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Abstract

Mouse models of radiation-induced thymic lymphoma are widely used to study the development 

of radiation-induced blood cancers and to gain insights into the biology of human T-cell 

lymphoblastic leukemia/lymphoma. Here we aimed to identify key oncogenic drivers for the 

development of radiation-induced thymic lymphoma by performing whole-exome sequencing 

using tumors and paired normal tissues from mice with and without irradiation. Thymic 

lymphomas from irradiated wild-type (WT), p53+/− and KrasLA1 mice were not observed to harbor 

significantly higher numbers of non-synonymous somatic mutations compared to thymic 

lymphomas from unirradiated p53−/− mice. However, distinct patterns of recurrent mutations arose 

in genes that control the Notch1 signaling pathway based on the mutational status of p53. 

Preferential activation of Notch1 signaling in p53 WT lymphomas was also observed at the RNA 

and protein level. Reporter mice for activation of Notch1 signaling revealed that total-body 
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irradiation (TBI) enriched Notch1hi CD44+ thymocytes that could propagate in vivo after 

thymocyte transplantation. Mechanistically, genetic inhibition of Notch1 signaling in immature 

thymocytes prevented formation of radiation-induced thymic lymphoma in p53 WT mice. Taken 

together, these results demonstrate a critical role of activated Notch1 signaling in driving multi-

step carcinogenesis of thymic lymphoma following TBI in p53 WT mice.

INTRODUCTION

Exposure of a significant part of the bone marrow to ionizing radiation is associated with an 

excess risk of developing blood cancers, including acute myeloid leukemia and acute 

lymphoblastic leukemia[1-4]. Experimentally, one of the widely used mouse models to study 

the carcinogenic effect of total-body irradiation (TBI) on hematopoietic cells is radiation-

induced thymic lymphoma[5]. Dr. Henry Kaplan and colleagues first reported that TBI of 

C57 black mice leads to thymic lymphomas arising from T-cell precursors in the thymus[6, 

7]. Lymphoma cells that develop in the thymus can become leukemic and disseminate to 

other organs including the spleen, liver, kidney and bone marrow[8]. Intriguingly, the 

incidence of radiation-induced thymic lymphoma after TBI depends on the daily radiation 

dose, number of fractions, time interval between each fraction, and the accumulated total 

radiation dose[7]. For example, exposure of C57BL/6 mice to 1.6 to 1.8 Gy TBI once per 

week for 4 consecutive weeks causes more than 90% of mice to develop thymic lymphoma 

within 8 months after irradiation. Even though this classic model has been utilized by many 

laboratories over the past 70 years, mechanisms by which TBI induces thymic lymphoma in 

wild-type mice are incompletely understood.

The application of high-throughput sequencing provides an opportunity to gain novel 

insights into mechanisms of radiation-induced carcinogenesis. For example, whole-exome 

sequencing (WES) studies of mouse solid tumors uncovered mutational signatures enriched 

in murine radiation-induced solid tumors compared to radiation naïve tumors[9, 10]. In 

addition, genomic analyses of human cancers reveal specific patterns of single-nucleotide 

substitutions and DNA deletions among radiation-associated solid cancers[11, 12]. 

Moreover, results from WES and whole-genome sequencing show distinct mutational 

patterns in radiation-induced cancers that develop in wild-type mice versus mice with pre-

existing germline mutations. For example, using a mouse model of B-cell lymphoma, Patel 

et al. found that gamma-rays and heavy ion (56Fe) radiation markedly increased the number 

of insertions and deletions (indels) per tumor only in mice lacking one allele of the 

mismatch repair gene Mlh1 (Mlh1+/−)[13]. Also, using mice carrying different loss of 

function alleles of the tumor suppressor p53, Li et al. observed that the genomic landscape 

of radiation-induced cancers is influenced by radiation quality, germline p53 deficiency and 

tissue/cell of origin[14]. Collectively, findings from these genomic studies advance our 

understanding of mutational processes that underlie the development of radiation-induced 

cancers. However, although high-throughput sequencing studies have identified mutations in 

many putative driver genes, critical oncogenic pathways that are necessary to drive the 

development of radiation-induced cancers remain undefined.
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Here, we performed WES to identify somatic mutations and copy number alterations of 

coding genes in thymic lymphoma that develop in mice following 4 weekly fractions of 1.8 

Gy TBI. We conducted our study not only in wild-type (C57BL/6J) mice, but also in 

genetically engineered mice predisposed to thymic lymphomas including KrasLA1 mice[15] 

and p53+/− mice[16, 17]. As a control, we also analyzed thymic lymphomas in unirradiated 

mice that developed as a result of germline deletion of both p53 alleles in hematopoietic 

cells in order to compare the mutational signatures between thymic lymphomas that develop 

in irradiated mice versus radiation naïve mice. Importantly, utilizing the discoveries from 

whole-exome sequencing, we performed mechanistic studies to identify Notch1 signaling as 

a critical oncogenic pathway that drives the formation of radiation-induced thymic 

lymphoma in wild-type mice.

MATERIALS AND METHODS

Mouse strains and induction of thymic lymphomas

All animal procedures for this study were approved by the Institutional Animal Care and 

Use Committee (IACUC) at Duke University. Mouse strains used to generate thymic 

lymphomas with and without irradiation were described previously including wild-type 

C57BL/6J mice (the Jackson Laboratory #000664), B6.SJL mice (the Jackson Laboratory 

#002014), KrasLA1 mice on a B6 background[15, 18], p53+/− mice[8, 16], Tie2Cre; p53FL/− 

mice[19], LckCre mice[20] (the Jackson Laboratory #003802), Rbpj floxed mice[21] and 

Rbpj-Venus reporter mice[22] (the Jackson Laboratory #020942). To study radiation-

induced thymic lymphomas, mice were exposed to 1.8 Gy total-body irradiation (TBI) every 

week for 4 consecutive weeks (1.8 Gy x 4)[8]. The irradiation experiments were performed 

using the X-RAD 320 Biological Irradiator (Precision X-ray). Mice were irradiated at 50 cm 

from the radiation source with a dose rate of 3.18 Gy/min with 320 kVp X-rays, using 12.5 

mA and a filter consisting of 2.5 mm Al and 0.1 mm Cu. The dose rate was measured with 

an ion chamber by members of the Radiation Safety Division at Duke University.

Whole exome sequencing (WES)

To prepare samples for WES, thymic lymphoma specimens stored in RNAlater (Invitrogen) 

and matched tail that were snap frozen were used for DNA extraction. DNA extraction was 

performed using the DNeasy Blood and Tissue Kit or the AllPrep DNA/RNA Mini Kit 

(Qiagen) per the manufacturer’s guidelines. WES was performed using previously described 

methods[9]. Sequencing libraries were prepared using the Agilent SureSelectXT Mouse All 

Exon Kit (S0276129). Methods for data analyses including somatic mutation calling, 

generation of somatic mutation plots, generation of mutational signatures, and assessment of 

copy number variations (CNVs) were described previously[9], with two exceptions. First, in 

this study, genes with estimated CNVs of absolute value greater than 0.3 were considered 

CNVs. Second, for the purposes of inclusion in the heat maps, mean CNV was calculated 

across all samples, and oncogenes with mean CNV greater than zero and tumor suppressor 

genes with mean CNV less than zero were included. An additional heat map of CNVs in 

Notch receptor and ligand genes was also generated, not limited by mean CNV. “Somatic 

variants were annotated using Ensembl Variant Effect Predictor (VEP)[23]. The impact of 

somatic variants was defined by the Sequence Ontology (SO) described in the Ensembl 
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database: https://uswest.ensembl.org/info/genome/variation/prediction/predicted_data.html. 

The SO terms with MODERATE and HIGH impact were categorized as “non-synonymous” 

mutations.”

Notch1 Exon 1 Deletion PCR

DNA was extracted from thymic tissues using the Quick-DNA Miniprep Plus Kit (Zymo 

Research) according to the manufacturer’s protocols. PCR was performed using Phusion 

polymerase (New England Biolabs) using a 90 second elongation for 35 cycles. Primers 

used were: Notch1 1Δ F 5’- ATGGTGGAATGCCTACTTTGTA-3’, Notch1 1Δ R 5’- 

CGTTTGGGTAGAAGAGATGCTTTAC-3’ (Annealing Temp = 62.8°C, product size ~500 

bp), Notch1 E30E31 F 5’- CACATGCACACATTCCCTAGC-3’, Notch1 E30E31 R 5’- 

GCTTTGCAGCATCTGAACGA-3’ (Annealing Temp = 64.4°C, Product size ~1000 bp).

qRT-PCR to detect mRNA expression

RNA was isolated from thymic tissues using Direct-zol RNA Miniprep Kit (Zymo Research) 

according to the manufacturer’s protocols. cDNA was synthesized using iScript cDNA 

Synthesis Kit (Bio-Rad). Gene expression for Hes1(Mm01342805_m1), 

Ikzf1(Mm01187878_m1), Notch1 5’(Mm00627192_m1), and Notch1 3’(Mm01326754_g1) 

were analyzed using Taqman probes and TaqMan™ Universal PCR Master Mix 

(ThermoFischer) with Gapdh(Mm99999915_g1) as an internal control. Gene expression for 

Dtx1 (qMmuCID0027483, BioRad), Myc (qMmuCID0006528, BioRad) and Rbpj 

(Mm.PT.58.7684670, IDT) were analyzed using PrimePCR SYBR Green Assays and 

SsoAdvanced Universal SYBR Green Supermix (BioRad) with TBP (Fwd: 5’-

TGCACAGGAGCCAAGAGTGAA-3’, Rev: 5’-CACATCACAGCTCCCCACCA-3’) as an 

internal control. Samples were run in triplicate on the QuantStudio 6 Flex Real-Time PCR 

System.

qRT-PCR to detect DNA copy numbers

Copy number variants determined by WES for NF2 and Ikzf1 were tested using the same 

genomic DNA. Gene expression was measured using PowerUp SYBR Green Master Mix 

(Thermo Fisher Scientific) in the QuantStudio 6 Flex Real-Time PCR System in triplicate 

with 10 ng of gDNA per well. We utilized the following primer sequences for the target 

genes: NF2E12 (Fwd: 5’- GAGGAGGAGGCCAAGCTTTT-3’, Rev: 5’-

TCCTCTCTGACTCCTCAGCC-3’); Ikzf1E5 (Fwd: 5’-

AATGAATGGCTCCCACAGGG-3’, Rev: 5’-GAACCATGAGCACATTGGGC-3’). qRT-

PCR expression results from lymphoma samples were normalized using ΔΔCt analysis, with 

the TFRC gene and paired tail samples as internal controls. The TFRC primer sequence 

(Fwd: 5’–TGTAATTGGGTATAGGCTTGCA–3’, Rev: 5’–

ATCCTGTACTCAAGAATTGGCT–3’) has been previously described24.

Immunoblotting

Proteins were extracted from cells or tissues using PARIS kit (Invitrogen). The protein 

concentration was determined using Pierce Rapid Gold BCA Protein Assay (Thermo 

Scientific) according to the manufacturer’s protocol. Total protein (40ug) was loaded for 
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electrophoresis into 4–20% sodium dodecyl sulfate polyacrylamide gels (Bio-Rad). 

Separated proteins were transferred to a 0.2 μm nitrocellulose membrane (Bio-Rad). 

Membranes were blocked with Odyssey Blocking Buffer (Li-Cor) diluted 1:1 with tris 

buffered saline with 0.1% Tween 20 (TBS-T). Protein levels were detected using antibodies 

against Intracellular Domain of Notch1 (ICN) (Val1744 Cell Signaling Technology #4147, 

D3B8, 1:500 dilution) and cylcophylin A (Bio-Rad, VMA00535, 1:1000 dilution) followed 

by secondary fluorescently-conjugated IRDye 800CW and IRDye 680RD antibodies (Li-

Cor, 1:15,000 dilution). Bands were visualized at 700 and 800nm using the Odyssey CLX 

imaging system (Li-Cor).

Sanger sequencing and targeted sequencing

Lymphoma single nucleotide variants (SNVs) of Notch1, Ikzf1, Pten, Akt1, and p53 
determined by WES were validated by Sanger sequencing. Identification of somatic variants 

in exon 34 of the Notch1 gene in additional lymphoma samples was conducted using 

targeted sequencing (AMPLICON-EZ, GENEWIZ). The sequences were amplified by PCR 

using AccuPrime Taq DNA Polymerase (Thermo Fisher Scientific) and performed on the 

same genomic DNA sent for WES. Primer sequences are described in Table S1. The PCR 

Protocol for Notch1 exon 34 primers 3 through 5 and Ikzf1 exon 5 was: denaturing stage of 

94°C for 2 minutes; 40 cycles of 94°C for 30 seconds, annealing temperature for 30 seconds, 

and 68°C for 60 seconds; followed by 4°C forever. Notch1 exon 34 primers 1 and 2 differed 

only in extending the elongation step of 68°C, for 90 seconds instead of 60 seconds. The 

PCR protocols for Notch1 exons 27 and 26, Ikzf1 exons 6, 8, and 9, TRP53 exon 7, Pten 

exons 7 and 8, and Akt1 exon 4 utilized the same protocol except for the elongation step, 

which was 45 seconds. Sequencing was performed by Eton Bioscience, Inc or GENEWIZ. 

DNA variant analysis was conducted using Mutation Surveyor (Softgenetics).

Mouse and human cell culture

Mouse lymphoma cells were isolated by harvesting the total thymus from mouse in 5 mL 

HSC buffer: 50 mL FBS, 4 mL of 0.5M EDTA, and 1 L HBSS buffer (Invitrogen). Thymus 

pieces are homogenized and transferred through cell strainer in 3 mL of HSC buffer. After 

centrifugation (300 g for 5 minutes), cells are resuspended with 2 mL RBC lysing buffer 

(Lonza) for 3 minutes, then centrifuged again. Cells were cultured in Opti-MEM (Gibco 

11058-021) with 10% FBS, 1x anti-anti, and 1x 2-Mercaptoethanol (Gibco). Mouse 

lymphoma cells were plated at 1 x 106 cells/mL and treated with either 1 μM DAPT (GSI-

IX, LY-374973) (Selleckchem, S2215) or the vehicular control of Dimethylsulfoxide 

(DMSO) at equal volume. All treatment groups were incubated using standard culture 

conditions and harvested at 24 or 48 hours post treatment.

Human lymphoblastic leukemia cell line MOLT-4 (ATCC CRL-1582) was purchased from 

Duke Cell Culture Facility. These cells were plated at 1 x 106 cells/mL in 10 mL of RPMI 

1640 (Gibco 11875-093, supplemented with 10% FBS, 1x anti-anti, and 1x Sodium 

Pyruvate) and harvested 48 hours later for protein extraction. They were passaged for 3 

times between thawing and the use in the described experiment. These cells were not tested 

for mycoplasma nor authenticated by our laboratory.
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Flow cytometry

Total thymocytes were isolated from the thymus in HSC buffer (HBSS with Ca2+ and Mg2+, 

5% fetal bovine serum, 2 mM EDTA). Red blood cells (RBC) were lysed using ACK lysing 

buffer (Lonza). 1 x 106 live thymocytes were blocked with a rat anti-mouse CD16/32 

antibody (BD Pharmingen) and stained with a combination of the antibodies including PE-

Cy5 conjugated anti-mouse CD4 (clone: GK1.5, eBioscience), PE conjugated anti-mouse 

CD8 (clone: 53-6.7, eBioscience), APC conjugated anti-mouse CD44 (clone: IM7, 

eBioscience), BV421 conjugated anti-mouse CD25 antibodies (clone: PC61, BioLegend). 

FITC conjugated anti-mouse CD45.2 (clone: 104, eBioscience), and APC-eFluor780 

conjugated anti-mouse CD45.1 (clone: A20, e eBioscience). All antibodies were diluted 

1:400. Data were collected from at least 100,000 single cells by FACSCanto (BD 

Pharmingen) and analyzed by FlowJo (Tree Star, Inc) without knowledge of the genotype or 

treatment by a single observer (C-LL).

Thymocyte transplantation

Thymocyte transplantation was performed according to a method described previously[24] 

with slight modifications. Individual recipient mice were exposed to 5 Gy TBI and then 

received 2 x 107 thymocytes from donor mice through intravenous injection approximately 6 

hours after irradiation. Twenty-one days after thymocyte transplantation, thymocytes were 

harvested from recipient mice for subsequent analysis using flow cytometry.

Statistics

Statistical results presented here were post-hoc analyses. The p-values reported were two-

sided and were not adjusted for multiple testing. Pairwise comparisons of quantitative 

phenotypes were based on the Mann-Whitney U test. Comparisons of three or more groups 

used the Kruskal-Wallis test. Comparisons of proportions were based on the chi-squared test. 

Time-to-event analyses were based on the Cox proportional hazards model and reported p-

values are from the score test. Kendall’s W was used to test concordance of estimated CNV 

by qPCR and WES. Inferential analyses were conducted using the R statistical 

environment[25] and extension packages from the Comprehensive R Archive Network 

(https://cran.r-project.org/) and the Bioconductor project[26]. Box-and-whisker plots 

presented in the figures were constructed as previously described[9]. For all experiments, 

data are presented as mean ± SE and each data point represents one mouse or tumor sample.

Data availability

The knitr package[27] was used to generate dynamic reports and conduct the analyses 

pertaining to WES results, in accordance with the principles of reproducible analysis. 

Duke’s GitLab was used for source code management (https://gitlab.oit.duke.edu), and the 

code for replicating the figures and statistical analyses pertaining to WES results presented 

here has been made available through a public source code repository (https://

gitlab.oit.duke.edu/dcibioinformatics/pubs/kirsch-lee_lymphoma). The sequencing data 

along with the called mutations in vcf format have been deposited into the National Center 

for Biotechnology Information Sequence Read Archive under project ID PRJNA627412.
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RESULTS

Somatic mutation analysis of thymic lymphomas from irradiated and unirradiated mice

Thymic lymphomas were generated in irradiated and unirradiated mice on four distinct 

genotypes (Figure S1). Radiation-induced thymic lymphomas were generated in wild-type 

(WT) (C57BL/6J) mice, KrasLA1 mice[15] or p53+/− mice[16, 17] that were exposed to 1.8 

Gy total-body irradiation (TBI) per week for 4 consecutive weeks[7, 8]. Unirradiated 

Tie2Cre; p53FL/− mice (Non-IR p53−/−) in which both alleles of the p53 gene are deleted in 

endothelial cells and hematopoietic cells[19] were used to generate thymic lymphomas in 

the absence of irradiation. Clonality analyses that assess TCR rearrangement have shown 

that radiation-induced thymic lymphomas and Non-IR p53−/− thymic lymphomas are mostly 

oligoclonal[8, 28]. The median time for the formation of radiation-induced thymic 

lymphoma in WT mice was approximately 150 days after irradiation. The latency of thymic 

lymphomas in KrasLA1 mice and p53+/− mice was reduced to approximately 100 days post-

irradiation because these genetically engineered mice are predisposed to develop thymic 

lymphoma[15, 17]. The latency of radiation-induced thymic lymphomas is comparable to 

time of spontaneous thymic lymphoma development in Non-IR p53−/− mice (Figure S1).

Thymic lymphomas and paired normal tissues were subjected to WES to identify somatic 

mutations that occurred specifically in tumors (Figure 1 and Table S2). This analysis showed 

that while the total number of called somatic mutations per tumor differed between thymic 

lymphomas induced by TBI alone, TBI plus genetic predisposition (KrasLA1 and p53+/−), 

and the loss of both alleles of p53 in the absence of TBI (Kruskal-Wallis p-value= 0.022), 

the number of called nonsynonymous somatic mutations was not significantly different 

among different lymphoma groups (Kruskal-Wallis p-value=0.068, Figure 1, a and b). 

Notably, our data revealed that the median total called mutations and called nonsynonymous 

mutations were the lowest in IR-induced KrasLA1 lymphomas and the highest in Non-IR 

p53−/− lymphomas (Figure 1, a and b). In addition, we observed that two radiation-induced 

lymphomas, tumor numbers 5015 (WT) and 5020 (KrasLA1), exhibited substantially higher 

numbers of called somatic mutations compared to other lymphomas (Figure 1a). 

Examination of the proportion of indels and SNVs did not show statistically significant 

difference among different lymphoma groups (Figure 1, c to e and Figure S2, a and b). In 

addition, unsupervised hierarchical clustering of thymic lymphomas based on data from 

SNVs did not differentiate radiation-induced thymic lymphomas from spontaneous tumors 

that arose in Non-IR p53−/− mice (Figure 1f). However, this analysis revealed a distinct 

cluster comprised tumor numbers 5015 and 5020, two radiation-induced thymic lymphomas 

with the highest number of somatic mutations (Figure 1a).

To generate mutational signatures common to each lymphoma genotype, we performed a 

signature analysis as described by Alexandrov, et al.[29] and compared mutational 

signatures of mouse lymphomas with the Catalogue Of Somatic Mutations In Cancer 

(COSMIC) mutational signatures of human cancers (https://cancer.sanger.ac.uk/cosmic/

signatures) (Figure S3). Among radiation-induced thymic lymphomas, all three genotypes 

exhibited cosine-similarity with two groups of COSMIC mutational signatures of human 

cancers (Figure S3, a to c): defective DNA mismatch repair (Signatures 6, 15 and 26) and a 
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signature with unknown etiology that has been found in all cancer types (Signature 5). 

Remarkably, the same groups of signatures were also found in Non-IR p53−/− thymic 

lymphomas (Figure S3d). In addition, spontaneous deamination of 5-methylcytosine 

(Signature 1) was found in IR-induced p53 WT, IR-induced KrasLA1 and Non-IR p53−/− 

lymphomas, while a signature of defects in polymerase-eta (Signature 9) was observed in 

IR-induced p53+/− lymphomas. Together, our results from the analyses of somatic mutations 

indicate that murine radiation-induced thymic lymphomas do not typically harbor higher 

number of somatic mutations and distinct mutational signatures compared to thymic 

lymphomas driven by the loss of functional p53.

Copy number variations analysis of murine thymic lymphomas

WES data was evaluated using CODEX2 for CNVs[30]. Somatic deletions and 

amplifications were detected across all 19 mouse chromosomes in the thymic lymphomas 

(Figure 2a and Table S3). Among the four lymphoma cohorts, IR-induced KrasLA1 and IR-

induced WT lymphomas had a generally low number of genes with detected CNVs. 

Interestingly, tumor numbers 5015 and 5020, which exhibited a higher number of somatic 

mutations compared to other lymphomas, also had the highest numbers of CNVs detected, 

compared to other tumors within the same cohort (Figure 2, b to d). In contrast, the number 

of genes with CNVs detected was significantly higher in IR-induced p53+/− lymphomas 

compared to IR-induced KrasLA1 and IR-induced WT lymphomas (pairwise Mann-Whitney 

U p-values 0.004 and 0.001, respectively, Figure 2b). While lymphomas with the greatest 

number of genes affected by CNVs were initiated in p53+/− mice by TBI with loss of p53 

function, the number of genes with detected CNVs was also significantly higher in Non-IR 

p53−/− lymphomas compared to IR-induced KrasLA1 and IR-induced WT lymphomas 

(pairwise Mann-Whitney U p-values 0.014 and 0.028, respectively, Figure 2b). In sum, our 

results suggest that in mouse models of thymic lymphomas, TBI cooperates with loss of p53 

to increase the number of CNVs.

Identification of putative genetic drivers underlying T-lymphomagenesis

To investigate genetic alterations that potentially drive oncogenesis of thymic lymphomas, 

we identified genes from the COSMIC database that were impacted by somatic mutations 

and CNVs. In IR-induced WT lymphomas, nonsynonymous mutations were found in 1 to 5 

COSMIC genes (median = 3) per tumor (Figure 3a). Even fewer nonsynonymous mutations 

in COSMIC genes were found in thymic lymphomas from mice that harbored a germline 

tumor-initiating mutation including irradiated KrasLA1 mice, irradiated p53+/− mice, as well 

as radiation naïve p53−/− mice (Figure 3a). The number of COSMIC genes altered by CNVs 

in radiation-induced lymphomas from either WT mice or KrasLA1 mice was significantly 

lower compared to radiation-induced lymphomas in p53+/− mice (Kruskal-Wallis p-value = 

0.001, Figure 3b). The tumors from unirradiated p53−/− mice exhibited an intermediate level 

of CNVs in COSMIC genes (Figure 3b). Of note, tumor numbers 5015 and 5020 also had 

the highest number of COSMIC genes affected by CNVs compared to other tumors within 

the same cohort (Figure 3b). We also quantified the number of nonsynonymous mutations 

and CNVs in non-COMSIC genes (Figure 3, c and d). The number of nonsynonymous 

mutations and CNVs are substantially higher in non-COSMIC genes compared to COSMIC 

genes. Non-IR p53−/− lymphomas and IR-induced p53+/− lymphomas harbored the highest 
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median nonsynonymous mutations and CNVs in non-COSMIC genes, respectively (p-value 

= 0.033 by Kruskal-Wallis for panel c, and p-value = 0.002 by Kruskal-Wallis for panel d).

We next examined individual COSMIC genes affected by nonsynonymous somatic 

mutations and/or CNVs across lymphomas from mice from the four genotypes (Figure 3, e 

and f). Somatic mutations identified by WES were validated using Sanger Sequencing 

(Table S4). Our data revealed genotype-specific genetic alterations in signaling pathways, 

including Notch signaling, PI3K/AKT/mTOR signaling, MEK/ERK signaling, epigenetic 

modifiers, Hippo pathway, Wnt signaling and the DNA damage response (Table S5). 

Remarkably, among lymphomas that arose in irradiated WT and KrasLA1 mice, 90% (18/20) 

of them retained WT p53 (Figure 3e). Only two of these lymphomas harbored mutations in 

p53: tumors 5016 (missense mutation) and S10 (splicing mutation). Furthermore, we 

observed that p53 WT and p53 deficient lymphomas harbored distinct patterns of mutations 

that affect Notch signaling. In lymphomas that retained WT p53, approximately 83% (15/18) 

of these tumors harbored mutations in Notch1 and/or Ikzf1, a negative regulator of Notch1 

signaling (Figure 3e). Three p53 WT lymphomas did not harbor mutations in either Notch1 
or Ikzf1: tumors 5019 (mutations in Ptpn11, Stil, Bcl11b and Ptprb), S13 (mutation in Ezh2) 

and 5003 (Mutation in Kras) (Figure S4). In contrast to p53 WT lymphomas, mutations in 

Notch1 or Ikzf1 only occurred in around 38% (5/13) of p53 deficient lymphomas. (chi-

squared test of proportions p-value=0.028, Figure 3e) Nonsynonymous mutations in Notch1 
were exclusively found in exon 27 that encodes the heterodimerization domain or HD (all 

missense mutations) and exon 34 that encodes the proline, glutamic acid, serine, threonine-

rich or PEST domain (missense, stop-gain and/or frameshift mutations) (Figure S5a). Also, 

nonsynonymous mutations in Ikzf1 were exclusively found in exons 5/6 that encode the 

DNA binding domain (all missense mutations) and exon 9 (stop-gain or frameshift 

mutations) (Figure S5b). These mutations recapitulate hotspot mutations in human NOTCH1 
and IKZF1 observed in acute lymphoblastic leukemia patients[31, 32]. Given the small 

sample size of IR-induced p53+/− lymphomas that we analyzed by WES, and the lack of IR-

induced p53−/− lymphomas, we performed targeted sequencing to detect somatic variants in 

exon 27 and exon 34 of the Notch1 gene in an additional five IR-induced p53+/− and 2 IR-

induced p53−/− thymic lymphomas. Nonsynonymous mutations in Notch1 were detected in 

two out five IR-induced p53+/− lymphomas and neither of the two IR-induced p53−/− 

lymphomas (Table S6)

Similar to our findings from somatic mutational analysis of COSMIC genes, we observed a 

notable difference in CNVs of Ikzf1 between p53 WT and p53 deficient lymphomas (Figure 

3f). While approximately 72% (13/18) of lymphomas that retained wild-type p53 show loss 

of Ikzf1, loss of Ikzf1 was found in only 38% (5/13) of p53 deficient lymphomas. CNVs of 

Ikzf1 were validated using a genomic qPCR assay (Figure S6). In contrast, Mtor, a critical 

gene that regulates cell growth and proliferation[33], was amplified in a subset of IR-

induced p53+/− and Non-IR p53−/− lymphomas (5/11) (Figure 3f). In addition, examination 

of CNVs in Notch receptors (Notch1, Notch2 and Notch3) and Notch ligands (Dll1, Dll4 
and Jag1) revealed that Notch1 was substantially amplified in a Non-IR p53−/− lymphomas 

(tumor S3) (Figure S7). Collectively, our analyses of somatic mutations and CNVs reveal 

distinct genetic alterations that occur in thymic lymphomas with and without wild-type p53. 

In particular, our findings demonstrate that p53 wild-type thymic lymphomas exhibit a high 
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frequency of genetic alterations in Notch1 and Ikzf1, two critical genes that regulate the 

Notch1 signaling pathway.

Notch1 signaling is dysregulated primarily in thymic lymphomas harboring wild-type p53

Our findings of frequent Notch1 pathway mutations in radiation-induced thymic lymphomas 

that retained wild-type p53 prompted us to further examine Notch1 signaling among the 

different lymphoma cohorts. One critical consequence of Notch1 and Ikzf1 mutations is 

increased expression of the intracellular domain of Notch1 (ICN)[34]. Our data showed that 

while the expression of 5’ Notch1 mRNA (exon 9 – 10) was not significantly different 

between thymic lymphomas and normal thymuses from mice of the same genotype (Figure 

4a), the expression of 3’ Notch1 mRNA (exon 32 – 33), which encodes for part of the ICN 

protein, was significantly increased specifically in IR-induced WT and IR-induced KrasLA1 

thymic lymphomas compared to normal thymuses (Mann-Whitney U p-values 0.008 and 

0.023, respectively, Figure 4b). We previously showed that radiation-induced thymic 

lymphomas comprise predominately CD4+CD8+ cells[19]. However, we did not observe an 

increase in the expression of 3’ Notch1 mRNA in CD4+CD8+ thymocytes compared to total 

thymocytes from unirradiated C57BL/6J mice (Figure S8). These results indicate that the 

overexpression of 3’Notch1 mRNA in lymphomas is not due to the difference between 

CD4+CD8+ thymocytes and total thymocytes.

It has been shown that high expression of 3’Notch1 mRNA in murine thymic lymphomas 

can be attributed to deletions within the 5’ region of the Notch1 locus. For example, small 

deletions of exons 1 and 2 of Notch1, termed Type 1 deletions, can result in overexpression 

of a truncated 3’ mRNA transcript from a cryptic promoter in exon 25 that is translated into 

the ICN protein[35] (Figure S9a). To explore this potential mechanism underlying Notch1 
overexpression, we performed PCR to detect Type 1 deletions of the Notch1 gene in our 

tumors (Figure 4c and Figure S9b). We observed that 100% (6 out of 6) of IR-induced 

KrasLA1 thymic lymphomas harbored Type 1 deletions, while Type 1 deletions were 

detected in around 70% of IR-induced WT lymphomas (8 out of 11) and IR-induced p53+/− 

lymphomas (7 out of 9). Interestingly, Type 1 deletions were not detected in any of the Non-

IR p53−/− thymic lymphomas that we examined (0 out of 7) (Figure 4c). To further dissect 

the contribution of irradiation vs. p53 loss to the formation of Type 1 deletion in thymic 

lymphomas, we examined thymic lymphomas from an independent cohort of unirradiated 

and irradiated mice. We observed that thymic lymphomas from KrasLA1 mice and LckCre; 

LSL-KrasG12D mice, in which a mutant KrasG12D is activated specifically in 

thymocytes[36], all exhibited Type 1 deletions independent of radiation exposure (Figure 

S9c). The DNA sequence of Type 1 deletion is also conserved among lymphomas that 

developed in irradiated and unirradiated KrasLA1 mice (Figure 4d). In contrast, the 

frequency of Type 1 deletions was substantially lower in thymic lymphoma from both 

unirradiated and irradiated p53−/− mice (Figure S9c). Thus, these results suggest that the 

absence of Type 1 deletions in Non-IR p53−/− lymphomas is not likely due to the lack of 

radiation exposure.

We next determined the impact of Notch1 mutations, Notch1 Type 1 deletions and Ikzf1 
mutations on the expression ICN protein. Western blot data showed that ICN protein was 
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expressed in 91% of IR-induced WT (10 out of 11), 100% of IR-induced KrasLA1 (6 out of 

6) and 78% of IR-induced p53+/− (7 out of 9) thymic lymphomas, whereas ICN protein was 

only detected in 29% of Non-IR p53−/− (2 out of 7) thymic lymphomas that we examined 

(Figure 4e and Figure S10). The abundance of ICN protein was reduced in p53 WT thymic 

lymphoma cells treated with a γ-secretase inhibitor DAPT in vitro (Figure 4f). Of note, 

thymic lymphomas that expressed ICN protein, expect for one tumor 5010, all harbored 

either Notch1 mutations, Notch1 Type 1 deletions or both. In contrast, ICN-negative thymic 

lymphomas, expect for tumor CLR425, were negative for both Notch1 mutations and 

Notch1 Type 1 deletions (Figure 4e).

To determine the biological effects of ICN protein overexpression on the activation of 

Notch1 signaling, we quantified the mRNA expression of several transcriptional targets of 

Notch1. We observed that low-ICN expressing lymphomas, normal thymuses, and 

lymphomas expressing high ICN at the protein level not only exhibited differential mRNA 

expression of 3’ Notch1, but also the Notch1 transcriptional targets Hes1, Dtx1 and Myc 
(Kruskal-Wallis p-values 0.0002, 0.0335, 0.0009, 0.0002, respectively, Figure 4g).

Collectively, our results demonstrate that Notch1-mediated signaling is dysregulated at the 

DNA, RNA and protein levels in the vast majority of IR-induced WT and IR-induced 

KrasLA1 thymic lymphomas that we examined. In contrast, only a subset Non-IR p53−/− 

thymic lymphomas that we studied showed aberrant activation of Notch1. These findings 

reveal that Notch1 signaling is dysregulated predominately in thymic lymphomas harboring 

WT p53.

Inhibition of Notch1 signaling prevents the formation of radiation-induced thymic 
lymphoma in wild-type mice

To identify cells that express activated Notch1 signaling in vivo, we induced thymic 

lymphomas in Rbpj-Venus reporter mice[22]. Rbpj is a transcriptional co-activator of 

Notch1[37]. It has been shown that cells positive for Venus in Rbpj-Venus reporter mice 

exhibit elevated Notch1 activity[22]. We found that the majority of tumor cells were Venus+ 

in IR-induced WT and IR-induced KrasLA1 thymic lymphomas (Figure S11, a and b). 

Notably, Venus+ cells formed a distinct population that expressed surface markers CD4 and 

CD8 as well as CD44. In parallel to the reporter assays, we examined thymocyte populations 

that can propagate in vivo using a thymocyte transplantation assay[24]. We transplanted 

thymocytes harvested from WT mice 16 weeks after TBI and age-matched unirradiated 

controls into irradiated recipient mice. The engraftment of donor thymocytes were analyzed 

21 days after transplantation (Figure 5a). The number of total thymocytes was significantly 

higher in recipient mice that received cells from irradiated donors (Mann-Whitney U p-value 

= 0.024, Figure 5b). Moreover, flow cytometry analysis indicated that thymocytes from 

irradiated donors showed a significantly higher percentage of engraftment into the recipient 

thymus compared to thymocytes from unirradiated donors (Mann-Whitney U p-value = 

0.028, Figure 5c). Analysis of cell surface markers indicated that engrafted thymocytes were 

almost exclusively CD4+CD8+ and CD44+ (Figure 5, d to f). To determine the activity of 

Nocth1 signaling in engrafted thymocyte, we performed thymocyte transplantation using 

thymocytes harvested from Rbpj-Venus reporter mice, backcrossed to a B6.SJL background, 
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19 weeks after TBI. We observed that the majority of donor-derived thymocytes that 

engrafted in the recipients were Venus+ (Figure 5g). Further analysis of engrafted Venus+ 

thymocytes showed a significant enrichment for CD44+ cells (Figure 5h). In addition, we 

examined the changes in CD44+ cells in paired thymocytes before and after thymocyte 

transplantation. Thymocyte transplantation was performed using CD4+CD8+ thymocytes 

isolated from KrasLA1 mice 8 weeks post-1.8 Gy x 4 TBI. We found that in two out of four 

mice the percentage of CD44+ thymocytes were substantially increased in engrafted 

thymocytes compared to donor thymocytes before thymocyte transplantation (Figure 5i).

We next quantified the percentage of Venus+ thymocytes and CD44+ thymocytes from Rbpj-

Venus reporter mice without irradiation as well as 8 and 14 weeks after irradiation. Although 

we did not observe changes in the percentage of Venus+ thymocytes 8 and 14 weeks after 

irradiation (Figure 6a), the percentage of CD44+ thymocytes were significantly increased at 

each time point post-irradiation (Mann-Whitney U p-value = 0.004 for No IR vs. 8 weeks 

and p-value = 0.002 for No IR vs. 14 weeks, Figure 6b). Remarkably, we observed that 

while only around 30% of Venus+ thymocytes were positive for CD44 in unirradiated mice, 

the percentage of Venus+ thymocytes that are also CD44+ was increased to more than 80% 8 

and 14 weeks after irradiation (Mann-Whitney U p-value = 0.01 for No IR vs. 8 weeks and 

p-value = 0.003 for No IR vs. 14 weeks, Figure 6c). These data suggest that TBI did not 

cause an overall increase in Venus+ cells during the latent period of lymphomagenesis. 

However, the subset of Venus+ thymocytes that are positive for CD44+ thymocytes was 

significantly enriched by irradiation (Figure 6d).

To determine if Notch1-mediated signaling is necessary to drive the formation of radiation-

induced thymic lymphoma, we generated LckCre; Rbpj floxed mice in which the Rbpj allele 

is specifically deleted in immature thymocytes beyond the DN2 stage[20, 21]. Our data 

showed that deletion of Rbpj by LckCre caused a significant decrease in the frequency of 

CD4+CD8+ thymocytes and an increase in the frequency of double negative (DN)2 and DN3 

thymocytes (Figure 6e). These results are consistent with the findings reported 

previously[38]. The expression of Rbpj mRNA was significantly decreased in thymocytes 

harvested from LckCre; RbpjFL/FL mice compared to control mice without Cre (Mann-

Whitney U p-value = 0.008, Figure 6f). To elucidate the impact of Rbpj deletion on the 

development of radiation-induced thymic lymphoma, LckCre; RbpjFL/FL mice and their 

littermate controls including RbpjFL/FL, RbpjFL/WT mice and LckCre; Rbpj FL/WT mice were 

exposed to 1.8 Gy x 4 TBI and followed for up to 8 months post-irradiation. Our results 

showed that the development of radiation-induced thymic lymphoma was significantly 

inhibited in LckCre; RbpjFL/FL mice (log-rank p-value = 0.008, Figure 6g). Together, our 

findings from genetic analyses of lymphomas, Rbpj-Venus reporter mice experiments, 

thymocyte engraftment assays and thymocyte-specific Rbpj knockout mice demonstrate that 

activated Notch1 signaling drives the development of radiation-induced thymic lymphoma in 

p53 wild-type mice.

DISCUSSION

In the present study, we conducted a comprehensive analysis of somatic mutations and 

CNVs in thymic lymphomas that developed in irradiated WT, KrasLA1, p53+/− mice as well 
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as in unirradiated mice lacking both alleles of p53 in hematopoietic cells. Our results reveal 

that murine radiation-induced thymic lymphomas harbor recurrent mutations in putative 

driver genes that have been reported in human T-cell acute lymphoblastic leukemia (T-ALL), 

including Pten, Akt1, Ikzf1 and Notch1[31] (Figure 3). In particular, we found that 

mutations in the Notch1 oncogene frequently occur in radiation-induced thymic lymphomas 

harboring wild-type p53. Although the presence of mutations and CNVs that affect the 

Notch1 signaling pathway in murine radiation-induced thymic lymphomas have been 

reported previously[39–41], our results from mice lacking functional Rbpj in immature 

thymocytes, for the first time, demonstrate that activation of Notch1 signaling is necessary to 

drive radiation-induced thymic lymphomas in p53 WT mice (Figure 6). Our study is distinct 

from papers that investigate the role of Notch1 in T-cell leukemogenesis through genetic 

engineering because the development of thymic lymphomas in our model is driven by 

genetic alterations that spontaneously occur in WT mice following TBI. Together, our 

findings uncover the mutational landscape of murine radiation-induced thymic lymphomas 

and define the pivotal role of activated Notch1 signaling in driving tumor development in 

p53 wild-type mice.

Our results indicate that the overexpression of ICN protein in radiation-induced thymic 

lymphomas is likely attributed to multiple genetic alterations that affect the Notch1 signaling 

pathway, including Notch1 mutations, Notch1 Type 1 deletions and Ikzf1 mutations (Figure 

4). We noticed that that in a subset of thymic lymphomas, especially the tumors that 

developed in irradiated WT mice, these genetic alterations are not mutually exclusive. It has 

been shown in thymic lymphomas generated by viral insertion that Ikzf1 mutation is 

strongly selected for in tumors that also acquire Notch1 mutations in the intracellular 

domains[42]. These mutations also represent the vast majority of Notch1 mutations that we 

observed in radiation-induced thymic lymphomas (Figure S5). The Ikzf1 gene encodes 

Ikaros, a tumor suppressor in human T-ALL that represses the expression of Notch1 protein 

and its oncogenic target genes[34, 43]. Loss of Ikaros augments the transcription of Notch1 
mRNA from the canonical and alternative promoters in the 5’ and intragenic region of the 

Notch1 gene by increasing permissive chromatin[44]. As Notch1 Type 1 deletions results in 

alternative transcription of the Notch1 gene from a cryptic promoter in exon 25[35], it is 

conceivable that mutations/deletions of Ikzf1 will further increase the expression of 3’ 

Notch1 mRNA that encodes the ICN protein. These results reveal that Notch1 signaling is 

activated in radiation-induced thymic lymphomas via a complex genetic and epigenetic 

network. Further studies are warranted to better understand the order of these oncogenic 

alterations during the development of radiation-induced thymic lymphomas in WT mice.

Our study also provides novel insights into how TBI selects for Notch1-mutant thymic 

lymphomas in p53 wild-type mice. Our results from Rbpj-Venus reporter mice indicate that 

malignant thymocytes expressing high Notch1 activity form a distinct population positive 

for CD44. In addition, we observed that irradiated thymocytes that can prorogate in vivo are 

almost exclusively positive for CD44+ (Figure 5). Intriguingly, the results from our time-

course study show that TBI does not cause an overall increase in Venus+ cells at 8 and 14 

weeks after irradiation, however, the subset of CD44+ thymocytes with activation of the 

Notch1 pathway as measured by Venus+ reporter expression was significantly enriched by 

TBI at both time points (Figure 6). The expansion of CD44+ thymocytes after TBI was also 
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observed in an independent study[45]. Moreover, inhibition of CD44 significantly 

suppresses the engraftment of Notch1-mutant human T-ALL cells[46]. Together, these 

results suggest that the Notch1-CD44 axis plays an important role in regulating the 

formation of radiation-induced thymic lymphoma in wild-type mice. Further studies are 

warranted to investigate how Notch1+CD44+ thymocytes interact with the thymic niches at 

early stages of radiation-induced T-lymphomagenesis[47].

Our results also demonstrate that alterations in Notch1-mediated signaling occur more 

frequently in p53 wild-type thymic lymphomas following TBI than in lymphomas that 

develop in irradiated p53+/− or Non-IR p53−/− mice. Indeed, mutations in Notch1 and/or 

Ikzf1 were observed in 83% (15/18) lymphomas that retained WT p53 and only in 38% 

(5/13) of p53 deficient lymphomas (Figure 3). These results are consistent with the findings 

that Notch1 PEST mutations are detected in approximately 40% of thymic lymphomas that 

develop in p53+/− mice following a single dose of 4 Gy TBI[48]. The frequency of Notch1 
mutations is even lower in radiation naïve thymic lymphomas driven by the loss of p53 

(29%) (Figure 3). This inverse relationship between mutations in Notch1 and p53 has also 

been reported in murine thymic lymphomas generated by viral insertion[42]. In this paper, 

Uren and colleagues found that mutations that cause overexpression of ICN are almost 

exclusively detected in tumors harboring wild-type p53 and p19Arf. One possible 

explanation for this phenomenon is that p53 deficient mice have impaired expression 

Fbxw7, a transcriptional target of p53 that regulates the turnover of ICN[49, 50]. Indeed, 

Notch1 PEST domain mutations are not detected in radiation-induced thymic lymphomas of 

p53+/−; Fbxw7+/− mice[48]. However, as Notch1 and p53 both regulate the expression of 

numerous transcriptional targets, further investigation is warranted to dissect how Notch1 

and p53 signaling pathways interact to regulate the formation of T-cell lymphoblastic 

lymphoma/leukemia.

Our mutational analyses using whole-exome sequencing data found no statistical evidence 

of a difference in the number of nonsynonymous somatic mutations per tumor between 

radiation-induced thymic lymphomas and thymic lymphomas that develop in p53−/− mice 

without irradiation (Figure 1). Similarly, analyses of mutational signatures by assessing the 

proportion of indels, the distribution of SNVs and cosine-similarity with COSMIC 

mutational signatures of human cancers do not show a significant difference between 

radiation-induced thymic lymphomas and Non-IR p53−/− thymic lymphomas (Figure 1 and 

Figure S3). While the absence of evidence for these differences may merely be due to the 

small size of the experimental populations, a study by Wong et al. also reported that therapy-

related myeloid neoplasms (t-MNs) and de novo myeloid neoplasms in human patients 

exhibit a similar number of somatic mutations and single nucleotide substitutions[51]. In 

contrast to blood cancers, solid tumors that developed in humans and mice following focal 

irradiation display unique mutational processes compared to radiation naïve solid tumors. 

For example, radiation-induced sarcomas exhibit a strong oxidative mutation signature as 

shown by a preference of C to T and the reverse (G to A) single nucleotide substitutions as 

well as harboring a higher proportion of nonsynonymous deletion[9]sf. However, all of these 

unique mutational signatures were not observed in radiation-induced thymic lymphomas. 

Besides somatic mutations, we found that the number of genes affected by CNVs is 

markedly higher in thymic lymphomas in p53+/− mice treated with four weekly fractions of 
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1.8 Gy TBI (Figure 2). A similar increase in genomic instability was also reported in thymic 

lymphomas of p53+/− mice after a single fraction of 4 Gy TBI[52]. Collectively, these 

genomic studies provide compelling evidence to support a model in humans and mice 

without germline mutations where the formation of hematologic malignancies following 

exposure to ionizing radiation occurs through a non-cell-autonomous mechanism[8, 53, 54]. 

However, for individuals harboring germline mutations in DNA damage response genes, 

such as p53 and Mlh1, ionizing radiation may cause blood cancers through a more direct 

cell-autonomous effect by increasing genomic instability in tumor-initiating cells[13, 14, 

52].

In sum, the results in the present study reveal the mutational landscape of coding genes and 

identify key drivers in murine radiation-induced thymic lymphoma, a classic model that has 

been used to study radiation carcinogenesis for over 70 years. These findings lay the 

foundation for a better understanding of mechanisms underlying multi-step carcinogenesis 

of hematologic malignances following total-body irradiation.
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SIGNIFICANCE

Findings reveal the mutational landscape and key drivers in murine radiation-induced 

thymic lymphoma, a classic animal model that has been used to study radiation 

carcinogenesis for over 70 years.
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Figure 1. 
Somatic mutation analysis of murine thymic lymphomas. Thymic lymphomas were 

harvested from the following cohorts of mice: IR-induced WT (blue), IR-induced KrasLA1 

(red), IR-induced p53+/− (green) and Non-IR p53−/− (purple). a, The number of total somatic 

mutations per tumor. b, The number of somatic nonsynonymous mutations per tumor. c, The 

proportion of insertion-deletions (indels) within nonsynonymous mutations. d, The 

proportion of insertions or deletions within nonsynonymous mutations. e, The proportions of 

different single nucleotide variants. f, Unsupervised hierarchical clustering of thymic 

lymphomas based on data from single nucleotide variations. All panels illustrate the data for 
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n=31 tumors. Data from lymphomas that had substantially higher number of somatic 

mutations (5015 and 5020) were labeled or denoted by closed circles.
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Figure 2. 
Somatic copy number variations (CNVs) in thymic lymphomas. a, Schematic of CNVs 

across the 19 mouse chromosomes. Results represent pooled data from lymphomas of the 

same cohort. DNA deletions and amplifications are labeled by blue and red, respectively. b, 
The number of genes affected by CNVs. c, The number of genes with copy number gains. d, 
The number of genes with copy number losses. Panels illustrate the data for n=31 tumors. 

Data from lymphomas that had substantially higher mutational loads (5015 and 5020) were 

denoted with closed circles.
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Figure 3. 
Somatic genetic alterations in COSMIC genes across murine thymic lymphomas. a to d, The 

number of COSMIC (a-b) and non-COSMIC genes (c-d) affected by nonsynonymous 

mutations and CNVs per tumor, respectively. Data from lymphomas that had substantially 

higher mutational loads (5015 and 5020) were denoted with closed circles. e, Recurrent 

mutations in COSMIC genes across thymic lymphomas. Black asterisk: tumors with either 

Notch1 and/or Ikzf1 mutations (I/N mutant); Green asterisk: tumors with wild-type p53 

(n=18); Red asterisk: tumors with p53 mutations or harvested from p53+/− or p53−/− mice 

(n=13). f, COSMIC oncogenes that show a mean copy number gain and COSMIC tumor 

suppressor genes that show a mean copy number loss in thymic lymphomas. Genes are 
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ordered within gene type by mean copy number across all samples. All panels illustrate the 

data for n=31 tumors.
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Figure 4. 
Notch1 signaling is upregulated in thymic lymphomas harboring functional p53. a-b, mRNA 

expression of 5’ and 3’ region of the Notch1 gene. Results were compared between 

lymphomas and control thymuses from mice of the same genotype. Data are presented as 

mean ± SE. Each dot represents one mouse. *P<0.05 by Mann-Whitney U test. c, Detection 

of Type 1 deletions of the Notch1 gene among thymic lymphomas of different genotypes. d, 
Sequencing results of the Type 1 deletion PCR product. Sanger sequencing showed that 

Type 1 deletions resulted from a specific gene recombination between the 5’ UTR and Intron 

2. e, Summary of intracellular Notch1 (ICN) protein expression, Notch1 mutations, Notch1 
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Type 1 deletions and Ikzf1 mutations across thymic lymphomas of different genotypes. f, 
Expression of ICN protein in IR-induced WT lymphoma cells treated with DMSO or the γ-

secretase inhibitor DAPT in vitro. Cyclophylin A was used as a control for protein loading. 

Quantification of Western blot data is shown as ICN/ Cyclophylin A. g, The mRNA 

expression of 5’ and 3’ regions of Notch1 as well as transcriptional targets of Notch1. Each 

dot represents one mouse. *P<0.05 by Kruskal-Wallis test.
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Figure 5. 
Engrafted thymocytes from irradiated donors are enriched for CD44. a, 2 x 107 donor 

thymocytes were harvested from age matched C57BL/6J mice (CD45.2) either 16 weeks 

after 1.8 Gy x 4 TBI (IR) or unirradiated (NIR). Donor thymocytes were injected 

intravenously into B6.SJL recipients (CD45.1) 6 hours after 5 Gy TBI. Thymocytes were 

harvested from recipients 21 days after transplantation. b and c, The number of total 

thymocytes (b) and the engraftment of donor thymocytes (c) were assessed in recipients that 

received thymocytes from donors that were either unirradiated (NIR, n=3) or previously 
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treated with TBI (IR, n=6). Data are presented as mean ± SE. *P<0.05 by Mann-Whitney U 

test. d-f, Engraftment of thymocytes harvested from wild-type mice 16 weeks post-

irradiation. Representative flow cytometry plots that distinguish thymocytes derived from 

donor (CD45.2) vs. recipients (CD45.1). g-h, Engraftment of thymocytes harvested from 

Rbpj-Venus reporter mice 19 weeks post-irradiation. Donor thymocytes were injected 

intravenously into C57BL/6J recipients (CD45.1) Donor-derived Venus+ thymocytes were 

predominately CD44+. i, Transplantation of CD4+CD8+ thymocytes sorted from KrasLA1 

mice 8 weeks post-irradiation. The percentage of CD44+ cells within the CD4+CD8+ 

population before (donor) and after transplantation (engrafted) was analyzed by flow 

cytometry. Each dot represents one mouse.
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Figure 6. 
Notch1 signaling is critical for the development of radiation-induced thymic lymphoma. a-b, 
The percentage of Venus+ cells (a) and CD44+ cells (b) in total thymocytes harvested from 

Rbpj-Venus reporter mice at various time points after 1.8 Gy x 4 TBI. c, The percentage of 

Venus+ thymocytes also positive for CD44. Data are presented as mean ± SE. Each dot 

represents one mouse. *P<0.05 and **P<0.01 by Mann-Whitney U test compared to No IR. 

d, Schematic diagram showing the changes in Rbpj-Venus+ and CD44+ cells at various 

stages of radiation-induced lymphomagenesis. e, The frequency of different thymocyte 
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populations in LckCre; RbpjFL/FL mice and littermate controls without Cre. DP (CD4+ 

CD8+), CD8SP (CD8+), CD4SP (CD4+), DN2 (CD4− CD8− CD25+ CD44+), DN3 (CD4− 

CD8− CD25+ CD44−), DN4 (CD4− CD8− CD25− CD44−). n=4 mice per genotype. Each dot 

represents one mouse. *P<0.05 by Mann-Whitney U test. f, The expression of Rbpj mRNA 

in total thymocytes from LckCre; RbpjFL/FL mice and littermate controls without Cre. Data 

are presented as mean ± SE. Each dot represents one mouse. **P<0.01 by Mann-Whitney U 

test. g, Thymic lymphoma-free survival of LckCre; RbpjFL/FL mice and littermate controls 

that consist of RbpjFL/WT or RbpjFL/FL (No Cre) mice and LckCre; RbpjFL/WT mice that 

retain the expression of one Rbpj allele. All mice were exposed to 1.8 Gy x 4 TBI. P= 0.008 

by log-rank test. Data were collected from at least two independent experiments.
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