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The Earliest T-Precursors in the Mouse Embryo Are Susceptible to Leukemic Transformation
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Acute lymphoblastic leukemia (ALL) is the most common malignancy in pediatric patients. About 10–15% of pediatric ALL belong to T-cell ALL (T-ALL), which is characterized by aggressive expansion of immature T-lymphoblasts and is categorized as high-risk leukemia. Leukemia initiating cells represent a reservoir that is responsible for the initiation and propagation of leukemia. Its perinatal origin has been suggested in some childhood acute B-lymphoblastic and myeloblastic leukemias. Therefore, we hypothesized that child T-ALL initiating cells also exist during the perinatal period. In this study, T-ALL potential of the hematopoietic precursors was found in the para-aortic splanchnopleura (P-Sp) region, but not in the extraembryonic yolk sac (YS) of the mouse embryo at embryonic day 9.5. We overexpressed the Notch intracellular domain (NICD) in the P-Sp and YS cells and transplanted them into lethally irradiated mice. NICD-overexpressing P-Sp cells rapidly developed T-ALL while YS cells failed to display leukemia propagation despite successful NICD induction. These results suggest a possible role of fetal-derived T-cell precursors as leukemia-initiating cells.
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INTRODUCTION

In the hematopoietic system, Notch signaling is essential for the commitment of multipotent hematopoietic progenitors (MPP) to the T-cell lineage and it also supports cell growth, proliferation and survival at multiple stages of thymocyte development (Tanigaki and Honjo, 2007; Hozumi et al., 2008; Luis et al., 2016). Notch 1 is essential for the emergence of hematopoietic stem/progenitor cells (HSPCs) in the mouse embryo (Kumano et al., 2003; Robert-Moreno et al., 2005) and T-cell development in the thymus (Radtke et al., 1999; Han et al., 2002). Notch provides a key regulatory signal in determining T- vs. B-lymphoid cell fate, and is involved in the progression through the early CD4–CD8–Double-negative (DN)1, DN2, and DN3 stages of thymocyte development (Schmitt et al., 2004) and in the regulation of TCR-ß rearrangement (Wolfer et al., 2002).

The constitutive activation of Notch signaling has been linked to excessive cell proliferation and arrested differentiation, contributing to the development of cancer (Aster et al., 2000). T-cell acute lymphoblastic leukemia (T-ALL) is an aggressive hematologic malignancy, comprising 15% of all newly diagnosed pediatric ALL and generally considered a high risk leukemia (Raetz and Teachey, 2016). Activating mutations of Notch1 are observed over 70% of pediatric and 65% of adult T-ALL cases (Weng et al., 2004; Sanchez-Martin and Ferrando, 2017; Kimura et al., 2019). The Loss-of-function mutations in FBXW7 are also commonly found in T-ALL and result in inhibition of ubiquitin-mediated degradation of the activated form of Notch (Iacobucci and Mullighan, 2017; Karrman and Johansson, 2017). These mutations cause ligand independent activation and stability of the Notch intracellular domain (NICD), subsequently leading to the increased proliferation and survival of leukemic cells (Staal and Langerak, 2008). Thus, activated Notch1 mutation plays a major pathogenetic role in human T-ALL.

ALL is the most common leukemia in children. Chromosomal translocations of leukemic cells, including ETV6-RUNX1, TCF3-PBX1, BCR-ABL1, and KMT2A, are often observed in these cases. These chromosomal aberrations are reported to have occurred in utero and acquire second mutations to drive leukemic transformation (Ford et al., 1993; Gill Super et al., 1994; van der Weyden et al., 2011; Hein et al., 2020). Most infant ALL belongs to B-cell leukemia, 80% of them display MLL chromosomal rearrangement and also poor prognosis (Sanjuan-Pla et al., 2015), known to arise in utero (Ford et al., 1993; Hein et al., 2020). The development of T-ALL in infants is extremely rare, but still exists with poor prognosis and Notch1 mutation in infant T-ALL has also been reported (Mansur et al., 2015). Importantly, Notch1 mutation was detected in neonatal blood spots (Guthrie test) of the child and infant T-ALL patients, suggesting the in-utero origin of infant and child T-ALL with Notch 1 mutation, similar to infant B-ALL (Eguchi-Ishimae et al., 2008; Mansur et al., 2015).

There are many leukemia mouse models developed by overexpressing leukemic fusion proteins such as BCR-ABL. However, BCR-ABL overexpression does not always induce leukemia in any progenitor cell types; it has been reported that only pro-B cells or higher progenitors were permissive to B-ALL development (Signer et al., 2010) and that B-progenitors of fetal origin developed more aggressive leukemia with shorter latency than adult BM B-progenitors upon BCR-ABL overexpression (Montecino-Rodriguez et al., 2014). In this sense, it is well known that continuous Notch activation through over-expression of NICD leads to transformation of BM HSPCs into T-ALL, as a mouse model mimicking human T-ALL (Aster et al., 2000; Wendorff and Ferrando, 2020). Therefore, NICD-overexpression may select the leukemia initiating cells that are permissive to progress T-ALL. This notion raises the question whether fetal lymphoid precursors at pre-HSC stage can become a T-ALL initiating cell.

In the fetal hematopoiesis, it is becoming recognized that there are several waves of hematopoiesis prior to the first HSC emergence in the aorta-gonad-mesonephros (AGM) region at E10.5 (Medvinsky and Dzierzak, 1996; Montecino-Rodriguez et al., 2016; Hadland et al., 2017). Traditionally, in searching the first site of HSC emergence in the mouse embryo, lymphoid potential has been intensively investigated using organ culture and stromal cell co-culture because lymphoid potential is considered to suggest the presence of HSC potential. T- and B-lymphoid potentials have been detected in the extraembryonic yolk sac (YS) and/or para-aortic splanchnopleural (P-Sp) region at E8.25–9.5 (Godin et al., 1993, 1995; Nishikawa et al., 1998; Yokota et al., 2006; Yoshimoto et al., 2011, 2012). In addition, we have recently reported the presence of HSC-independent lymphoid progenitors in E10.5 YS and AGM region that directly repopulate only B and T cells without co-culture (Kobayashi et al., 2019). While these B-progenitors are biased to innate-immune B-1 lymphocytes, YS/P-Sp-derived T-precursors develop into CD4+ or CD8+ αβT cells in the recipient mice (Yoshimoto et al., 2012).

Here we examined leukemia propagation of the earliest T-progenitors in the YS and P-Sp by introducing active Notch signaling. We transplanted NICD-induced T cells derived from YS and P-Sp culture into lethally irradiated congenic mice and found massive T-ALL development by P-Sp-derived T cells. Those T-ALL were CD4+CD8+ double positive (DP) and highly expressed Notch-target genes. Interestingly, YS-derived cells did not develop T-ALL by NICD overexpression. These data indicate the leukemogenic potential of T-precursors at pre-HSC stage in the mouse embryo, suggesting a presence of T-ALL derived from the earliest T-precursors in the fetus.



METHODS


Mice

C57BL/6 (B6), their congenic BoyJ, and NOD/SCID/IL2Rγc–/– (NSG) mice were purchased from Jackson Laboratory and were maintained under the specific pathogen free condition. B6 mice were used for timed mating to produce E9.5 and E10.5 embryos. The embryos were harvested and their somite pair numbers were counted to confirm the proper developmental stage as previously described (Lux et al., 2008; Yoshimoto et al., 2011). The YS and P-Sp tissues were digested with 0.125% collagenase (StemCell Technologies) for 5 min. After E10, P-Sp region is called AGM region. AGM region were digested with 0.25% collagenase for 30 min at 37°C. Sublethally irradiated (150 rad) NSG neonates (day 2–3) were used for E10.5 pre-HSC transplantation. Lethally irradiated (900 rad) congenic BoyJ mice were used as recipients for transplantation of YS- and P-Sp derived NICD-induced T progenitors. Sublethally irradiated adult NSG mice were also used as recipients. The experimental procedures were approved by the Institutional Animal Care and Use Committee (IACUC) at Indiana University and the Animal Welfare Committee (AWC) at UTHealth.



In vitro Cultures

YS and P-Sp cells were plated on confluent Delta-like 1-expressing OP9 stromal cells (OP9-DL1, a gift of Dr. Juan Carlos Zuniga-Pflucker, University of Toronto) (Schmitt et al., 2004) in six well plates in induction medium (αMEM, 10% FBS, and 5 × 10–5 M 2-mercaptoethanol) supplemented with 10 ng/ml IL-7 and 10 ng/ml Flt3 ligand. Suspended cells were collected throughout the co-culture period and the phenotype of the non-adherent cells was analyzed by flow cytometry.



Flow Cytometry

Cells from in vitro culture or single cell suspension from peripheral blood (PB), spleen, BM, and thymus were stained with various surface antibodies and analyzed using LSRII (Becton Dickinson). The following antibodies were used: anti-mouse AA4.1 (AA4.1), CD19 (1D3), B220 (RA3-6B2), CD3e (145-2C11), Ter119 (TER-119), CD4 (GK1.5), CD8 (53-6.7), CD25 (PC61.5), CD44 (IM7), CCR7 (4B12), CD45.1 (A20), and CD45.2 (104). These Abs were conjugated with FITC, PE, PerCPCy5.5, PE-Cy7, APC or APC-Cy7 in various combinations.



NICD Transduction Into YS/P-Sp Derived Cells and Transplantation

Standard retrovirus infections were performed as previously report with slight modifications (Kobayashi et al., 2017; Rodriguez et al., 2020). YS or P-Sp derived hematopoietic cells, 6–7 days after co-culture with OP9-DL1, were plated at 2.5 × 105 cells per well on a 24 well plate the day before viral transduction. NICD retrovirus vector (Carlesso et al., 1999) was transduced in IMEM medium with 10% FBS, 10 ng/ml SCF, 10 ng/ml IL-7, and 10 ng/ml Flit3-ligand with the virus-containing supernatant plus Polybrene (final concentration 4 μg/mL; Sigma). A multiplicity of infection (MOI) of ≤5 was used. The cells suspended in viral supernatant were spinoculated at 1,700 rpm for 50 min, incubated at 37°C and 5% CO2 for an additional 8 h, then washed and plated in fresh medium overnight. A second transduction was performed on the following day using the same procedure. After a second transduction, cells were cultured on OP9-DL1 with IL7 to enhance cell expansion. One week after beginning the transduction, GFP+ cells were confirmed in the DN fraction as analyzed by flow cytometory and all the cells were injected into CD45.1+ congenic BoyJ recipient mice with 105 BoyJ supportive BM cells. The transplanted mice were monitored daily and WBC count and donor-derived CD45.2+GFP+ cells were checked with recipient PB every 1–3 week beginning 4 weeks after transplantation.



Histology

Tissues collected from non-transplanted and P-Sp-NICD T cell transplanted mice were fixed in IHC Zinc Fixative (BD Pharmingen) and embedded in paraffin. Each organ paraffin block was serially sectioned at 5 μm and stained with Hematoxylin-Eosin. The slides were examined and scored blind by our pathologist.



Quantitative RT-PCR Analysis

Total RNA was isolated using the RNeasy kit (Qiagen, Valencia, CA, United States), and reverse transcribed into cDNA (iScript cDNA synthesis kit, Bio-Rad, Hercules, CA, United States). qRT-PCR reactions were performed using gene-specific probes either in a MX3000 system using SYBR Green chemistry (Stratagene, La Jolla, CA, United States), or in a 7900HT Fast system using Taqman probes (Applied Biosystems, Foster City, CA, United States). The sequences of gene-specific probes are following; GAPDH-F, AAGCCCATCACCATCTTCCA, GAPDH-R, TAGACTCCACGACATACTCA, Deltex-F, GCCATGTACTCC AATGGCAACAAG, Deltex-R, CGGGATGAGGTGAAAC TCCATCTT, mIL-7Rα, Mm00434295_m1 (ThermoFisher Scientific), mHes1, and Mm01342805_m1 (ThermoFisher Scientific).



Statistical Analysis

Unpaired student-t test was used for statistical analysis.



RESULTS


The Earliest T-Cell Precursors Were Present in the Mouse Embryo at E9.5–10.5

We previously reported that E9.5 YS and P-Sp VE-cadherin (VC)+ endothelial cells (ECs) have T-cell potential detected in vitro culture with OP9-DL1 (Yoshimoto et al., 2012). In this study, we isolated E9.5 YS and P-Sp cells and co-cultured them with OP9-DL1 stromal cells and induced CD4CD8 DP and DN T-lymphocytes. These YS- and P-Sp-derived T-cells were engrafted in the thymus and spleen of sub-lethally irradiated NOD/SCID/IL2Rγc–/– (NSG) neonates as naive and memory T cells expressing various TCR repertoires. We also found donor-derived CD3+ T-cells in the PB when E10.5 YS was directly injected into NSG neonates (Yoshimoto et al., 2012). Thus far, there was no report to detect transplantable T cells in the YS or AGM region without co-culture, therefore, we further explored the lymphoid-repopulating ability of E10.5 YS and AGM cells (Kobayashi et al., 2019). When total YS/AGM cells or VE-cad+CD45–c-kit+ cells (from 2.3 to 10 embryo equivalent cells) were injected into sub-lethally irradiated NSG neonates without in vitro culture step, only donor-derived T cells were detected in the PB of some recipient mice (4 out of total 32 AGM-transplanted mice and three out of total 23 YS-transplanted mice (Supplementary Figures 1A,B; Kobayashi et al., 2019). Those recipients’ spleen showed predominant T-cell repopulation (CD4+ and/or CD8+ cells) and a few B cells (Supplementary Figures 1B,C). Importantly, these B-cells were B-1 and marginal zone B-cells, but not B-2 cells (Supplementary Figure 1C; Kobayashi et al., 2019). In the recipient BM, whereas AGM- and YS-derived CD4+ or CD8+ T-cells were detected, donor-derived Mac1+ cells were barely detected (Supplementary Figures 1B,D), indicating E10.5 YS and AGM pre-HSC population contains T-cell biased repopulating cells. These results also suggest that E9.5 VC+ hemogenic ECs produce T-lymphoid precursors at E10.5.



DN3 Cells Derived From E9.5 P-Sp and YS Express CCR9 and Showed Efficient Thymus Engraftment

Because T-lymphoid potential using OP9-DL1 culture is found in the YS and P-Sp at E9.5, 2 days before HSC detection in the AGM region, we asked their leukemic potential by overexpressing NICD (Carlesso et al., 1999). First, we observed time course of T-cell development from E9.5 YS and P-Sp cells in the OP9-DL1 culture by flow cytometric analysis to determine the timing of NICD induction. We found CD45+c-kit+ hematopoietic progenitors around day 4–7 of co-culture (Figure 1A). On day 12, CD45+Thy1+DN population was still dominant and CD25+CD44+ DN2 and CD25+CD44–DN3 cells were detected (Figure 1B). We confirmed the expression of CCR9, a homing receptor for seeding the thymus, in each DN population, in addition to TCRβ and TCRγ expression (Figure 1C). We found that CCR9 expression was the most evident in DN3 and DP populations (Figures 1C,D). Therefore, we first tested if CCR9+ cells engraft in the recipient thymus. We sorted DN3 and DP cells from YS and AGM culture and injected 1 × 106 DN3 or DP cells into sublethally irradiated NSG neonates (Figures 1E,F). Two weeks after transplantation, we confirmed that only DN3 cells were engrafted in the recipient thymus, and found the thymus repopulated by P-Sp-DN3 cells was bigger than that repopulated by YS- DN3 cells (Figure 1F). Thus, we checked the DN3 CCR9 expression as an indicator of transplantable donor cell type during the co-culture.
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FIGURE 1. Induction of DN2 phenotype by NICD transduction. (A) E9.5 YS and P-Sp were cultured on DL1-OP9, and CD45+c-kit+ hematopoietic progenitors were measured on different time points, one of the three independent experiments shown. (B) Representative FACS plots showing DN phenotype on day 12 of YS and P-Sp co-culture on OP9-DL1. (C) CCR9 expression in each DN populations of YS and P-Sp cells co-cultured with DL1-OP9 for 18 days. One of the three independent experiments is depicted. TCRβ and TCRγ expressions in DN cells were also confirmed. (D) The percentage of DN stages and CCR9+ cells in each DN population of YS and P-Sp co-culture with OP9DL1, depicted in panel (C). Thymus engraftment of DN3 cells from YS- and P-Sp co-culture with OP9-DL1 cells (E) and their repopulated cell numbers in the recipient thymus (F).




E9.5 P-Sp Derived T Lymphocytes Developed Leukemia Upon Continuous Notch Activation

In order to determine if YS/P-Sp-derived T-precursors possess transforming capability similar to adult BM HSPC, NICD was retrovirally introduced into YS and P-Sp cells 6–7 days after co-culture with OP9-DL1, at the timing when CD45+c-kit+ HPCs were produced in the culture (Figures 1A, 2A). After NICD induction, NICD-GFP expressing YS- and P-Sp-derived hematopoietic progenitor cells were expanded on OP9-DL1 again up to 6 days and were injected into lethally irradiated BoyJ recipient mice together with BoyJ BM supporting cells (Figure 2A). We confirmed that the injected cells were mostly DN3 cells, containing phenotypic leukemia initiating cells (Figure 2B) (Tremblay et al., 2010; Gerby et al., 2014). We also confirmed the CCR9 expression in GFP+ cells (Figure 2B). As soon as 5 weeks after transplantation of NICD-expressing YS- and P-Sp-derived cells into recipient BoyJ mice, recipients transplanted with P-Sp-derived cells started to show leukemic symptoms such as high WBC, comprised largely of CD4+CD8+ GFP+ cells in the PB (Figures 3A,B). The mice subsequently progressed to a moribund appearance within a few days. In contrast, NICD-YS-derived T-cells failed to give rise to leukemic cells (Figures 3B,C,K). Thus, transplantation of NICD-P-Sp cells led to a marked decrease in survival of transplanted recipients due to T-ALL progression compared to NICD-YS cell transplanted hosts (Figure 3C). Mice receiving NICD-P-Sp cells became moribund with leukemia with a mean latency of 40 days, while mice repopulated with NICD-YS cells did not develop any signs of disease during the 18 weeks observation. All the mice transplanted with NICD P-Sp-derived cells showed a large thymus with donor-derived GFP+DP cells whereas NICD YS-derived cells failed to repopulate recipient thymus (Figures 3D,K). More than 95% of the leukemic BM cells comprised of donor-derived DP GFP+ cells (Figure 3E,K). The recipients’ liver and kidney were enlarged and also extensively infiltrated with leukemic cells (Figures 3F,G). Quantitative PCR analysis of Notch targets from total BM cells of leukemia mice revealed upregulations of Hes1, Deltex1 (Targets of Notch signaling) and IL7Rα compared to normal BM cells (Figure 3H), in line with the reports that upregulation of IL7Ra is often observed in human T-ALL cells from patients (Zenatti et al., 2011). We also compared thymus DP cells, a normal counterpart of the leukemic T-cells, to P-Sp derived leukemic cells in the recipient BM cells (Figure 3I). Notch target gene expression was much higher in the leukemic cells than in the normal DP thymic cells, showing that continuous exogenous NICD signals induced leukemia in P-Sp-derived T-cells. When we examined the recipients transplanted with NICD-YS derived T-cells, we found GFP+ CD4+, CD8+, and DP cells in the recipient BM but they did not proliferate (Figure 3K). Those NICD-YS derived CD4+ and/or CD8+ cells showed an upregulation of IL7R at a higher level than NICD-P-Sp derived T-cells (Figure 3J). Thus, although the YS contain autonomously developing T-cell precursors that can engraft in recipient mice, they were not permissive for NICD-induced leukemia. This is in contrast to P-Sp derived cells that contributed in every animal to leukemic development upon continuous NICD expression.
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FIGURE 2. NICD introduction into hematopoietic progenitors derived from YS and P-Sp in the OP9-DL1 culture. (A) Schematic experimental stream for NICD induction and Transplantation. (B) NICD-induced GFP+ DN cells express CD25 and CCR9 on day 12 of co-culture with OP9-DL1 before transplantation. (C) P-Sp cells with NICD were harvested at day 35 and GFP+ or GFP– cells were sorted and transferred onto OP9 (without DL1), subsequently analyzed after day 7 (right panel).
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FIGURE 3. Leukemia propagation by the cultured P-Sp-NICD, not YS-NICD. (A) Representative dot plots of recipient PB repopulated with P-Sp-NICD at 6 weeks after transplantation. (B) Percentage of GFP+CD45.2 cells in recipient PB are plotted (n = 5–7, **P < 0.01). (C) Survival curve are depicted (**P < 0.01). (D) Thymus engraftment by P-Sp-derived NICD-GFP+ T-ALL cells. (E) May–Giemsa staining of ctr BM cells and recipient BM cells with P-Sp-NICD are shown. (F) Liver, spleen, and kidney are markedly enlarged. (G) Upper panel: liver, leukemic cells infiltrate in the portal area and around central vein as well as in the liver sinusoids. Black arrow: portal area, white arrow: central vein. Lower panel: kidney, leukemic cell infiltration was observed. (H–J) Upregulations of Notch targets in leukemic cells were measured by qPCR. Each RNA from recipient spleen were applied and compared to normal BM cells (H). Those targets in leukemic thymic DP cells were compared to normal thymus DP cells (I). Small populations of GFP+NICD-YS-derived CD4+ or CD8+ T-cells were sorted and evaluated for Notch targets (J). (K) P-Sp- and YS-derived cells engrafted in the recipient organs including PB, BM, spleen, and thymus.


In addition, we continued NICD-P-Sp cell culture on OP9-DL1 up to 35 days (Figure 2C) because P-Sp-derived cells showed extensive proliferation in vitro. To test if this extensive proliferation ability is cell intrinsic due to NICD-overexpression, we removed external Notch signaling by transferring NICD-overexpressing cells onto regular OP9 cells that do not express DL1 (Figure 2C). After 7 days, NICD-GFP+ population kept DP cells while GFP– population lost DP cells and shifted to CD8SP. These in vitro results indicate the cell-autonomous proliferation of P-Sp-derived DP cells by NICD-overexpression.



E10.5 AGM Cells Possess Leukemic Potential Upon NICD Overexpression

Because E10.5 AGM cells contain T-cell repopulating cells (Supplementary Figure 1) (Kobayashi et al., 2019), we next asked if freshly isolated AGM cells can transform T-ALL by overexpressing NICD (Figure 4A). We dissected and digested E10.5 YS and AGM cells and retrovirally transduced NCID. The following day, we transplanted NICD-expressing YS and AGM cells into sublethally irradiated adult NSG mice (1 e.e/recipient mouse, N = 5 for each NICD-expressing YS and AGM cells). Before transplantation, we confirmed that NICD-GFP was successfully transduced into YS and AGM cells (Figure 4B). We examined GFP+ donor cells in the PB of the recipient mice after transplantation over time. Most recipient mice showed less than 1% of donor cells. Only one mouse transplanted with NICD-expressing AGM cells showed increased GFP+CD45.2+ cells (Figure 1C). Interestingly, only AGM cells expressing NICD developed T-ALL in two out of five transplanted mice with longer latency compared to cultured E9.5 NICD-expressing P-Sp cells, while YS cells did not develop leukemia without showing any morbidity within the observation period (Figure 4D). The NICD-AGM-derived leukemic mice showed enlarged liver and spleen (Figures 4E,F). The leukemic spleen was occupied with CD4+CD8+GFP+ cells (Figure 4G), but thymus was not detected in any recipient mice. Recipient mice that did not develop T-ALL showed no donor-derived cells in the PB. Of note, one recipient mouse transplanted with NICD-YS cells was found to have an enlarged spleen when it was terminated (Supplementary Figure 2A). These cells were GFP+CD4+ cells, but not CD4+CD8+, seemed to have developed unusual transformation of CD4+ cells. While AGM-derived T-ALL cells occupied the recipient BM, YS-derived GFP+CD4+ or GFP+CD8+ cells were detected at a small percentage of the recipient BM (Supplementary Figure 2B). Taken together, E10.5 AGM cells possess T-ALL transforming ability.
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FIGURE 4. Leukemia propagation by the freshly isolated AGM-NICD. (A) Schematic experimental stream for NICD induction into freshly isolated AGM/YS cells and Transplantation (without co-culture). (B) CD45+AGM and YS cells showed more than 90% NICD-GFP induction. (C) GFP+CD45+ donor cell percentage in the recipient PB. (D) Survival curve of mice transplanted with AGM-NICD or YS-NICD cells is depicted (N = 5 each). * YS-derived cells showed GFP+CD4 proliferation in one recipient spleen. (E,F) Leukemic mice transplanted with AGM-NICD cells showed enlarged liver and spleen. Bar: 1 cm. (G) FACS plots of the leukemic spleen derived from AGM-NICD cells.




DISCUSSION

In this study, we demonstrated that E9.5 P-Sp-derived cells co-cultured with OP9-DL1 possess T-ALL-initiating potential by overexpressing NICD. Traditionally, T-lymphoid potential has been detected in the YS and/or P-Sp region as early as at a pre-circulation stage (E8.25) using ex vivo thymic organ culture or OP9-DL1 co-culture (Nishikawa et al., 1998; Cumano et al., 2001; Yoshimoto et al., 2012). These reports have shown the T cell potential of the tested cells in vitro culture but never displayed the presence of committed T-progenitors. However, we have recently shown the presence of T-precursors among VC+c-kit+ HSC-precursors (pre-HSCs) in E10.5 YS and AGM region, which engrafted in the immunodeficient mice without co-culture (Kobayashi et al., 2019). Therefore, it is assumed that hemogenic ECs that have T-cell “potential” at E9.5 or before give rise to transplantable T-precursors by E10.5. Thus, we propose the possibility that fetal T-precursors at a pre-HSC stage can develop leukemia in postnatal life. However, we have not determined which cell types were responsible for the T-ALL propagation in vivo. Because E9.5 P-Sp cells reportedly contain “pro-HSCs” that can gain a transplantable ability by aggregation culture with OP9 (Rybtsov et al., 2014), it is possible that T-ALL initiating cells at E9.5 P-Sp developed via HSCs in the OP9-DL1 co-culture. However, considering the fact that mono T-cell repopulating ability was detected in AGM region in mice and humans (Ivanovs et al., 2011; Kobayashi et al., 2019) and that freshly isolated E10.5 AGM cells developed leukemia upon NICD overexpression, it is also plausible that HSC-independent T-cell precursors may have developed leukemia. A recent report examining gene signatures of human embryonic thymus, AGM, fetal liver, and fetal blood using single-cell RNA-sequencing has identified the pre-thymic lymphoid progenitors in the AGM region (Zeng et al., 2019). These data suggest that AGM region contains T-precursors that seed the fetal thymus in humans, and we propose that the T-ALL initiating cells found in the P-Sp region may belong to the initial wave of thymus seeding cells. Further investigation is required to determine the leukemic initiating cells in the embryo.

In the OP9-DL1 culture, P-Sp cells showed greater proliferation than YS cells. In general, the erythro-myeloid capacity is more abundant in the YS while more lymphoid and HSC potential is detected in the P-Sp. (Nishikawa et al., 1998; Cumano et al., 2001; Yokota et al., 2006; Yoshimoto et al., 2012). The difference of hematopoietic capacity might have contributed to the different outcome of leukemia development in this study. Another fact to be considered may be the target cell population of NICD transfection. It is noted that c-kit+CD45+ percentage was less in the YS than P-Sp in the co-culture (Figure 1A), which might reflect the progenitor numbers permissive to leukemic transformation.

We confirmed YS- and P-Sp-derived DN3 cells engrafted in the recipient thymus, and transplanted NICD-expressing cells included CCR9+DN3 cells, in line with the previous report that DN3 contains self-renewing leukemic cells in a T-ALL mouse model (Tremblay et al., 2010; Gerby et al., 2014). In addition, NICD-expressing P-Sp T-ALL cells in the leukemic mice showed high IL7R expression, which is in line of human T-ALL. Human T-ALL cells collected from patients at diagnosis often express IL7Ra (Zenatti et al., 2011). In addition, gain of function mutations in IL7R have been found in 10% of T-ALL cells, which induce Jak1/Jak3 and STAT5 activation (Ribeiro et al., 2018). It has also been reported that IL7R is essential for T-ALL development (González-García et al., 2019). Thus, high IL7R expression, known to be activated by Notch 1 (Weng et al., 2004), is critically important for human T-ALL development. Accordingly, high IL7R-expressing T-ALL cells developed from P-Sp region by Notch1 overexpression seem recapitulate human T-ALL. However, NICD YS-derived T-cells failed to progress leukemia despite successful NICD induction and higher IL7R expression. It is generally considered that leukemogenic events are not sufficient to induce leukemia in all blood cells; rather, they need to occur in a selective hematopoietic lineage and at a specific progenitor stage in order to develop leukemia (Signer et al., 2010). Therefore, the difference between YS- and P-Sp-derived T-cells may be a key to understanding the leukemogenic capacity of embryonic T-cells that induce pediatric leukemias.

Recent advance in the analysis of hematopoietic development in the mouse embryo has established a new paradigm of several waves of fetal hematopoiesis that initiate before HSC emergence, which may last longer than previously considered (Montecino-Rodriguez et al., 2016; Palis, 2016; Dzierzak and Bigas, 2018). For example, tissue-resident macrophages (e.g., brain microglia) and a part of mast cells are derived from the early YS progenitors and function even in the adult (Gomez Perdiguero et al., 2015; Gentek et al., 2018). It has also been indicated that several waves of thymopoietic cells are present during fetal to neonatal periods (Ikuta et al., 1990; Ramond et al., 2014; Montecino-Rodriguez et al., 2018), some of which are originated from early embryonic stages, presumably of HSC-independent. Montecino-Rodriguez et al. (2018) have shown that, using PU.1 hypomorphic embryos, the initial wave of thymopoietic cells is less dependent on PU.1 compared to the adult T-cell development and showed different gene expression patterns between fetal and adult T-cell progenitors. Ramond et al. (2014) also reported at least two waves of thymus seeding progenitors and their different properties in terms of Vγ3 generation and the cell cycle. Furthermore, Zeng et al. (2019) has reported the single-cell RNA-sequencing of various hematopoietic organs at different developmental stages in human embryo and has identified a distinct type of pre-thymic lymphoid progenitors in the AGM region. Although it remains unknown whether these embryonic early T-progenitors are derived from HSCs, their analysis segregating several ETP subsets suggests the presence of several waves of T-progenitor emergence even in the human embryo. In this sense, it has been reported that infant T-ALL has distinct genetic and epigenetic features compared to childhood T-ALL (Doerrenberg et al., 2017). Since Notch1 mutation has been detected in neonatal blood spots in both infant and child T-ALL cases, these two pediatric T-ALL seems to be derived from prenatal period but could be from different waves of fetal hematopoiesis.

In conclusion, we found a leukemia-initiating capacity in the earliest T-precursors in P-Sp/AGM region prior to HSC emergence. It is possible that YS- and P-Sp/AGM produce different T-cell waves with different biological signatures. Further investigation is required to determine whether these fetal T-cell waves contribute to T-ALL propagation.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author/s.



ETHICS STATEMENT

The animal study was reviewed and approved by Institutional Animal Care and Use Committee at Indiana University and UTHealth at Houston.



AUTHOR CONTRIBUTIONS

JD performed the experiments and wrote the manuscript. AC provided the reagents, interpreted, and discussed the results obtained. MY and MK conceived and performed the experiments and wrote and edited the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This work is partially supported by NIAID R01AI121197 (MY).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2021.634151/full#supplementary-material



REFERENCES

Aster, J. C., Xu, L., Karnell, F. G., Patriub, V., Pui, J. C., and Pear, W. S. (2000). Essential roles for ankyrin repeat and transactivation domains in Induction of T-Cell Leukemia by Notch1. Mol. Cell Biol. 20, 7505–7515. doi: 10.1128/mcb.20.20.7505-7515.2000

Carlesso, N., Aster, J. C., Sklar, J., and Scadden, D. T. (1999). Notch1-induced delay of human hematopoietic progenitor cell differentiation is associated with altered cell cycle kinetics. Blood 93, 838–848. doi: 10.1182/blood.v93.3.838.403k29_838_848

Cumano, A., Ferraz, J. C., Klaine, M., Di Santo, J. P., and Godin, I. (2001). Intraembryonic, but not yolk sac hematopoietic precursors, isolated before circulation, provide long-term multilineage reconstitution. Immunity 15, 477–485. doi: 10.1016/S1074-7613(01)00190-X

Doerrenberg, M., Kloetgen, A., Hezaveh, K., Wössmann, W., Bleckmann, K., Stanulla, M., et al. (2017). T-cell acute lymphoblastic leukemia in infants has distinct genetic and epigenetic features compared to childhood cases. Genes Chromosom. Cancer 56, 159–167. doi: 10.1002/gcc.22423

Dzierzak, E., and Bigas, A. (2018). Blood development: hematopoietic stem cell dependence and independence. Cell Stem Cell 22, 639–651. doi: 10.1016/j.stem.2018.04.015

Eguchi-Ishimae, M., Eguchi, M., Kempski, H., and Greaves, M. (2008). NOTCH1 mutation can be an early, prenatal genetic event in T-ALL. Blood 111, 376–378. doi: 10.1182/blood-2007-02-074690

Ford, A. M., Ridge, S. A., Cabrera, M. E., Mahmoud, H., Steel, C. M., Chan, L. C., et al. (1993). In utero rearrangements in the trithorax-related oncogene in infant leukaemias. Nature 363, 358–360. doi: 10.1038/363358a0

Gentek, R., Ghigo, C., Hoeffel, G., Bulle, M. J., Msallam, R., Gautier, G., et al. (2018). Hemogenic endothelial fate mapping reveals dual developmental origin of mast cells. Immunity 48, 1160–1171.e5. doi: 10.1016/j.immuni.2018.04.025

Gerby, B., Tremblay, C. S., Tremblay, M., Rojas-Sutterlin, S., Herblot, S., Hébert, J., et al. (2014). SCL, LMO1 and Notch1 reprogram thymocytes into self-renewing cells. PLoS Genet. 10:e1004768. doi: 10.1371/journal.pgen.1004768

Gill Super, H. J., Rothberg, P. G., Kobayashi, H., Freeman, A. I., Diaz, M. O., and Rowley, J. D. (1994). Clonal, nonconstitutional rearrangements of the MLL gene in infant twins with acute lymphoblastic leukemia: in utero chromosome rearrangement of 11q23. Blood 83, 641–644. doi: 10.1182/blood.v83.3.641.bloodjournal833641

Godin, I., Dieterlen-Lièvre, F., and Cumano, A. (1995). Emergence of multipotent hemopoietic cells in the yolk sac and paraaortic splanchnopleura in mouse embryos, beginning at 8.5 days postcoitus. Proc. Natl. Acad. Sci. U.S A. 92, 773–777. doi: 10.1073/pnas.92.3.773

Godin, I. E., Garcia-Porrero, J. A., Coutinho, A., Dieterlen-Lièvre, F., and Marcos, M. A. R. (1993). Para-aortic splanchnopleura from early mouse embryos contains B1a cell progenitors. Nature 364, 67–70. doi: 10.1038/364067a0

Gomez Perdiguero, E., Klapproth, K., Schulz, C., Busch, K., Azzoni, E., Crozet, L., et al. (2015). Tissue-resident macrophages originate from yolk-sac-derived erythro-myeloid progenitors. Nature. 518, 547–551. doi: 10.1038/nature13989

González-García, S., Mosquera, M., Fuentes, P., Palumbo, T., Escudero, A., Pérez-Martínez, A., et al. (2019). IL-7R is essential for leukemia-initiating cell activity of T-cell acute lymphoblastic leukemia. Blood 134, 2171–2182. doi: 10.1182/blood.2019000982

Hadland, B. K., Varnum-Finney, B., Mandal, P. K., Rossi, D. J., Poulos, M. G., Butler, J. M., et al. (2017). A common origin for B-1a and B-2 lymphocytes in clonal pre- hematopoietic stem cells. Stem Cell Rep. 8, 1563–1572. doi: 10.1016/j.stemcr.2017.04.007

Han, H., Tanigaki, K., Yamamoto, N., Kuroda, K., Yoshimoto, M., Nakahata, T., et al. (2002). Inducible gene knockout of transcription factor recombination signal binding protein-J reveals its essential role in T versus B lineage decision. Int. Immunol. 14, 637–645.

Hein, D., Borkhardt, A., and Fischer, U. (2020). Insights into the prenatal origin of childhood acute lymphoblastic leukemia. Cancer Metastasis Rev. 39, 161–171. doi: 10.1007/s10555-019-09841-1

Hozumi, K., Mailhos, C., Negishi, N., Hirano, K. I., Yahata, T., Ando, K., et al. (2008). Delta-like 4 is indispensable in thymic environment specific for T cell development. J. Exp. Med. 205, 2507–2513. doi: 10.1084/jem.20080134

Iacobucci, I., and Mullighan, C. G. (2017). Genetic basis of acute lymphoblastic leukemia. J. Clin. Oncol. 35, 975–983. doi: 10.1200/JCO.2016.70.7836

Ikuta, K., Kina, T., MacNeil, I., Uchida, N., Peault, B., Chien, Y., et al. (1990). A developmental switch in thymic lymphocyte maturation potential occurs at the level of hematopoietic stem cells. Cell 62, 863–874. doi: 10.1016/0092-8674(90)90262-D

Ivanovs, A., Rybtsov, S., Welch, L., Anderson, R. A., Turner, M. L., and Medvinsky, A. (2011). Highly potent human hematopoietic stem cells first emerge in the intraembryonic aorta-gonad-mesonephros region. J. Exp. Med. 208, 2417–2427. doi: 10.1084/jem.20111688

Karrman, K., and Johansson, B. (2017). Pediatric T-cell acute lymphoblastic leukemia. Genes Chromosom Cancer 56, 89–116. doi: 10.1002/gcc.22416

Kimura, S., Seki, M., Yoshida, K., Shiraishi, Y., Akiyama, M., Koh, K., et al. (2019). NOTCH1 pathway activating mutations and clonal evolution in pediatric T-cell acute lymphoblastic leukemia. Cancer Sci. 110, 784–794. doi: 10.1111/cas.13859

Kobayashi, M., Bai, Y., Chen, S., Gao, R., Yao, C., Cai, W., et al. (2017). Phosphatase PRL2 promotes oncogenic NOTCH1-Induced T-cell leukemia. Leukemia 31, 751–754. doi: 10.1038/leu.2016.340

Kobayashi, M., Tarnawsky, S. P., Wei, H., Mishra, A., Azevedo Portilho, N., Wenzel, P., et al. (2019). Hemogenic Endothelial cells can transition to hematopoietic stem cells through a B-1 lymphocyte-biased state during maturation in the mouse embryo. Stem Cell Rep. 13, 21–30. doi: 10.1016/j.stemcr.2019.05.025

Kumano, K., Chiba, S., Kunisato, A., Sata, M., Saito, T., Nakagami-Yamaguchi, E., et al. (2003). Notch1 but not Notch2 is essential for generating hematopoietic stem cells from endothelial cells. Immunity 18, 699–711. doi: 10.1016/S1074-7613(03)00117-1

Luis, T. C., Luc, S., Mizukami, T., Boukarabila, H., Thongjuea, S., Woll, P. S., et al. (2016). Initial seeding of the embryonic thymus by immune-restricted lympho-myeloid progenitors. Nat. Immunol. 17, 1424–1435. doi: 10.1038/ni.3576

Lux, C. T., Yoshimoto, M., McGrath, K., Conway, S. J., Palis, J., and Yoder, M. C. (2008). All primitive and definitive hematopoietic progenitor cells emerging before E10 in the mouse embryo are products of the yolk sac. Blood 111, 3435–3438. doi: 10.1182/blood-2007-08-107086

Mansur, M. B., van Delft, F. W., Colman, S. M., Furness, C. L., Gibson, J., Emerenciano, M., et al. (2015). Distinctive genotypes in infants with T-cell acute lymphoblastic leukaemia. Br. J. Haematol. 171, 574–584. doi: 10.1111/bjh.13613

Medvinsky, A., and Dzierzak, E. (1996). Definitive hematopoiesis is autonomously initiated by the AGM region. Cell 86, 897–906.

Montecino-Rodriguez, E., Casero, D., Fice, M., Le, J., and Dorshkind, K. (2018). Differential expression of PU.1 and Key T lineage transcription factors distinguishes fetal and adult T cell development. J. Immunol. 200, 2046–2056. doi: 10.4049/jimmunol.1701336

Montecino-Rodriguez, E., Fice, M., Casero, D., Berent-Maoz, B., Barber, C. L., and Dorshkind, K. (2016). Distinct genetic networks orchestrate the emergence of specific waves of fetal and adult B-1 and B-2 development. Immunity 45, 527–539. doi: 10.1016/j.immuni.2016.07.012

Montecino-Rodriguez, E., Li, K., Fice, M., and Dorshkind, K. (2014). Murine B-1 B Cell progenitors initiate B-acute lymphoblastic leukemia with features of high-risk disease. J. Immunol. 192, 5171–5178. doi: 10.4049/jimmunol.1303170

Nishikawa, S. I., Nishikawa, S., Kawamoto, H., Yoshida, H., Kizumoto, M., Kataoka, H., et al. (1998). In vitro generation of lymphohematopoietic cells from endothelial cells purified from murine embryos. Immunity 8, 761–769. doi: 10.1016/S1074-7613(00)80581-6

Palis, J. (2016). Hematopoietic stem cell-independent hematopoiesis: emergence of erythroid, megakaryocyte, and myeloid potential in the mammalian embryo. FEBS Lett. 590, 3965–3974. doi: 10.1002/1873-3468.12459

Radtke, F., Wilson, A., Stark, G., Bauer, M., Van Meerwijk, J., MacDonald, H. R., et al. (1999). Deficient T cell fate specification in mice with an induced inactivation of Notch1. Immunity 10, 547–558. doi: 10.1016/S1074-7613(00)80054-0

Raetz, E. A., and Teachey, D. T. (2016). T-cell acute lymphoblastic leukemia. Hematology 2016, 580–588. doi: 10.1182/asheducation-2016.1.580

Ramond, C., Berthault, C., Burlen-Defranoux, O., de Sousa, A. P., Guy-Grand, D., Vieira, P., et al. (2014). Two waves of distinct hematopoietic progenitor cells colonize the fetal thymus. Nat. Immunol. 15, 27–35. doi: 10.1038/ni.2782

Ribeiro, D., Melão, A., van Boxtel, R., Santos, C. I., Silva, A., Silva, M. C., et al. (2018). STAT5 is essential for IL-7–mediated viability, growth, and proliferation of T-cell acute lymphoblastic leukemia cells. Blood Adv. 2, 2199–2213. doi: 10.1182/bloodadvances.2018021063

Robert-Moreno, A., Espinosa, L., de la Pompa, J. L., and Bigas, A. (2005). RBPjkappa-dependent Notch function regulates Gata2 and is essential for the formation of intra-embryonic hematopoietic cells. Development 132, 1117–1126. doi: 10.1242/dev.01660

Rodriguez, S., Abundis, C., Boccalatte, F., Mehrotra, P., Chiang, M. Y., Yui, M. A., et al. (2020). Therapeutic targeting of the E3 ubiquitin ligase SKP2 in T-ALL. Leukemia 34, 1241–1252. doi: 10.1038/s41375-019-0653-z

Rybtsov, S., Batsivari, A., Bilotkach, K., Paruzina, D., Senserrich, J., Nerushev, O., et al. (2014). Tracing the origin of the HSC hierarchy reveals an SCF-dependent, IL-3-independent CD43(-) embryonic precursor. Stem Cell Rep. 3, 489–501. doi: 10.1016/j.stemcr.2014.07.009

Sanchez-Martin, M., and Ferrando, A. (2017). The NOTCH1-MYC highway toward T-cell acute lymphoblastic leukemia. Blood 129, 1124–1133. doi: 10.1182/blood-2016-09-692582

Sanjuan-Pla, A., Bueno, C., Prieto, C., Acha, P., Stam, R. W., Marschalek, R., et al. (2015). Revisiting the biology of infant t(4;11)/MLL-AF4+ B-cell acute lymphoblastic leukemia. Blood 126, 2676–2685. doi: 10.1182/blood-2015-09-667378

Schmitt, T. M., Ciofani, M., Petrie, H. T., and Zúñiga-Pflücker, J. C. (2004). Maintenance of T cell specification and differentiation requires recurrent Notch receptor-ligand interactions. J. Exp. Med. 200, 469–479. doi: 10.1084/jem.20040394

Signer, R. A. J., Montecino-Rodriguez, E., Witte, O. N., and Dorshkind, K. (2010). Immature B-cell progenitors survive oncogenic stress and efficiently initiate Ph+ B-acute lymphoblastic leukemia. Blood 116, 2522–2530. doi: 10.1182/blood-2010-01-264093

Staal, F. J. T., and Langerak, A. W. (2008). Signaling pathways involved in the development of T-cell acute lymphoblastic leukemia. Haematologica 93, 493–497. doi: 10.3324/haematol.12917

Tanigaki, K., and Honjo, T. (2007). Regulation of lymphocyte development by Notch signaling. Nat. Immunol. 8, 451–456. doi: 10.1038/ni1453

Tremblay, M., Tremblay, C. S., Herblot, S., Aplan, P. D., Hébert, J., Perreault, C., et al. (2010). Modeling T-cell acute lymphoblastic leukemia induced by the SCL and LMO1 oncogenes. Genes Dev. 24, 1093–1105. doi: 10.1101/gad.1897910

van der Weyden, L., Giotopoulos, G., Rust, A. G., Matheson, L. S., van Delft, F. W., Kong, J., et al. (2011). Modeling the evolution of ETV6-RUNX1-induced B-cell precursor acute lymphoblastic leukemia in mice. Blood 118, 1041–1051. doi: 10.1182/blood-2011-02-338848

Wendorff, A., and Ferrando, A. (2020). Modeling NOTCH1 driven T-cell Acute Lymphoblastic Leukemia in Mice. Bio-Protocol 10:e3620. doi: 10.21769/bioprotoc.3620

Weng, A. P., Ferrando, A. A., Lee, W., Morris, J. P. IV, Silverman, L. B., Sanchez-Irizarry, C., et al. (2004). Activating mutations of NOTCH1 in human T cell acute lymphoblastic leukemia. Science 306, 269–271. doi: 10.1126/science.1102160

Wolfer, A., Wilson, A., Nemir, M., MacDonald, H. R., and Radtke, F. (2002). Inactivation of Notch1 impairs VDJβ rearrangement and allows pre-TCR-independent survival of early αβ lineage thymocytes. Immunity 16, 869–879. doi:  10.1016/S1074-7613(02)00330-8

Yokota, T., Huang, J., Tavian, M., Nagai, Y., Hirose, J., Zúñiga-Pflücker, J. C., et al. (2006). Tracing the first waves of lymphopoiesis in mice. Development 133, 2041–2051. doi: 10.1242/dev.02349

Yoshimoto, M., Montecino-Rodriguez, E., Ferkowicz, M. J., Porayette, P., Shelley, W. C., Conway, S. J., et al. (2011). Embryonic day 9 yolk sac and intra-embryonic hemogenic endothelium independently generate a B-1 and marginal zone progenitor lacking B-2 potential. Proc. Natl. Acad. Sci. U.S.A. 108, 1468–1473. doi: 10.1073/pnas.1015841108

Yoshimoto, M., Porayette, P., Glosson, N. L., Conway, S. J., Carlesso, N., Cardoso, A. A., et al. (2012). Autonomous murine T-cell progenitor production in the extra-embryonic yolk sac before HSC emergence. Blood 119, 5706–5714. doi: 10.1182/blood-2011-12-397489.There

Zenatti, P. P., Ribeiro, D., Li, W., Zuurbier, L., Silva, M. C., Paganin, M., et al. (2011). Oncogenic IL7R gain-of-function mutations in childhood T-cell acute lymphoblastic leukemia. Nat. Genet. 43, 932–941. doi: 10.1038/ng.924

Zeng, Y., Liu, C., Gong, Y., Bai, Z., Hou, S., He, J., et al. (2019). Single-cell RNA sequencing resolves spatiotemporal development of pre-thymic lymphoid progenitors and thymus organogenesis in human embryos. Immunity 51, 930–948.e6. doi: 10.1016/j.immuni.2019.09.008


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Ding, Cardoso, Yoshimoto and Kobayashi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		The Earliest T-Precursors in the Mouse Embryo Are Susceptible to Leukemic Transformation



		INTRODUCTION



		METHODS



		Mice



		In vitro Cultures



		Flow Cytometry



		NICD Transduction Into YS/P-Sp Derived Cells and Transplantation



		Histology



		Quantitative RT-PCR Analysis



		Statistical Analysis







		RESULTS



		The Earliest T-Cell Precursors Were Present in the Mouse Embryo at E9.5–10.5



		DN3 Cells Derived From E9.5 P-Sp and YS Express CCR9 and Showed Efficient Thymus Engraftment



		E9.5 P-Sp Derived T Lymphocytes Developed Leukemia Upon Continuous Notch Activation



		E10.5 AGM Cells Possess Leukemic Potential Upon NICD Overexpression







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/cover.jpg
frontiers
in Cell and Developmental Biology

The Earliest T-Precursors

in the Mouse Embryo Are

Susceptible to Leukemic
Transformation









OPS/images/logo.jpg
, frontiers
in Cell and Developmental Biology





OPS/images/fcell-09-634151-g004.jpg
A B Live cell gated

C57BL/6 (CD45.2) Notch-ICD (GFP) 250 rad ‘ — T
E10.5 AGM/YS cells ' AGM 1L Y
¥ A\ H
4
W w |
YS _ - ;
AGM/YS cells Adult NSG g . 157
N (CD45.1) G
Spin infection x 2 |
cD144 GFP(NICb)
c © AGM-1 D .
@ 50 & AGM-5 _ 1004 d
< 40 B ys-1 2 80 |_‘_
g,- 30l / X Other AGM § 601
8 1'5:- A Other YS c 40_-
d 1.0 s
& 0.5 & 27— AGM/NICD -+- YS/NICD
> 0.0 T T T T 1 0 R
0 20 40 60 80 100 0 20 40 60 80
days (days)
E F
DN gated
G
.| 963 .| 953 ‘
5 —_ . 459 _}m
g, S "
g ‘:] R TR E :; g g °3
& e S 0 e






OPS/images/fcell-09-634151-g003.jpg





OPS/images/fcell-09-634151-g002.jpg
NICD+ *

YS

NICD+
P-Sp day35
on DL1

900 rad

C57BL/6 (CD45.2) Notch-ICD (GFP) +IL-7
EQ. 5 P-Sp/YS % \\
6-7 days , Adult BoyJ (CD45.1)
Expansion on i L
On OP9-DL1 P-Sp/YS HPC OP9-DL1 Time Course analysis in vitro
(10 days)

CFP .
CD44

T—» CD45

T_’ CD4+CD8a

Transferred to OP9

7
GFP+ GFP-

To OP9






OPS/images/fcell-09-634151-g001.jpg





