schematic
illustration of the cooperation of mutlL7R and RASGRP1. Signaling pathways converge to
drive proliferation, survival, and ultimately leukemogenesis. B. The correlation of RASGRP1
and IL7R, wild-type (blue) and mutated (gold), expression in patients. Data based on Dana-
Farber Center for Patient Derived Models (CPDM) PDX database. mRNA expression was
measured as Log2 values of Reads Per Kilobase of Exon per Million (RPKM), and the line of
best fit was colored in red. Spearman and Pearson correlation coefficients were 0.61
(p=4.1x10")and 0.73 (p=3.14 x 10¥). C. The tissue distribution of mutlL7R-RASGRP1-
transduced cells in the bone marrow (BM), thymus (TH), blood (BL), spleen (SP), and lymph
nodes (LN) at humane endpoint. Flow cytometric analysis of the proportion of cells in the
lymphocyte and singlet gates, based on forward and side scatter, that expressed GFP and
mCherry. D. Survival curves of mice in the first and second leukemia passages and the
attempted passage of mutlL7R-transduced thymocytes. Survival curves were analyzed by
the log-rank test for trend (p<0.0001). E. Survival curves of mice in the first leukemia
passage with the indicated cell dose. Survival curves were analyzed by the log-rank test for
trend (p=0.0011). F, G. Weights of the spleens and F. livers isolated from control C57BL/6
mice (control), founder leukemia (FL), and passaged leukemia (PL) are expressed as
relative tissue weight (tissue weight/body weight at harvest). Splenomegaly (control vs PL,

p=0.0028; FL vs PL, p=0.0041) and hepatomegaly (controlvs PL, p=0.0058; FL vs PL,
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p=0.0476) were determined by unpaired one-way ANOVA; error bars represent standard

deviations.

Figure 2: The mutiL7ZR+RASGRP1 leukemia is a polyclonal leukemia model with
variable maturation stage-dependent aggressiveness. A. Representative
photomicrographs of H&E-stained sections of lymph nodes and spleens derived from
founder and passaged mutlL7R+RASGRP1 leukemia mice taken at 100x and 400x
magnification. Black bars represent 200 um. B. Representative photomicrographs of H&E-
stained sections of liver and kidney derived from passaged mutlL7R+RASGRP1 leukemia
mice taken at 100x and 400x magnification. Black bars represent 200 um. C. The
expression of CD4, CD8, TCRp, and TCRy by founder (FL; n=9) and passaged (PL; n=13)
mutlL7R+RASGRP1 leukemia at humane endpoint. Flow cytometric analysis of the
proportion of cells in the lymphocyte and singlet gates, based on forward and side scatter,
that expressed GFP and mCherry. D. Clonality of the mutIL7R+RASGRP1 founder leukemia
as determined by TCRB CDR3 sequences derived from scTCR-sequencing (n=2; total of
7,026 cells). The four most dominant clones were colored blue, gold, green, and red,
respectively. The fifth to tenth most numerous clones were colored purple, and all other
clones were colored black. E. Survival curves of mice in the first leukemia passage with the
indicated immunophenotypes. Survival curves were analyzed by Mantel-Cox log-rank test
(p=0.0003). F. Weights of the spleens (mature T-like, n=6; immature thy-like, n=7) and
livers (mature T-like, n=4; immature thy-like, n=7) isolated from passaged

mutlL7R+RASGRP1 leukemia RAG1” mice with indicated immunophenotypes expressed
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as relative tissue weights (tissue weight/body weight at harvest). Splenomegaly (p=0.0009)

and hepatomegaly (p=0.0012) were determined by Student’s t-tests.

Figure 3: The mutlL7ZR+RASGRP1 leukemia exhibits preferential expansion of
immature subpopulations, differential clonotype-dependent dominance of
phenotypes, and transcriptional enrichment and functional hyperactivation of the
RAS-ERK and STATS5 signaling pathways. A. Representative immunofluorescence
photomicrographs of lymph nodes derived from the founder and passaged leukemia mice
labeled for DAPI (blue), GFP (green), and TdT (magenta). The percentages of cells that were
immunoreactive for both GFP and TdT (gold) in the founder and passaged leukemia were
quantified as a percentage of all DAPI-positive cells. Black bars represent 50 ym. B. The 6
most numerous cell-type annotations in the founder leukemia by clonotype. The top 4
dominant clones (blue) were compared to all other clones (gold). C. Ten selected enriched
(gold) and underrepresented (blue) GSEA signatures, based on Hallmark Gene Sets derived
from the Molecular Signature Database (MSigDB), between founder mutIL7R+RASGRP1
leukemia and mutlL7R-driven leukocytosis. Three key signaling pathways of interest were
noted (red arrows). D. The phosphorylation of ERK1/2 under unstimulated conditions was
determined by flow cytometry. The founder leukemia (gold; n=5) had significantly higher p-
ERK1/2 compared to mutlL7R-driven leukocytosis (blue; p=0.0009; n=7) and control
splenocytes from C57BL/6 mice (black; p=0.0019; n=2). Two biological replicates were
performed, and relative mean fluorescent intensity (MFI) was calculated as the fold change

relative to the control spleen from a C57BL/6 mouse in the respective replicate. E. The
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phosphorylation of STAT5 under unstimulated conditions was determined by flow
cytometry. Compared to control splenocytes from C57BL/6 mice (black; n=1), the founder
leukemia (gold; n=3) had an observable, non-significant elevation in p-STAT5 (p=0.1035),
and the mutlL7R-driven leukocytosis (blue; n=3) had significantly higher (p=0.0198) p-

STATS.

Figure 4: The combination of ruxolitinib and trametinib significantly suppresses the
aggressive immature thymocyte-like mutlIL7R+RASGRP1 leukemia and prolongs
survival. A, B, C. At time-matched euthanasia of the passaged immature thymocyte-like
leukemia, only low-dose (LD) ruxolitinib + LD trametinib and high-dose (HD) ruxolitinib +
HD trametinib rescue resulted in consistent significant suppression of the aggressive
immature thymocyte-like mutlL7ZR+RASGRP1 leukemia in the blood (p= 0.0009, p=0.0024),
bone marrow (p<0.0001, p<0.0001), and spleen (p<0.0001, p<0.0001) compared to vehicle
control. One-way ANOVA was performed for multiple comparisons, and error bars
represent standard deviation. D. Drug treatment significantly extended survival compared
to vehicle control (p<0.0001). Survival curves were analyzed by the Mantel-Cox log-rank

test.
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Supplementary

Supplementary figures and legends

Supplemental Figure 1.
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Supplemental Figure 1: Flow cytometric gating strategy and immunophenotypic
characterization of founder and passaged mutlL7R+RASGRP1 leukemia. A.
Representative gating strategy for flow cytometric analysis. Forward scatter (FSC-A) and
side scatter (SSC-A) were used to define the lymphocyte gate, followed by singlet
discrimination. GFP and mCherry expression were then used to identify mutlL7R+RASGRP1
leukemia cells in representative thymus, blood, bone marrow, and spleen samples from a
mouse with founder leukemia. B. The expression of CD4, CD8, TCRB, and TCRy by founder
(FL; n=9) and passaged (PL; n=13) mutlL7R+RASGRP1 leukemia at humane endpoint
(consolidated in Figure 2B). Flow cytometric analysis of the proportion of cells in the
lymphocyte and singlet gates, based on forward and side scatter, that expressed GFP and

mCherry.
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Supplemental Figure 2: The differentially expressed genes and transcription profile
comparison between the mutlIL7R+RASGRP1 leukemia and mutIlL7R-transduced cells.
A. Volcano plot showing differentially expressed genes between mutlL7R+RASGRP1
founder leukemia and mutlL7R-driven leukocytosis. Differential expression analysis was
performed using the MAST algorithm. Each point represents a single gene, with the x-axis
indicating the average log2 fold change (avg_log2FC) and the y-axis showing the —log10
adjusted P-value. Significantly differentially expressed genes (adjusted P < 0.05) are shown
in blue, and the top 50 differentially expressed genes are labeled. B. UMAP embedding plot
of control DN thymocytes, mutlL7R, and mutlL7R+RasGRP1 groups were colored in green,
blue, and red. C. Expression of Cd4, Cd8a, and Ptcra by group. An individual dot on the
UMAP embedding plots represented a single cell, and color indicated the normalized gene

expression density. The numbers on the UMAP embedding plots denoted the cell clusters.
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Supplemental Figure 3: From populations of founder mutiIL7ZR+RASGRP1 leukemia,
transcriptionally characterized as naive and effector T-cell, arise passaged leukemias that
phenotypically resemble thymocytes at various stages of maturation. A. The sixteen most
numerous cell type annotations of control DN thymocytes (green), mutIL7R leukocytosis (blue),
and mutlL7R+RASGRP1 founder leukemia (gold). B. The expression of CD3 and TCRB by
immature thymocyte-like passaged leukemia cells in the spleen (colored) and control
splenocytes derived from a C57BL/6 mouse (black) at the humane endpoint. C. The expression
of CD4 and CD8 by the leukemia cells in the spleen (SP) and bone marrow (BM) derived from
two mice with immature thymocyte-like passaged leukemia. Lymphocyte and singlet gates were
set based on forward and side scatter, and GFP and mCherry were used to gate on the leukemia
cells. D. Representative photomicrograph of an immunohistochemically stained section of
lymph nodes derived from a mouse with passaged leukemia for TdT (brown). Black bars

represent 200 pm.



Supplemental Figure 4.

A

PAKT
Unstimulated
800 ” *
600 |
E 400 E

200

v )

S = N N
© «u o wu
1 1 1 ]

e
o
1

MF1
(Normalized to control)

pERK1/2

Founder Passaged
Leukemia Leukemia

Control MutiL7R Founder
Spleen Leukemia
C Mutant IL-7R
Plasma Membrane
RAS-GTP,

ruxolitinib

D

Treatments

trametinib

RASGRP1

G 12 Meak ol 1. Vehicle Control
};g;?l/a::;?;’e g $uxo|mn|_b
rametinib
A @ 4. Ruxolitinib + Trametinib
S0 < lIH_kHlH__H:HaNe
4 ) § 2 days post
Inject passaged injection
leukemia cells
&:rzr;"é;t’gld' Treatments
Py « Ruxolitinib PO
Rag1” mice « Trametinib IP
9
0 EE SRS EEE IR X N
) § 2 days post
Inject passaged injection

leukemia cells

st

Continue until
> emergence of

clinical signs

vy

—I1 '

tt

Harvest at
humane
endpoint



Supplemental Figure 4: The mechanistic rationale and study designs for the combination of
ruxolitinib and trametinib in the treatment of the mutIL7R+RASGRP1 leukemia. A. The
phosphorylation of AKT under unstimulated conditions was determined by flow cytometry. The
founder leukemia (gold; n=3) did not have significantly higher p-AKT compared to mutIL7R-
driven leukocytosis (blue; n=3) and control splenocytes from C57BL/6 mice (black; n=1). B. The
phosphorylation of ERK1/2 under unstimulated conditions was determined by flow cytometry.
No difference in p-ERK1/2 was observed between the founder leukemia (blue, n=5) and
passaged leukemia (gold, n=3). C. Schematic illustration of the rationale for the combination of
ruxolitinib and trametinib. Ruxolitinib and trametinib inhibit the JAK-STAT and RAS-MEK-ERK
signaling pathways, respectively. These two pathways drive proliferation, survival, and
leukemogenesis in the mutlL7R+RASGRP1 leukemia. D. Schematic illustration of the ruxolitinib
and trametinib treatment design. Treatment days (blue) and breaks (gold) are marked with
arrows. All mice were harvested after 10 total treatment days. E. Schematic illustration of the
ruxolitinib and trametinib treatment survival study design. Treatment days with ruxolitinib
(blue), trametinib (red), and breaks (gold) are marked with arrows. Mice were harvested at

humane endpoints.
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Supplemental Table 1: Cell type annotation of control DN thymocytes, mutiL7R-transduced
cells, and the mutlL7R+RASGRP1 founder leukemia. A. Tabulation of cells characterized as NK,
NKT, T, and gd T cells by groups. The number of cells characterized based on the ImmGen
database as NK, NKT, T, and gd T cells was tallied, and the total number of these characterized

cells was summed for each group.

Supplementary material and methods

Retroviral vector construction

Human mut/L7R and RASGRP1 cDNAs were subcloned into pMIG and IRES-mCherry
(Addgene, Watertown, MA, USA) retroviral vectors by PCR cloning, respectively. The
mut/L7R sequence contained an in-frame insertion of ¢.731_732insTTGTCCCAC, based on
subject P2 ', and the hRASGRP1 sequence was wild-type. Phoenix cells were transfected
with lipofectamine (Invitrogen, Waltham, MA, USA), OPTI-MEM | reduced serum medium
(Invitrogen), pCL-Eco (Addgene) helper plasmid, and the retroviral vector pMIG-mut/L7R or
IRES-mCherry-RASGRP1. Retroviruses were harvested from Phoenix cell media and used
for transduction. Thymi were harvested from 3- to 6-week-old C57BL/6J female mice,
processed, depleted of CD4+ and CD8+ cells, and transduced as previously described 2.
After transduction, thymocytes were maintained on OP9-DL4 cells prior to injection.
Founder and passaged leukemia generation Transduced thymocytes were injected into
sub-lethally irradiated (3 Gy), 6- to 12-week-old, female Rag7-/- (B6.129S7-Rag1tm1Mom/J)

mice via the tail vein (5 x 1075 cells/200ul/mouse). Six biological replicate studies that



combined mutIL7R and RASGRP1 were performed (n=3), and a total of 14 mice had
engraftment. Peripheral blood was collected biweekly (submandibular), and flow
cytometry was used to monitor for engraftment (GFP+ mCherry+ cells). Clinical signs, such
as hunched posture, reduced movement, inappetence, weight loss, rough hair coat, and
dyspnea, were monitored daily. Mice that showed severe signs of morbidity were
euthanized, and the blood, spleen, lymph nodes, long bones, and liver were harvested. For
passage studies, spleen-derived mutlL7R+RASGRP1 founder leukemic cells (GFP+
mCherry+) were similarly injected into sub-lethally irradiated Rag7-/- mice via the tail vein
(1x10%6,3x10"6, or 5x 1076 cells/200pl/mouse). Two biological replicate studies were
performed at 5 x 1076 cells/200 pl/mouse (n=6 and 9), and all 15 mice showed
engraftment. Criteria for euthanasia and the list of tissues collected were as previously

described.

Drug treatment study

Spleen-derived mutlL7R+RASGRP1 leukemic cells from a passaged leukemia Rag7-/-
mouse were injected into sub-lethally irradiated Rag7-/- mice (n=30) via the tail vein (5 x
1076 cells/200pl/mouse). Forty-eight hours after injection, mice were treated daily
(skipped weekends) for 10 days with vehicle control, ruxolitinib, trametinib (Selleckchem,
Houston, TX, USA), or ruxolitinib and trametinib. Ruxolitinib was synthesized by the NCI
Chemical Biology Laboratory, Chemistry Support Group (R enantiomer with 98%
enantiomeric excess), and delivered per os (P.O.) via Nutra-gel (Bio-Serv, Flemington, NJ,

USA) 3, ad libitum, at 0.4 g/kg (high dose [HD]; n=4) or 0.2 g/kg (low dose [LD]; n=4) Nutra-



gel. Trametinib was dissolved in 4% DMSO in corn oil and administered intraperitoneally
(I.P.) at 1 mg/kg (high dose; n=4) or 0.5 mg/kg (low dose; n=4). The ruxolitinib and trametinib
combination groups of mice (n=7) received the respective drugs as previously described.
The vehicle group mice (n=7) received plain Nutra-gel, P.O., ad libitum, and were
administered I.P. with 4% DMSO in corn oil. Allanimal experimental procedures were
conducted according to the US NIH guidelines for the Care and Use of Laboratory Animals

and were approved by the NCI Animal Care and Use Committee.

Flow cytometric analysis

Cells derived from the blood, spleen, bone marrow, lymph node, and thymus were
incubated with CD16/32 Fc receptor block (BioLegend, San Diego, CA, USA) and stained
with combinations of anti-CD3 Alexa Fluor 700 (500A2; eBiosciences, Waltham, MA, USA),
anti-CD4 PE (RM4.5; Pharmingen, Franklin Lakes, NJ, USA), anti-CD8a Brilliant Violet 785
(53-6.7; BioLegend), anti-TCRVa2 PerCP-Cy5.5 (B20.1; BioLegend), anti-TCRb
APC/Cyanine7 (H57-597; BioLegend), and anti-TCRg/d Alexa Fluor 647 (GL3; BioLegend).
Cells were incubated for 30 minutes at 4°C and protected from light. Cells were
sequentially washed with FACS buffer and PBS and fixed in 1% PFA/PBS. Flow cytometric
analysis was performed on an LSRIISORP flow cytometer (BD) with FACS DIVA software,
and data analysis was performed on FlowJo (v10.10.0; Tree Star, Inc., Ashland, OR, USA). To
determine the phosphorylation of STAT5, AKT, and ERK1/2, 5 x 10”6 spleen-derived cells
were resuspended in RPMI1640 complete medium (Gibco, Waltham, MA, USA) per mouse.

Cells from each mouse were transferred to individual wells of 6-well plates. At the end of



the incubation, cells were washed and resuspended in PBS, and an equal amount of
intracellular fixation buffer (Biolegend) was added. Cells were fixed at room temperature
and permeabilized with methanol. Cells were labeled with anti-p-STAT5 PE (47, pY694;
Pharmingen), anti-p-AKT PE (M89-61, pS473; BD), and anti-p-ERK1/2 PE (MILANS8R,
pT202/Y204; eBioscience) for 45 minutes at room temperature and protected from light. At
the end of the incubation period, wash cells with PBS + 5% FBS at 1,000 x g for 5 minutes,
twice. After the final wash, resuspend cells in PBS + 5% FBS. Flow cytometric analysis was
performed on an LSRIISORP flow cytometer with FACS DIVA software, and data analysis

was performed on FlowJo.

Histopathologic analysis

All tissues were fixed in 10% neutral-buffered formalin. The fixed tissues were dehydrated
through graded alcohols, cleared in xylene, and infiltrated with paraffin. All tissues were
then embedded in paraffin after processing. Paraffin blocks were cut on a microtome to a
thickness of 4 uym, and the sections were mounted on frosted glass slides and stained with
hematoxylin and eosin (H&E). H&E staining was performed on Tissue-Tek Prisma Plus
(model 6170; Sakura Finetek, Torrance, CA, USA). Formalin-fixed paraffin-embedded tissue
slides were deparaffinized with xylene and then hydrated through graded alcohols up to
water. The slides were stained with Carazzi’s hematoxylin, washed in tap water, and placed
in 95% ethanol. They were then counterstained with eosin-phloxine, dehydrated through
graded alcohols, cleared in xylene, and coverslipped with Permount (Fisher Scientific,

Hampton, NH, USA) as the mounting media. Histopathologic evaluation was performed by



light microscopy, and photomicrographs were taken at low (40x), medium (100x), and high

(400x) magnification.

Analysis of leukemic burden in blood and tissues

Harvested tissues were dissociated into single-cell suspensions. Erythrocytes in the
spleen and peripheral blood were lysed with ACK lysis buffer (Lonza, Walkersville, MD,
USA). The cellularity of each sample was obtained on an automated hematology analyzer
(Sysmex, Lincolnshire, IL, USA). Cells were fixed in 1% paraformaldehyde. The percentage
of GFP+ mCherry+ cells per tissue, relative to total cells in the lymphocyte and singlet gate,

was measured on an LSRIISORP cytometer with FACS DIVA software.

scRNA- and scTCR-sequencing data processing

Six 10X Genomics Single Cell Chromium 5’ mRNA libraries (PN-1000263, 10X Genomics,
Pleasanton, CA, USA) and six single cell TCR libraries were made and sequenced on one
NextSeq 2000 and one NovaSeq6000 run, respectively. The six 5> mRNA libraries were
created according to the manufacturer’s instructions, and the six TCR libraries were
created with the addition of two sets of three Tcrg- and Tcrd-specific primers (0.5 uM each)
to the Tcra- and Terb-specific primers in the Chromium Single Cell Mouse TCR
Amplification Kit (PN-1000254, 10X Genomics). The primer sequences were obtained from
Lee and colleagues and adjusted to ensure compatibility with the 10X Chromium
Genomics Single Cell 5’ v2 dual index chemistry reagent kit 4 (v1.1 was used by Lee et al.).

The Tcrg- and Tcrd-specific primer sequences for PCR reaction 1 were 5°-



TCGAATCTCCATACTGACCAAGCTTG-3’, 5’-GTCTTCAGCGTATCCCCTTCCTG-3’, 5’-
CTTTCAGGCACAGTAAGCCAGC-3’, and 5’-TCTTCAGTCACCGTCAGCCAAC-3’, and PCR
reaction 2 were 5’-CCACAATCTTCTTGGATGATCTGAGACT-3’ and 5’-
GTCCCAGTCTTATGGAGATTTGTTTCAG-3’. Both sequencing runs were set up as 26 cycles +
90 cycles non-symmetric runs. Demultiplexing was done, and one mismatch was allowed
in the barcodes. Cells with an extremely low number of UMI counts were filtered out. The
analysis was performed with the Cell Ranger v7.1.0 software using the default parameters.
Downstream single-cell RNA-sequencing quality control and analysis were, for the most
part, performed using the Seurat package (v4.3) in R (v4.2) 5. Per sample quality control was
performed with the MiQC package, using default parameters to identify and remove low-
quality cells on the basis of mitochondrial read fraction and number of unique genes found
8. Sample read counts were individually normalized and scaled using the SCTransform tool
through the Seurat package ’. Doublets were identified and removed using the
DoubletFinder package (v2.0.2) 8. After cell filtering, samples were combined within Seurat
and batch corrected using the Reciprocal Principal Components Analysis technigue °. High
confidence cells for the mutlL7R and mutIL7R+RasGRP1 groups were identified and
subsetted based on mutant hiL7R and/or eGFP expression, and mutant h/L7R and/or eGFP
and RASGRP1 and/or mCherry expression, respectively, and k-nearest neighbors and

Uniform Manifold Approximation and Projections were recalculated as necessary °.

T-cell lineage transcriptional classification



Preliminary cell type identification (Supplemental Table 1) was performed with the SingleR
package (v1.0.5) and based on the InmGen database as a reference '>"'. Further T cell
lineage subclassification was performed with the Celldex R package to annotate cell
clusters '°. The DEG and GSEA wrapper functions in Seurat used the MAST algorithm to
perform differential gene expression analysis (Supplemental Figure 2A) '2. Significantly
differentially expressed genes were identified as having an absolute log2 fold change
(logFC) value greater than 0.5, gene expression in at least 10% of the contrast groups, and
an adjusted p-value less than 0.05. Gene set enrichment analysis was performed using the
GSEA pre-ranked tool, using a scoring metric based on the fold change, p-value, and the

expression fraction:

Scor _ {—loglO(pVal) * sign(FC) * max(pct. 1,pct.2) + log2(FC), pVal >0
COTCgene = 500 = sign(FC) * max(pct.1,pct.2) + log2(FC), pVal =0

Reference gene sets and pathways were obtained from MSigDB '3'°. FeaturePlot functions

from Seurat were used to produce the images.

Clonotype identification by CDR3 Sequence

The Cell Ranger (v7.1.0) V(D)J T cell pipeline was used to determine the TCRa and TCRb
CDR3 amino acid sequences, clonotypes, frequency, and proportion of cells in mutiL7 and
mutlL7R+RasGRP1 groups. Only the top 20 clones were tabulated in the pipeline and used
as a cursory overview. Further clonality analyses were performed on the scTCR-seq data.

Vdj_GRCm38_alts_ensembl-7.0.0 was used as the reference V(D)J recombination. A clone



was defined as cells with an identical TCR CDR3 nucleic acid sequence. The top 4 clones in
the mutlL7R+RasGRP1 leukemia were analyzed individually; all other clones were binned
into “other,” and cells with no CDR3 sequences were binned into “none.” For visualization,
the top 4 clones were plotted individually, the top fifth to tenth clones were combined into
one group, and all other clones were combined into one group. The gene expression
profiles of these clonal cells were determined after the single-cell TCR and single-cell RNA

datasets were integrated through cell barcodes.
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