
Volume 1 • Issue 1 • 1000105
J Bone Marrow Res
ISSN: 2329-8820 BMRJ, an open access journal 

Research Article Open Access

Zweier-Renn et al., J Bone Marrow Res 2013, 1:1 
DOI: 10.4172/2329-8820.1000105

*Corresponding author: Hawley RG, Department of Anatomy and Regenerative
Biology, George Washington University, 2300 I Street NW, Washington, DC 20037, 
USA, E-mail: rghawley@gwu.edu 

Received January 03, 2013; Accepted February 15, 2013; Published February 
20, 2013

Citation: Zweier-Renn LA, Riz I, Hawley TS, Hawley RG (2013) The DN2 
Myeloid-T (DN2mt) Progenitor is a Target Cell for Leukemic Transformation by the 
TLX1 Oncogene. J Bone Marrow Res 1: 105. doi:10.4172/2329-8820.1000105

Copyright: © 2013 Zweier-Renn LA, et al. This is an open-access article 
distributed under the terms of the Creative Commons Attribution License, which 
permits unrestricted use, distribution, and reproduction in any medium, provided 
the original author and source are credited.

The DN2 Myeloid-T (DN2mt) Progenitor is a Target Cell for Leukemic 
Transformation by the TLX1 Oncogene
Lynnsey A Zweier-Renn1,2, Irene Riz1, Teresa S Hawley3 and Robert G Hawley1,4* 
1Department of Anatomy and Regenerative Biology, George Washington University, Washington, DC, USA 
2Graduate Program in Biochemistry and Molecular Genetics, George Washington University, Washington, DC, USA 
3Flow Cytometry Core Facility, George Washington University, Washington, DC, USA 
4Sino-US Joint Laboratory of Translational Medicine, Jining Medical University Affiliated Hospital, Jining Medical University, Jining, Shandong, China

Abstract
Introduction: Inappropriate activation of the TLX1 (T-cell leukemia homeobox 1) gene by chromosomal 

translocation is a recurrent event in human T-cell Acute Lymphoblastic Leukemia (T-ALL). Ectopic expression of 
TLX1 in murine bone marrow progenitor cells using a conventional retroviral vector efficiently yields immortalized cell 
lines and induces T-ALL-like tumors in mice after long latency. 

Methods: To eliminate a potential contribution of retroviral insertional mutagenesis to TLX1 immortalizing and 
transforming function, we incorporated the TLX1 gene into an insulated self-inactivating retroviral vector.

Results: Retrovirally transduced TLX1-expressing murine bone marrow progenitor cells had a growth/survival 
advantage and readily gave rise to immortalized cell lines. Extensive characterization of 15 newly established 
cell lines failed to reveal a common retroviral integration site. This comprehensive analysis greatly extends our 
previous study involving a limited number of cell lines, providing additional support for the view that constitutive TLX1 
expression is sufficient to initiate the series of events culminating in hematopoietic progenitor cell immortalization. 
When TLX1-immortalized cells were co-cultured on OP9-DL1 monolayers under conditions permissive for T-cell 
differentiation, a latent T-lineage potential was revealed. However, the cells were unable to transit the DN2 myeloid-T 
(DN2mt)-DN2 T-lineage determined (DN2t) commitment step. The differentiation block coincided with failure to 
upregulate the zinc finger transcription factor gene Bcl11b, the human ortholog of which was shown to be a direct 
transcriptional target of TLX1 downregulated in the TLX1+ T-ALL cell line ALL-SIL. Other studies have described 
the ability of TLX1 to promote bypass of mitotic checkpoint arrest, leading to aneuploidy. We likewise found that 
diploid TLX1-expressing DN2mt cells treated with the mitotic inhibitor paclitaxel bypassed the mitotic checkpoint 
and displayed chromosomal instability. This was associated with elevated expression of TLX1 transcriptional targets 
involved in DNA replication and mitosis, including Ccna2 (cyclin A2), Ccnb1 (cyclin B1), Ccnb2 (cyclin B2) and Top2a 
(topoisomerase IIα). Notably, enforced expression of BCL11B in ALL-SIL T-ALL cells conferred resistance to the 
topoisomerase IIα poison etoposide.

Conclusion: Taken together with previous findings, the data reinforce a mechanism of TLX1 oncogenic activity 
linked to chromosomal instability resulting from dysregulated expression of target genes involved in mitotic processes. 
We speculate that repression of BCL11B expression may provide part of the explanation for the observation that 
aneuploid DNA content in TLX1+ leukemic T cells does not necessarily portend an unfavorable prognosis. This TLX1 
hematopoietic progenitor cell immortalization/T-cell differentiation assay should help further our understanding of 
the mechanisms of TLX1-mediated evolution to malignancy and has the potential to be a useful predictor of disease 
response to novel therapeutic agents in TLX1+ T-ALL. 

Keywords: TLX1; Bone marrow progenitor immortalization;
Mitotic spindle checkpoint; DN2mt differentiation arrest; BCL11B, 
Topoisomerase IIα

Introduction 
T-cell acute lymphoblastic leukemia (T-ALL) is classified into

subtypes based on recurring chromosomal translocations involving 
transcription factor genes and the gene signature associated with the 
stage of T-cell developmental arrest [1-3]. The TLX1 homeobox gene 
(T-cell leukemia homeobox 1, previously known as HOX11) defines a 
major subtype representing up to 30% of T-ALLs [4,5]. As a result of 
t(10:14)(q24;q11) and t(7:10)(q35;q24) chromosomal translocations 
that juxtapose the intact TLX1 gene to T-cell receptor δ and β regulatory 
sequences, the TLX1 protein is aberrantly expressed at high levels in 
thymocytes in which it is otherwise absent [6-9]. These observations 
suggested that deregulation of TLX1 is an initiating event in T-ALL. 
Murine models of TLX1+ T-ALL have provided support for this 
hypothesis. However, the long latency of T-cell tumor formation and 
clonal nature of the resulting malignancies indicated the requirement 
for additional mutations [10-13]. Multiple lines of investigation have 

implicated dysregulated expression of TLX1 target genes involved in the 
mitotic spindle assembly checkpoint that predispose to Chromosomal 
Instability (CIN) and aneuploidy, as contributing to TLX1-mediated 
leukemogenesis [12,14-16].

In vitro approaches have also demonstrated the potential of 
TLX1 to disrupt normal hematopoietic processes and promote the 
immortalization of murine progenitor cells derived from various 
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Phoenix-Eco packaging cells (ATCC no. SD 3444), 293T cells 
(ATCC no. CRL-11268) and NIH3T3 fibroblasts (ATCC No. CRL-
1658) were cultured in Dulbecco’s Modified Eagle Medium (DMEM; 
Mediatech, Inc.) supplemented with 4.5 g/l glucose, 4 mM L-glutamine, 
50 IU/ml penicillin, 50 µg/ml streptomycin and 10% heat-inactivated 
FBS. OP9-Delta-like-1 cells (OP9-DL1; gift from Juan Carlos Zúñiga-
Pflücker, University of Toronto, Toronto, ON) were maintained in 
Minimum Essential Medium Alpha Medium (αMEM, Invitrogen 
Corp.) supplemented with 20% heat-inactivated FBS, 1% non-essential 
amino acids (NEAA; Invitrogen Corp.) and 50 IU/ml penicillin, 50 µg/
ml streptomycin. All cells were maintained at 37°C in a humidified 
incubator containing 5% CO2.  

Construction of retroviral expression vectors

The plasmids used for expression of TLX1 were constructed as 
follows. The EcoRI f-HOX11/TLX1 fragment from pGEX-4T-1-
fHOX11 [27] was blunt-end cloned into BamHI-digested MSCV-
IRES-GFP to form MSCV-flag-TLX1-IR-GFP. The flag-TLX1 gene was 
removed by NcoI digestion of the MSCV-flag-TLX1-IR-GFP plasmid 
and subcloned into NcoI-digested RMSinOFB, an insulated self-
inactivating (SIN) retroviral vector [37], to produce the RMSin-flag-
TLX1-IR-GFP-OFB plasmid. Plasmids were confirmed by restriction 
digestion with multiple enzymes and agarose gel electrophoresis. The 
plasmids used for expression of EML1-ABL1, NOTCH1 and BCL11B 
were: MSCVpuro-EML1-ABL1 (a gift from Jan Cools, Vlaams Instituut 
voor Biotechnologie, Leuven, Belgium) [38], Mig ICN1-IRES-GFP (a 
gift from Warren Pear, University of Pennsylvania, Philadelphia, PA) 
[39] and MSCV-BCL11B (a gift from Dorina Avram, Albany Medical 
College, Albany, NY) [40]. Controls were: MSCVpuro [41] and MSCV-
IRES-GFP [37].

Production of retroviral supernatants 

Ecotropic or amphotropic retroviral vector particles were generated 
by transient transfection using calcium phosphate coprecipitation as 
described previously [37]. Briefly, plasmid DNA was prepared using 
the QIAfilter Plasmid Maxi Kit (Qiagen, Valencia, CA). To produce 
ecotropic retroviral particles, Phoenix-Eco cells were transfected with 
retroviral vector plasmids. To produce amphotropic retroviral particles, 
293T cells were transfected with the retroviral vector plasmid and the 
amphotropic packaging plasmid. Viral supernatants were collected 
after 24 and 48 hours and filtered through a 0.45-um-pore-size filter 
(Nalgene Nunc International, Rochester, NY) before aliquoting 
and freezing at -80°C for future transductions. When necessary, 
ecotropic vector-conditioned medium was concentrated by overnight 
centrifugation at 9,000 g. Vector titers were measured on NIH3T3 cells 
by flow cytometric analysis of GFP fluorescence using a FACSCalibur 
instrument (BD Biosciences, San Jose, CA) as described previously [37]. 

TLX1 hematopoietic progenitor cell immortalization assay

The bone marrow progenitor replating assay was performed as 
described previously [37,42] with modifications as follows. Bone 
marrow cells were harvested from BALB/c mice at 6 to 8 weeks of age 
4 days after intraperitoneal injection of 5-FU (150 mg/kg body weight) 
and cultured in IMDM supplemented with 10% heat-inactivated FBS 
and 10% X630-rIL3 CM, Sp2/rIL-6 CM (interleukin-6), and CHO-KLS 
CM (stem cell factor) [43]. Bone marrow processing, transduction, and 
GFP expression analysis were carried out as described previously [37]. 
All animal procedures were carried out in accordance with The George 
Washington University Institutional Animal Care and Use Committee 
guidelines. After 48 hours of prestimulation, bone marrow cells were 

hematopoietic sources, including bone marrow, fetal liver, yolk sac and 
embryonic stem cells [11,17-21] (reviewed in [22]). Several studies 
have provided evidence that TLX1 induces progenitor immortalization 
by blocking differentiation while concurrently increasing replicative 
capacity [23-27]. We previously reported that transduction of primary 
murine bone marrow progenitors with TLX1 retroviral vectors readily 
yields immortalized cell lines [11,17,21]. These TLX1-immortalized 
cell lines display a strict dependence on interleukin 3 (IL-3; multi-
colony stimulating factor) for their survival and proliferation in culture, 
retain a diploid karyotype and are not leukemogenic when injected into 
sublethally irradiated syngeneic mice [17,28]. The cell lines express 
surface antigens that are present on precursors of multiple hematopoietic 
lineages but their combined morphological and phenotypic properties 
are most compatible with immature cells belonging to the myeloid 
lineage [11,17]. We suggested that they might represent a bipotential 
monocytic-granulocytic precursor since they can be stimulated to 
partially differentiate along the monocyte/macrophage and granulocyte 
lineages (into CD11b/Mac-1+ Ly-6G/Gr-1+ cells) upon treatment with 
phorbol myristate acetate [21].

Within the murine hematopoietic system, the zinc finger 
transcription factor Bcl11b has been demonstrated to control a 
restriction point during T-cell differentiation [29-32] (reviewed in 
[33]). Bcl11b expression downregulates hematopoietic stem and 
progenitor cell genes and is necessary for T-lineage commitment [31]. 
Retroviral expression of TLX1 in fetal liver precursors assayed in fetal 
thymic organ cultures [34] and in transgenic mice under the control 
of the Lck proximal promoter [10,12] resulted in differentiation arrest 
at the double-negative 2 (DN2) stage of thymocyte development. 
A similar arrest of progenitors was observed in thymocytes of mice 
deficient in Bcl11b [32]. Notably, deletion of Bcl11b still allowed DN2 
cells to retain full capability to generate CD11b/Mac-1+ Ly-6G/Gr-1+ 
myeloid cells if transferred to myeloid-supportive culture conditions 
[31]. Additionally, De Keersmaecker et al. reported that BCL11B is a 
direct transcriptional target of TLX1 in human T-ALL using the cell 
line ALL-SIL, where BCL11B was upregulated after TLX1 knockdown 
[12]. 

In view of the above findings, and parallels between the TLX1-
immortalized cells and previously described IL-3-dependent T 
lymphocyte progenitor cell lines in their expression of low levels of the 
thymocyte differentiation antigen Thy-1/CD90 [11,17,35], we sought to 
investigate whether the TLX1-derived bone marrow cell lines represent 
the equivalent of immortalized DN2 thymocyte progenitors. 

Materials and Methods
Cell lines and culture conditions

The murine IL-3-dependent bone marrow DN2mt progenitor 
[17,21,28], PGMD1 [36] and M-NSF-60 (ATCC No. CRL-1838; 
American Type Culture Collection, Manassas, VA) cell lines were 
routinely maintained in Iscove’s Modified Dulbecco’s Medium (IMDM; 
Mediatech Inc., Herndon, VA) containing 4 mM L-glutamine, 50 IU/
ml penicillin, 50 µg/ml streptomycin, 10% heat-inactivated fetal bovine 
serum (FBS, Cambrex BioScience Walkersville, Inc., Walkersville, 
MD), 10% conditioned medium from X630-rlL3 cells (a source of 
recombinant IL-3) plus/minus 0.75 mg/ml geneticin (Invitrogen Corp., 
Carlsbad, CA) as applicable. Murine TLX1+ CD4+CD8+ double-positive 
THY137 T-ALL-like cells [11], WEHI-3 cells (ATCC No. TIB-68) and 
M1 cells (ATCC No.TIB-192) cells, and human TLX1+ ALL-SIL cells 
[6] were maintained in IMDM containing 4 mM L-glutamine, 50 IU/ml 
penicillin, 50 µg/ml streptomycin and 10% heat-inactivated FBS. 
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transferred to plates coated with full-length human fibronectin (BD 
Biosciences) and transduced with RMSin-flag-TLX1-IR-GFP-OFB for 
three consecutive days (4 hours each day) by incubation with vector-
conditioned medium and 8 μg/ml polybrene. Transduced cells were 
cultured in IMDM supplemented with 10% heat-inactivated FBS and 
10% X630-rIL3 CM during which time the cells were passaged every 
2 days. After bulk culture for 2 weeks, 10 or 100 cells were plated into 
each well of a 96-well plate and cultured. Four weeks post plating, the 
plates were examined, and the replating frequency was determined 
on the basis of the number of wells that contained proliferating cell 
populations. Transduced bone marrow cells were cultured until 
immortalized cell lines were established. 

Retroviral insertional mutagenesis analysis 

Linker-Mediated nested Polymerase Chain Reaction (LM-PCR) was 
performed as previously described [28] with modifications that allowed 
the identification of genomic regions adjacent to RMSin-f-TLX1-OFB 
vector sequences. Briefly, genomic DNA was isolated from cell lines us-
ing the GenElute Mammalian Genomic DNA Kit (Sigma) and digested 
with Tsp509I (New England Biolabs). The restriction enzyme was re-
moved by phenol chloroform extraction and the DNA was ligated to the 
linker specific for the Tsp509I overhang (5’-GACCCGGGAGATCT-
GAATTCAGTGGCACAGCAGTTAGG-3’ and 5’-AATTCCTAACT-
GCTGTGCCACTGAATTCAGATC-3’).Primary PCR was performed 
using primers complementary to the linker (5’-GACCCGGGAGA-
TCTGAATTC-3’) and the RMSin-f-TLX1-OFB vector sequence (5’- 
ACTGGCGCCTGCAGGCATGC -3’) under the following conditions: 
30 cycles at 95°C for 15 sec, 60°C for 30 sec, and 72°C for 1 min. Sec-
ondary PCR was performed using nested primers (5’-AGTGGCACAG-
CAGTTAGG-3’ and SIN, 5’- GCAGGCCTGGGACTAGTTG -3’) after 
a 1:50 dilution of the primary PCR product under the same conditions 
as above. The RMSinOFB primers used in this study were previously 
used to detect the SIN LTR sequence [37]. Nested PCR products were 
separated by gel electrophoresis on 1% agarose gels in TAE buffer and 
bands excised and purified using the Qiagen MinElute Gel Extraction 
Kit (Qiagen). All PCR amplifications were performed using Platinum 
Taq (Invitrogen). PCR products were cloned into the pCR4-TOPO vec-
tor and transformed into TOP10 cells (Invitrogen). DNA was isolated 
from ampicillin resistant colonies using the QIAprep Spin Miniprep Kit 
(Qiagen) and sequenced using an M13 reverse primer. 

Proviral junctions from LM-PCR clones were examined for the 
presence of the linker cassette primer, LTR primer, and 5’ LTR sequences. 
The integrations were considered valid if the end of the 5’ LTR was 
less than two base pairs from the matching genomic sequence within 
the integration and if there was at least 90% homology to the mouse 
genome. Sequences were analyzed with CLC Free Workbench (CLCBio 
USA, Cambridge, MA). Integration sites were identified by matching 
sequences to the mouse genomic build of July 2007 (National Center 
for Biotechnology Information Build 37) using the UCSC genome 
browser (http://genome.ucsc.edu/). Vector orientation and location of 
the vector with respect to the nearest gene were determined. Hits in 
the Mouse Retrovirus Tagged Cancer Gene Database (RTCGD; http://
rtcgd.abcc.ncifcrf.gov/) [44] and the Insertional Dominance Database 
(IDDb; http://www99.mh-hannover.de/kliniken/zellth/method.html) 
associated with hematopoietic clonal expansion [45] were identified for 
the nearest gene and genes within 100 kb of the integration sites. 

Deletion analysis of Cdkn2a (p16Ink4a/p19Arf) and Cdkn2b 
(p15Ink4b) tumor suppressor genes

Genomic DNA (200 ng) from TLX1-expressing cell lines and pri-

mary bone marrow progenitor cells was isolated using genomic DNA 
was extracted using the GenElute Mammalian Genomic DNA Kit 
(Sigma). p15 (Ink4b, exon 2) and p16 (Ink4a, exon 2) were amplified 
from genomic DNA using primers previously published by Haviernik 
et al. [46]; p15 forward 5’-GTCATGATGATGGGCAGCG-3’, reverse 
5’-CAATCTCCAGTGGCAGCGTG-3’; p16 forward 5’-GATGATGAT-
GGGCAACGTTC-3’, reverse 5’-GTCCTCGCAGTTCGAATCTGC-3’. 
PCR was performed using Taq DNA polymerase (Roche Diagnostics) 
under the following conditions: 30 cycles at 94°C for 30 sec, 65°C for 1 min, 
and 72°C for 1 min. PCR products were separated on a 1% agarose gel.

Transcriptional analysis of Cdkn2a (p16Ink4a/p19Arf), Cdkn2b 
(p15Ink4b) and p53 tumor suppressor genes

Total RNA was extracted using Trizol reagent. RNA (1 µg) 
was reverse-transcribed into cDNA using the QuantiTect Reverse 
Transcription Kit (Qiagen). PCR was performed using Taq DNA 
polymerase (Roche Diagnostics) under the following conditions: 35 
cycles at 94°C for 30 sec, 65°C for 1 min and 72°C for 1 min. RT-PCR 
products were separated on a 1.5% agarose gel. Primers were designed 
using Primer 3 software (http://primer3.sourceforge.net/) to span 
across introns such that PCR amplification of genomic DNA sequences 
results in a product that is larger in size than the product amplified 
from the corresponding cDNA templates. In addition, the primers were 
designed so that the size of the RT-PCR product was similar in size 
to the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase 
(Gapdh) RT-PCR product to ensure similar amplification efficiency: 

Gapdh (NM_008084.2) forward 5’-ATCCCAGAGCTGAACG-3’, 
reverse 5’-GAAGTCGCAGGAGACA-3’; Gata1 (NM_008089.1) for-
ward 5’- AGGCACCCAATGCACTAACT-3’, reverse 5’- TCCTC-
GTCTGGATTCCATCT-3’; Eif4a2 (NM_013506.2) forward 5’- 
ACAATGCCAACTGATGTGCT-3’, reverse 5’- ACCTTGCGCCTT-
GTATTGAG-3’; Rab27b (NM_030554.3) forward 5’- CAACTGCAG-
GCAAATGCTTA-3’, reverse 5’- GTGTCCGGAACCTGTGTCTT-3’; 
Ubash3b (NM_176860.5) forward 5’- ACCTCACATTCCAGT-
CAGCA-3’, reverse 5’- TGACAGGTACACGCTTCGAG-3’; Spns2 
(NM_153060.2) forward 5’- AGTTCCTGAGCCTGGGCTAT-3’, re-
verse 5’- GACTTTCACGGATGCAGGAG-3’; Eno3 (NM_007933.2) 
forward 5’- TGGACCTCATTCCTCTCTGG-3’, reverse 5’- CAT-
CACTCCCCAGCCATTAG-3’; Il4ra (NM_001008700.3) forward 
5’- CTGATACAGCGCCTTCCACT-3’, reverse 5’- AATGATGAT-
GGCCACCAAGG-3’; Ndufb10 (NM_026684.2) forward 5’- AG-
CAGAGGGAGGGAGAGAAC-3’, reverse 5’- GCCTTCCTTTCTTC-
CAGCAT-3’; Fut7 (NM_013524.2) forward 5’- GACAATTC-
CAGAAGGCTCCA-3’, reverse 5’- GAAAGGCCAGTGCCAGATAA-3’; 
p53 (NM_011640.3) forward 5’- GCCCCTGTCATCTTTTGT-3’, 
reverse 5’- CTTCGCCAGCTGGCAGAATAGC-3’ with annealing 
temperature of 60°C; p15 (NM_007670.4) forward 5’- GTTGGGCG-
GCAGCAGTGAC-3’, reverse 5’- CAATCTCCAGTGGCAGCGTG-3’ 
with annealing temperature of 70°C; p16 (NM_001040654.1) for-
ward 5’- GTACCCCGATTCAGGTGATG-3’ with annealing tem-
perature of 55°C, reverse 5’- TCGCACGATGTCTTGATGTC-3’; p19 
(NM_009877.2) forward 5’- GTCGCAGGTTCTTGGTCACTGT-
GA-3’, reverse 5’- GTCCTCGCAGTTCGAATCTGC-3’ with annealing 
temperature of 70°C. All primers were validated using genomic DNA.

p53 gene mutation analysis

Total RNA was extracted from cell lines using Trizol reagent (Invit-
rogen). RNA (1 µg) was reverse-transcribed into cDNA using the High-
Capacity cDNA Reverse Transcription kit from Applied Biosystems. 
p53 was amplified from the cDNA using primers previously published 
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by Yin et al. [47]: (p53 FL forward 5’- CTAGATCTACCATGACTGC-
CATGGAGGAGTCAC-3’, reverse 5’- AACCTCGAGGTCTGAGT-
CAGGCCCCACTTT-3’). PCR products were gel purified using the 
Qiagen MinElute Gel Extraction Kit (Qiagen) and sequenced using the 
PCR primers and the following sequencing primers. Sequencing prim-
ers (p53 seq forward 5’- TGGAAGACTCCAGTGGGAAC-3’, reverse 5’ 
CTCCGTCATGTGCTGTGACT-3’) were designed using Primer 3 soft-
ware (http://primer3.sourceforge.net/). Sequences were analyzed with 
CLC Free Workbench (CLCBio). Sequencing results were compared to 
the wild-type p53 sequence obtained from NCBI (NM_011640.3).

Retroviral transduction of cell lines

TLX1+ murine (DN2mt) or human (ALL-SIL) cells were transduced 
with the following retroviral vectors: MSCVpuro-EML1-ABL1, 
MSCVpuro; Mig ICN1-IRES-GFP, MSCV-BCL11B, and MSCV-GFP. 
Briefly, cells were spinoculated with viral supernatant in the presence 
of 8 µg/mL polybrene (Sigma) at 2000 rpm at 16°C for 2 hours prior 
to incubation with the virus for 4 hours at 37°C. Cells transduced with 
the puromycin resistance-encoding vectors were selected with 2 µg/ml 
puromycin (Sigma) for 24 hours, allowed to recover, and selected for 
an additional 24 hours. Cells transduced with GFP vectors were sorted 
using a FACSAria instrument (BD Biosciences). 

T cell differentiation co-cultures

Primary murine bone marrow progenitor cells [37], TLX1/EML1-
ABL1 and TLX1/EML1-ABL1-ICN1 cell lines were seeded on confluent 
monolayers of OP9-DL1 in 50% αMEM and 50% IMDM in the presence 
of recombinant murine FMS-like tyrosine kinase 3 ligand (Flt3L; 5 ng/
ml) and interleukin-7 (IL-7; 1 ng/ml) (Peprotech, Rocky Hill, NJ). Cells 
were passaged onto fresh monolayers every 4 to 5 days [48-50]. Analysis 
of cell surface markers was performed as described previously [34]. Fc 
receptors were blocked with anti-mouse CD16/CD32 (eBioscience). 
Cells were washed and stained for surface expression of differentiation 
antigens in Phosphate Buffered Saline (PBS) plus 2% FBS. Cells were 
immunophenotyped with the following antibodies: CD25-PerCP-
Cy5.5 (eBioscience), CD4-APC (Caltag Laboratories, Burlingame, CA), 
CD44-APC, CD8-PE; CD11b (Mac-1)-PE, (all from BD Biosciences 
Pharmingen). T cell differentiation flow cytometry data were acquired 
on a BD FACSAria instrument and analysis was performed using 
FACSDiva software (BD Biosciences).

Mitotic checkpoint and cell viability analysis

Flow cytometry was performed to assess mitotic checkpoint 
integrity by cell cycle analysis in cells treated with vehicle control and 
0.1 µM paclitaxel (Sigma) for 24 hours or 0.01 µM paclitaxel for 48 
hours [51]. Cells were washed in PBS and fixed with 70% ethanol. Cells 
were rehydrated and washed with PBS prior to staining with PI/RNase 
A solution (BD Biosciences Pharmingen). Cell cycle flow cytometry 
data were acquired using CellQuest software on a FACScan instrument 
(Becton Dickinson). Analysis was performed using ModFit LT software 
(Verity Software House, Inc., Topsham, ME). 

Cells were treated with different concentrations of etoposide 
(Sigma) as described previously [52] and cell viability was measured 
using the alamarBlue reagent [53,54]. 

Quantitative real time RT-PCR (qRT-PCR)

Total RNA was extracted from cell lines using Trizol reagent 
(Invitrogen). RNA (1 µg) was reverse-transcribed into cDNA using the 
QuantiTect Reverse Transcription Kit (Qiagen). For knockdown and 
coculture experiments, RNA for qRT-PCR was extracted using the Power 

SYBR Green Cells to CT Kit (Ambion, Austin, TX). The resulting cDNA 
was diluted and used as a template for quantitative PCR (qPCR) using 
Power SYBR Green PCR Master Mix (Applied Biosystems). Primers 
were designed using Primer 3 software (http://primer3.sourceforge.
net/) and tested for specificity by in silico PCR (http://genome.ucsc.
edu/cgi-bin/hgPcr?command=start). Amplicon specificity was verified 
by first-derivative melting curve analysis using software provided by 
PerkinElmer and Applied Biosystems. Quantitation and normalization 
of relative gene expression were performed using the comparative 
threshold cycle method (ddCt). 

The expression of the housekeeping genes Gapdh (NM_008084.2; 
forward 5’-GTGAAGGTCGGTGTGAACG-3’, reverse 5’- TTGCC-
GTGAGTGGAGTCATA-3’) and Actb (beta actin; NM_007393.3; 
forward 5’- CTGTATTCCCCTCCATCGTG-3’, reverse 5’- CAT-
GTCGTCCCAGTTGGTAA-3’) were used for normalization: TLX1 
(NM_005521.3) forward 5’- CATCGACCAGATCCTCAACA-3’, 
reverse 5’- CAGCCAAGGCCGTATTCTC-3’. cDNA was amplified 
using primers previously published by Ikawa et al. [32], Bcl11b for-
ward 5’- ATGTTCTCTCAGGCTTCTCC-3’, reverse 5’- TGGGA-
CACAGTCAAGTTACC-3’; Lmo2 forward 5’- CACCTGGAGT-
GTTTCAAATG-3’, reverse 5’- TTGGTCCACTCGTAGATGTC-3’; 
CD3e forward 5’- ATAGGAGAGACATCGCCTTC-3’, reverse 5’- 
CAGGAGAGCAAGGTTCTAGG-3’. Real-time PCR analysis was per-
formed on an ABI Prism 7900 Sequence Detection System (Applied 
Biosystems). Each sample was analyzed in triplicate. 

Gene expression profiling

RNA samples were analyzed using an Affymetrix GeneChip (MG-
U74Av2 microarray) as described previously [24,27,53]. In brief, total 
RNA was extracted using Trizol reagent (Invitrogen) and the RNeasy 
Mini Kit (Qiagen). RNA was reverse transcribed into cDNA using 
an HPLC-purified T7-(dT)24 primer (Genset Oligos/Proligo LLC, 
Boulder, CO). Biotin-labeled complementary RNA (cRNA) synthesis, 
hybridization, washing, staining and scanning were performed 
following the manufacturer’s protocols (Affymetrix Inc., Santa Clara, 
CA). Target cRNA from two biological replicates of each cell line was 
hybridized to two Affymetrix MG-U74Av2 GeneChip oligonucleotide 
arrays. Data analysis was performed with GeneSpring software (Silicon 
Genetics, Redwood City, CA).

Results
No common “immortalizing” genes were identified by 
mapping of insulated retroviral vector integration sites in 
TLX1-immortalized progenitor cells

In an effort to rule out artifacts due to retroviral insertional 
mutagenesis, we previously performed a limited survey of 8 TLX1-
immortalized cell lines where we failed to identify a common retroviral 
integration site. Moreover, no insertions into the Evi1 or Prdm16 
immortalizing genes [42,55] were observed [28]. 

Our laboratory developed a safety-modified retroviral vector, 
RMSinOFB, which incorporates a novel enhancer-blocking element 
(termed FB) derived from chromatin insulators [37]. As a consequence 
of reverse transcription, the FB element flanks the retroviral vector 
backbone upon integration, virtually eliminating hematopoietic 
immortalizing potential due to insertional mutagenesis. Using the 
insulated RMSinOFB retroviral vector backbone to express TLX1, we 
generated an additional 15 cell lines by immortalization of bone marrow 
progenitor cells. Extensive characterization of these newly established 

http://primer3.sourceforge.net/
http://primer3.sourceforge.net/
http://genome.ucsc.edu/cgi-bin/hgPcr?command=start
http://genome.ucsc.edu/cgi-bin/hgPcr?command=start
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cell lines again failed to reveal a common retroviral integration site 
or involvement of the Evi1 or Prdm16 genes (Tables S1-S3). Taken 
together with our earlier data demonstrating a structure-function 
correlation between particular domains of TLX1 and its immortalizing 
potential [21], we conclude that ectopic TLX1 expression is sufficient 
to initiate the series of events leading to hematopoietic progenitor cell 
immortalization. 

Tumor suppressor genes are intact in TLX1-immortalized 
hematopoietic progenitor cells

The CDKN2A (previously MTS1) and CDKN2B (previously 
MTS2) tumor suppressor genes, which encode p16INK4a/p14ARF (p19Arf 
in the mouse) and p15INK4b, respectively, are frequently inactivated in 
hematologic malignancies [56]. Both p16INK4a and p15INK4b specifically 
inhibit cyclin D-CDK4/6 complexes and block cell division during 
the G1/S phase of the cell cycle. Furthermore, p14ARF/p19Arf has been 
shown to positively regulate the p53 tumor suppressor pathway, leading 
to G1 cell cycle arrest and/or apoptosis. Studies examining the role of 
tumor suppressor genes in murine models of immortalization and 
leukemogenesis have demonstrated frequent deletions in Cdkn2a, 
Cdkn2b and p53 [46,57-60]. We found no evidence of deletion or 
complete transcriptional silencing of any of these genes in the TLX1-
immortalized cell lines examined (Figures S1 and S2). Moreover, no 
mutations were found in the p53 genes of four cell lines analyzed. 
Also, following DNA damage, increased expression of Cdkn1a (a 
transcriptional target of p53 encoding the CDK inhibitor p21Cip1/Waf) 
was observed coincident with an increase in p53 protein levels (Figure 
S3), indicating that the p53 pathway was functionally active but actively 

suppressed in the cells. Survival of the TLX1-immortalized cell lines 
is clearly dependent on IL-3 [17] and other work has demonstrated 
that IL-3 signaling promotes hematopoietic cell survival in part by 
controlling the baseline level and transcriptional activity of p53 [61]. 
However, given that p53 is a direct TLX1 binding target [12], TLX1 may 
also play a role in downmodulating p53 levels in these cell lines.

Cell lines established by TLX1-induced immortalization have 
the potential to differentiate toward the T-cell lineage

EML1-ABL1 and NUP214-ABL1 are fusion genes that arise during 
the multistep process of TLX1-induced T-ALL development which 
encode constitutively activated tyrosine kinases. Their acquisition is 
believed to provide a growth advantage to the leukemic cells [38,62]. 
It was previously demonstrated that retroviral expression of EML1-
ABL1 converted IL-3-dependent Ba/F3 pro-B cells to IL-3-independent 
growth [38]. In addition, EML1-ABL1 expression in primary bone 
marrow progenitors induces both T-lymphoid and myeloid leukemias 
in mice [63]. Therefore, to circumvent the requirement for exogenous 
IL-3, which is inhibitory to T-cell differentiation [35], we converted the 
immortalized TLX1-expressing bone marrow progenitor cells to IL-3 
independence in an attempt to permit them to differentiate toward 
the T-cell lineage. IL-3-independent cells were established by ectopic 
expression of EML1-ABL1 using the MSCVpuro-EML1-ABL1 retroviral 
vector [38]. Cells were selected for EML1-ABL1 expression using 
puromycin and IL-3 was removed from the culture medium. Since TLX1+ 
T-ALLs frequently contain activating NOTCH1 mutations [64], TLX1/
EML1-ABL1 cells were also transduced with the Mig-ICN1 retroviral 
vector which expresses a constitutively activated intracellular form of 
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Figure 1: TLX1-expressing cells are blocked at the DN2mt stage of thymocyte development. (A) Bone marrow progenitor (WT) and TLX1/EML1-ABL1-ICN1 (TLX1) 
cells were processed for immune phenotypic analysis of CD44 and CD25 expression prior to (top panels) and after 14 (middle panels) and 20 (bottom panels) days of 
OP9-DL1 coculture. Flow cytometry data were acquired on a FACS Aria instrument and analysis was performed using FACSDiva software. Bivariate histograms are 
representative of two independent experiments. (B) Expression of genes involved in early T-cell development in sorted DN populations determined by qRT-PCR. Left, 
Bone marrow progenitor cells (WT) differentiated to the DN2 and DN3 stages after coculture on OP9-DL1. Note that Lmo2 expression was downregulated whereas 
Bcl11b and Cd3e expression were upregulated during the transition from the DN2 stage to the DN3 stage. Right, TLX1/EML1-ABL1-ICN1 (TLX1) cells derived from 
the DN1 and DN2 stages after coculture on OP9-DL1. Although some downregulation of Lmo2 expression occurred at the DN2 stage, no upregulation in Bcl11b and 
Cd3e expression was observed. Results are the average of 3 technical replicates ± SD. Values (indicated by asterisks) were significantly different (Student’s t-test, 
P < 0.05). Data are representative of two independent experiments.
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Notch1 [39]. To promote T-cell differentiation, we cultured the TLX1/
EML1-ABL1 and TLX1/EML1-ABL1-ICN1 cells on OP9-DL1 stromal 
cells in medium supplemented with Flt3L and IL-7 [65]. OP9-DL1 
coculture provides activation of endogenous Notch [48]. Flt3L provides 
proliferation signals and IL-7 provides signals for survival, proliferation 
and differentiation of T-cell progenitors in a dose-dependent fashion 
[49]. Primary murine bone marrow progenitor cells were used as a 
positive control for T-cell differentiation potential [49,50]. 

Early T-cell development in mice proceeds through a DN stage that 
is subdivided into four populations based on cell surface expression of 
the hyaluronan receptor (CD44) and the IL-2 receptor α chain (CD25): 
DN1 (CD44+, CD25-); DN2 (CD44+, CD25+); DN3 (CD44-, CD25+); and 
DN4 (CD44-, CD25-). Prior to co-culture, bone marrow progenitors, 
TLX1/EML1-ABL1 and TLX1/EML1-ABL1-ICN1 cells were positive 
for CD44 and negative for CD25 (Figure 1). In the representative 
experiment presented in Figure 1, after 14 days in culture, a fraction 
of the primary bone marrow progenitor cells had differentiated to the 
DN2 (~36%) and DN3 (~8%) stages of T-cell development. By 20 days, 
the bone marrow progenitor cell population had further differentiated 
such that the majority of the cells were at the DN2 (~25%) and DN3 
(~51%) stages. By comparison, after 14 days of culture, a fraction of 
the TLX1/EML1-ABL1 and TLX1/EML1-ABL1-ICN1 cultures had 
differentiated to the DN2 stage (~8%) (Figure 1; and data not shown). 

By day 20, the percentage of cells in the DN2 stage had increased to 
~12%. However, the cells remained blocked at this stage and none had 
progressed to the DN3 stage. To rule out the possibility that the cells 
were not following the normal T-cell differentiation pathway, TLX1/
EML1-ABL1-ICN1 cells were examined for CD4 and CD8 expression 
at the end of the co-culture; the cells were negative as expected (data 
not shown). These findings are similar to the DN2 block of T cell 
differentiation we previously observed for TLX1-expressing primary 
murine fetal liver cells in fetal thymic organ cultures [34] and others 
previously reported in Lck-TLX1-transgenic mice [10,12].

Cells were sorted from the indicated stages (DN1, DN2 and DN3) 
and qRT-PCR was performed to assess the expression of Bcl11b, Cd3e 
and Lmo2 mRNAs [32]. Bcl11b and Cd3e expression were upregulated 
at the DN3 stage of the differentiating primary bone marrow progenitor 
cells as expected (Figure 1). TLX1-immortalized cells, similar to 
multipotential bone marrow progenitors [32], express Lmo2 as 
determined previously by Northern blot analysis [28]; and this result 
was confirmed by qRT-PCR for the TLX1/EML1-ABL1-ICN1 cells 
(Figure 1). Downregulation of Lmo2 expression in the DN2 subset of 
the TLX1/EML1-ABL1-ICN1 cells further supports the view that these 
TLX1-expressing cells have the potential to begin differentiating down 
the T-cell lineage [32]. Moreover, their inability to upregulate Bcl11b 
and Cd3e expression is consistent with the failure of the cells to transit 
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Figure 2: TLX1-expressing DN2mt cells progress toward aneuploidy after treatment with paclitaxel. (A) Flow cytometry was performed to analyze the cell cycle of 
TLX1-expressing DN2mt (TLX1-positive) or TLX1-negative progenitor cells treated with vehicle control, 0.1 μM or 0.01 μM paclitaxel as indicated. Cells were fixed 
with 70% ethanol and stained with PI/RNase A solution. Flow cytometry data were acquired using CellQuest software on a FACScan instrument and analysis was 
performed using ModFit LT software. Red peaks indicate diploid cell cycle and yellow peaks indicate aneuploid cell cycle. Data are representative of two independent 
experiments. (B) Heat map representation of cell cycle-regulated genes that are TLX1 binding targets [12] in TLX1-expressing DN2mt (TLX1-positive) versus 
TLX1-negative progenitor cells after hierarchical clustering. TLX1(T247I), bone marrow progenitor cells immortalized with a mutant TLX1 protein containing an 
isoleucine instead of threonine at position 247 (position 47 within the homeodomain) [21]; TLX1+ T-ALL, murine TLX1+ CD4+CD8+ T-ALL-like cells [11]. (C) Heat map 
representation of the expression levels of CIN-survival genes [79] that are TLX1 binding targets [12] in TLX1-expressing DN2mt (TLX1-positive) versus TLX1-negative 
progenitor cells after hierarchical clustering. 
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the DN2mt (DN2 myeloid-T)-DN2t (DN2 T-lineage determined) 
T-lineage commitment step [32]. 

TLX1-expressing DN2mt cells progress toward aneuploidy 

Aneuploidy is one of the most common abnormalities of 
cancer cells [66]. It was reported previously that TLX1 regulates the 
expression of genes involved in mitosis [12,14-16] and this mechanism 
may contribute to aneuploidy and early stages of transformation 
in the context of T-ALL development [12]. In an earlier study, we 
demonstrated that aneuploidy was not necessary for immortalization 
by TLX1 [28]. In that study, we performed cytogenetic analyses of 7 
cell lines. All except one of cell lines had a diploid 40, XX karyotype 
by G-banding of chromosome spreads, consistent with their derivation 
from normal bone marrow cells of female mice. The exception exhibited 
a 40,X0,+16 [15] karyotype (two cells were 40, XX and three cells had 
a hypodiploid karyotype), with loss of one copy of the X chromosome 
and trisomy 16 confirmed by fluorescence in-situ hybridization. 
Similarly, Hough et al. [15] reported that enforced TLX1 expression 
in primary B cells did not cause missegregation of chromosomes but 
conferred an increased susceptibility to segregation errors following 
treatment with microtubule inhibitors [14]. Therefore, we were 
interested in determining whether constitutive TLX1 expression in 
immortalized DN2mt cells conferred an increased susceptibility to 
aneuploidy following treatment with microtubule-targeting drugs. To 
further dissect out the role of TLX1 in the regulation of cell cycle- and 
mitosis-related genes in transformation, we assessed mitotic checkpoint 
integrity by cell cycle analysis. The TLX1-expressing DN2mt cell line 
used for these experiments was previously shown to have a diploid 
karyotype [28]. TLX1-negative control cells were an IL-3-dependent 
hematopoietic progenitor line which, similar to TLX1-immortalized 
cells, can be induced to generate CD11b/Mac-1+ Ly-6G/Gr-1+ myeloid 
cells [36]. The cells were synchronized by removing IL-3 for 24 hours 
prior to treatment with the microtubule poison paclitaxel [67], followed 
by re-addition of IL-3 during treatment [51]. When treated with 0.1 
μM paclitaxel for 24 hours, TLX1-expressing DN2mt cells bypassed 
the mitotic checkpoint and progressed toward polyploidy whereas 
the TLX1-negative control cells were arrested in G2M (Figure 2A). 
Notably, TLX1-expressing DN2mt cells were highly sensitive to the 
mitotic inhibitor, with significant tetraploidy observed at 10-fold lower 
levels of the drug (0.01 μM pacltaxel for 48 hours) in the absence of a 
corresponding effect on the control progenitor cells (Figure 2A). 

TLX1-expressing DN2mt cells express elevated levels of target 
genes involved in DNA replication and mitosis

Cells develop aneuploidy by errors in cell division or from DNA 
breaks, thereby resulting in changes in chromosome number or gene 
rearrangement. Cell cycle checkpoints provide a barrier to genetic 
instability and tumors exhibiting CIN frequently overexpress cell 
cycle checkpoint control genes [68]. Studies of the SV40 large T and 
HPV16 E6 oncoproteins provide precedent for dysregulation of mitotic 
checkpoints and transformation [69-71]. For example, cells expressing 
SV40 large T antigen have increased expression of the mitotic regulatory 
proteins cyclin A, cyclin B and Cdc25C [71].  

Enforced expression of TLX1 in a human TLX1-negative T-ALL 
cell line (TAL1+ Jurkat cells) previously led to aberrant bypass of G2/M 
arrest induced by ionizing radiation [72]. Moreover, Hough et al. [15] 
reported that TLX1 conferred a heightened susceptibility to aneuploidy 
of primary B cells and B cell tumors in IgHμ-HOX11Tg mice following 
aneugenic insults with microtubule targeting agents. This latter 
investigation identified elevated expression of the cyclin A, cyclin B1 

and Cdc20 mitotic regulatory proteins as correlating with the ability of 
TLX1 to facilitate bypass of spindle checkpoint arrest [14]. In a follow 
up study, Chen et al. confirmed that Ccnb1 (encoding cyclin B1) is a 
direct TLX1 target, transcriptional activation of which was associated 
with accelerated progression through the G2/M phase of the cell cycle 
[16]. In other work, Sansregret et al. reported that Cut homeobox 
1 (CUX1) causes CIN by activating a transcriptional program that 
prevents multipolar divisions and enables the survival of tetraploid 
cells that evolve to become genetically unstable and tumorigenic [73]. 
A number of genes involved in DNA replication and bipolar mitosis 
that were transcriptionally upregulated by CUX1 are TLX1 ChIP-chip 
binding targets in T-ALL [12,73]. Interestingly, similar to TLX1 [24], 
CUX1 also regulates G1/S progression [74] and many of the genes 
activated by CUX1 were identified as TLX1 binding targets [12]. 

We first compiled a set of TLX1 ChIP-chip target genes [12] 
involved in the G2/M as well as the G1/S transcriptional programs that 
were previously found to be upregulated at the mRNA or protein levels 
upon ectopic TLX1 expression in various experimental systems. These 
included Ccna2, Ccnb1, Ccnb2, Cdc20 [14,16], Cdc25a [26], Cdc6, 
Mcm2, Mcm4, Mcm5, Mcm6, Rad51, Top2a and Ttk [24]. To this set, we 
added TLX1 ChIP-chip targets that were shown to be directly activated 
by CUX1 and relevant to the establishment of bipolar mitoses leading 
to CIN (Aurkb, Bub1, Bub3, Camk2d, Cenpa, Cenpe, Kifc1, Kif2c, 
Mad2l1, Nek2, Ttk and Zw10) [73]. We merged this list with TLX1 
ChiP-chip targets that regulate the G1/S transition that were shown to 
be directly activated by CUX1 (Ccna2, Cdc25b, Cdc7, Cdc25c, Cdc45l, 
Mcm7, Rad51 and Pola2) [74]. 

We performed a microarray gene expression analysis of TLX1-
expressing DN2mt cells versus the TLX1-negative control progenitor 
cells studied in Figure 2A and initially focused our analysis on the 
above genes. We also examined their expression levels in a murine 
TLX1-induced T-ALL [11] and in an IL-3-dependent murine 
hematopoietic progenitor cell line established by expression of a mutant 
TLX1 protein containing an isoleucine instead of threonine at position 
247 (position 47 within the homeodomain) [21] (referred to herein 
as TLX1 Thr247Ile). This substitution restricts in vitro DNA binding 
of TLX1 from a TAANTG to a TAATTG core motif [75-77]. Among 
other genes, this gene profiling analysis revealed elevated expression of 
Ccna2 (cyclin A2), Ccnb1 (cyclin B1) and Ccnb2 (cyclin B2) in TLX1-
expressing DN2mt versus TLX1-negative progenitor cells, similar to 
the results obtained by Hough et al. for primary TLX1-expressing B 
cells that exhibited a heightened susceptibility to aneuploidy following 
treatment with microtubule targeting agents [15]. All three genes 
were highly expressed in murine TLX1+ T-ALL cells and high level 
expression correlated with the presence of Thr247 in the wild-type 
TLX1 protein (Figure 2B). These results are consistent with the findings 
of Chen et al. who showed that Thr247-dependent upregulation of 
CCNB1 by ectopic TLX1 expression was associated with dysfunction 
of the spindle assembly checkpoint in fibroblast and T-ALL cell line 
models [16]. Finally, the data are concordant with the observation that 
high levels of CCNA2 expression specifically associate with the TLX1+ 
subtype in T-ALL patient samples [1].

CIN-survival genes are variably expressed in TLX1-expressing 
DN2mt cells 

In addition to stimulating CIN, paclitaxel treatment of TLX1-
expressing DN2mt cells also induced a high frequency of cell death, 
as evidenced by a striking increase in the fraction of cells with subG1 
DNA content (Figure 2A). Although CIN leading to aneuploidy is 
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associated with poor prognosis in human solid tumors [68], a greater 
percentage of TLX1+ T-ALLs are aneuploid (40-50%) compared to non-
TLX1 subtypes (~11%) yet reportedly exhibit a more favorable outcome 
[78]. Swanton et al. identified a set of 50 genes repressed in sensitive 
cell lines treated with microtubule-stabilizing agents such as paclitaxel 
[79], and observed that these genes are overexpressed in different 
human solid tumors exhibiting CIN [68]. Silencing 22 out of 50 of 
these genes, many of which are involved in DNA repair, caused tumor 
cell death, suggesting that these genes are involved in the survival of 
aneuploid cells [79]. We noted that 41 out of 50 of these CIN-survival 
genes are TLX1 ChiP-chip targets [12] and, with some exceptions 
(i.e., Bub3, Cdc6, Mcm6 and Top2a), did not overlap with the list of 
TLX1 transcriptional targets involved in DNA replication and mitosis 
(Figure 2B). As shown in Figure 2C and consistent with the exquisite 
sensitivity of TLX1-expressing DN2mt cells to paclitaxel, comparative 
gene profiling analysis revealed that instead of being overexpressed, the 
relative expression levels of many CIN-survival-related TLX1 target 
genes were reduced in TLX1-expressing DN2mt cells versus TLX1-
negative control cells. 

Enforced BCL11B expression in human TLX1+ T-ALL cells 
confers resistance to the topoisomerase IIα poison etoposide

Of those TLX1 direct target genes more highly expressed in 
TLX1-expressing DN2mt cells and which display TLX1 Thr247-
dependent upregulation, Top2a, encoding topoisomerase IIα, is 
of particular interest (Figure 2B and 2C). Topoisomerase IIα is 
essential for DNA replication, transcription and chromosome 
segregation, and is a clinically important molecular target for cancer 
chemotherapy [80]. High levels of topoisomerase IIα correlate 
with sensitivity of certain cancers to intercalating agents (e.g., 
doxorubicin) and epipodophyllotoxins such as etoposide [81]. It is 
noteworthy that high levels of TOP2A expression distinguish TLX1+ 
T-ALL cases from other T-ALL subtypes [1]. Consistent with the 
observations involving TLX1+ T-ALL patient samples, we previously 
found that TLX1+ ALL-SIL cells express high levels of TOP2A and 
that ectopic expression of TLX1 in TLX1-negative Jurkat T-ALL 
cells resulted in TOP2A upregulation [24].

TLX1+ T-ALL cells characteristically have a CD4+CD8+ Double 
Positive (DP) phenotype, resembling an early cortical thymocyte [1-
3]; and we have provided evidence that aberrant TLX1 expression 
plays a role in the differentiation arrest by performing shRNA-

mediated knockdown of TLX1 transcripts in ALL-SIL cells [53,54]. 
DP thymocytes normally express BCL11B, and Avram showed that 
BCL11B-deficient DP thymocytes are more prone to spontaneous cell 
death [82]. Studies in other systems have indicated that upregulation 
of BCL11B expression increases resistance to genotoxic stress in 
some circumstances [83,84]. As noted above, De Keersmaecker et al. 
reported that BCL11B was repressed by TLX1 in ALL-SIL, becoming 
transcriptionally upregulated after TLX1 knockdown [12]. However, 
we previously demonstrated that TLX1 knockdown in ALL-SIL was 
associated with significant cell death [53,54]. Therefore, to investigate 
the potential role of BCL11B in providing protection from DNA 
damage-induced apoptosis in T-ALL, we overexpressed exogenous 
BCL11B in ALL-SIL cells using the MSCV-BCL11B retroviral vector 
[40]. BCL11B-expressing and mock transduced ALL-SIL cells were 
treated with different concentrations of etoposide and cell viability 
was measured using the alamar Blue reagent as previously described 
[52]. As seen in Figure 3, enforced BCL11B expression in ALL-SIL cells 
provided significant protection against etoposide-induced cell death at 
all concentrations examined.

Discussion 
Accumulated data from our laboratory and others indicate 

that TLX1 functions to regulate transcription by either activating 
or repressing gene expression, thereby controlling the survival 
and differentiation block associated with leukemic T-ALL cells 
[12,13,16,21,23,24,26,27,53,54,75,85-92]. Disruption of tumor 
suppressor pathways is a recurring feature associated with the 
immortalization of cells in culture and the progression of normal 
somatic cells to malignancy. Of these, the p53 tumor suppressor 
pathway, which is inactivated in virtually all cancers [93], was 
first identified through studies of the SV40 large T and HPV16 E6 
proteins [94]. In addition to targeting p53, these viral oncoproteins 
also compromise mitotic checkpoints by upregulating the expression 
of mitotic regulatory proteins such as cyclin A and cyclin B [69-71]. 
The data presented herein confirm and extend previous reports that 
aberrant TLX1 expression induces mitotic defects and allows strong 
parallels to be drawn with these DNA tumor virus oncogenes [12,14-
16,24]. 

We think it is especially noteworthy that we found no evidence of 
deletions or mutations within p53, which are common events during 
spontaneous cellular immortalization [57] but rarely found in T-ALL 
[95]. We propose that ectopic TLX1 expression complements IL-3 
signaling to suppress p53 levels [61]. The mechanistic details remain 
to be elaborated. However, a mechanism involving transcriptional 
repression is suggested by the fact that p53 is a TLX1 binding target 
[12]. Our previous structure-function analysis of TLX1 provides 
indirect support for this speculation [21]. In that study, we found that 
specific point mutations within the TLX1 homeodomain—in particular, 
alanine substitution of an invariant asparagine residue at position 251 
that is indispensable for efficient homeodomain-DNA binding [96]—
abrogated TLX1 immortalizing function. This scenario would also 
explain why the mutant TLX1 protein containing an isoleucine instead 
of threonine at position 247 retains immortalizing potential [21]. As 
noted earlier, the Thr247Ile substitution restricts TLX1 in vitro DNA 
binding activity from TAA(G/C/T) to the prototypical homeodomain 
TAAT core motif [75-77]. Transcriptional regulation of p53 via a 
TAAT core motif in the p53 promoter was previously demonstrated for 
another homeodomain protein [97].

A myeloid-based model of hematopoiesis has been described in 
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Figure 3: Enforced BCL11B expression in human TLX1+ T-ALL cells confers 
resistance to the topoisomerase IIα poison etoposide. ALL-SIL cells mock 
transduced or ectopically expressing BCL11B (BCL11B) were treated 
with etoposide at the indicated concentrations for 3 hours. Cell viability 
was measured using the alamarBlue reagent. Results are the average of 
3 technical replicates ± SD. P values indicate significant differences in cell 
counts. Data are representative of two independent experiments.
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which myeloid potential is retained in an early stage of branches toward 
erythroid, T- and B-cell lineages [29] (reviewed in [33]). In this model, 
the zinc finger transcription factor Bcl11b serves as a restriction point 
at the DN2mt stage of T-cell differentiation, progression past which is 
associated with termination of myeloid, dendritic and natural killer cell 
developmental potential [30-32]. DN2t progenitors traversing this step 
are restrained to the T-cell lineage, progressing to CD4+CD8+ DP cells. 
We initially reported that hematopoietic stem cell-directed expression 
of TLX1 induced T-ALL-like tumors in mice with long latency while 
giving rise to immortalized progenitor cell lines at high frequency 
under myeloid-supportive culture conditions [11,17]. Although 
TLX1+ T-ALL are associated with a CD4+CD8+ DP surface phenotype, 
one of the murine TLX1+ T-ALL-like tumors that arose consisted of 
cells resembling DN1/DN2 thymocytes [11]. We unexpectedly found 
in other work that enforced expression of TLX1 in murine fetal liver 
precursors and human cord blood CD34+ stem/progenitor cells assayed 
in fetal thymic organ cultures disrupted T-cell differentiation prior 
to the DP stage, arresting the cells at the DN2 stage of thymocyte 
development [34]. In this paper, we reconcile these apparently 
discordant results by demonstrating that the TLX1-derived cell lines 
represent immortalized DN2mt progenitors blocked at the Bcl11b-
controlled T-lineage restriction point defined within the myeloid-based 
hematopoiesis model. 

A similar arrest of thymocytes within the DN2 compartment 
is observed in transgenic mice in which TLX1 was placed under the 
control of the Lck proximal promoter [10,12]. In fact, transgenic mice 
in which the expression of GFP is driven by the Lck proximal promoter 
were used by Kawamoto et al. to delineate the Bcl11b-dependent 
DN2mt-DN2t transition step [98]. They found that DN2 cells could 
be subdivided into GFP- and GFP+ cells: GFP- DN2 cells (which they 
designated DN2mt) retained the potential to produce macrophages, 
dendritic cells and natural killer cells while Lck promoter-driven 
GFP+ DN2 cells (which they designated DN2t) failed to produce these 
non-T-cell lineages. Consistent with all of these observations and the 
inability of TLX1-expressing DN2mt cells to upregulate Bcl11b, De 
Keersmaecker et al. reported that BCL11B is a direct transcriptional 
target downregulated by TLX1 in the human T-ALL cell line ALL-
SIL [12]. These researchers also identified recurrent deletions and 
mutations of the Bcl11b gene in the T-ALL-like tumors that developed 
in Lck-TLX1 transgenic mice and involving human BCL11B in TLX1+ 
patient leukemia samples, suggesting that it acts as a tumor suppressor 
gene in TLX1+ T-ALL [12]. 

The above notwithstanding, ALL-SIL cells, like the majority of 
TLX1+ T-ALL cases [1-3], express a predominantly CD4+CD8+ DP 
phenotype [53,54]. In this regard, it is important to note that genetic 
analyses in the mouse have indicated that Bcl11b also plays a critical role 
in the maturation of CD4+CD8+ DP thymocytes into CD4+ and CD8+ 
single-positive T cells [82]. We previously demonstrated that shRNA-
mediated knockdown of TLX1 transcripts in ALL-SIL cells released 
the DP differentiation block [53,54]. However, Bcl11b-deficient DP 
thymocytes rearrange the T cell receptor (TCR) α locus whereas TLX1+ 
T-ALL cells are arrested at an earlier cortical DP stage prior to TCRα 
chain expression [1-3]. Normally, transcriptional access to the TCRα 
locus, which is under the control of the Eα enhancer, occurs at the late 
DN to CD4+CD8+ DP transition. Eα-mediated transcriptional activity 
depends on the cooperative binding of the ETS1, RUNX1 and LEF1 
transcription factors. Dadi et al. recently found that TLX1 interacts with 
ETS1 to repress Eα activity, thereby preventing TCR-Jα rearrangement 
and further differentiation [92]. It is noteworthy that both RUNX1 and 

LEF1 are converted to transcriptional repressors by interaction with 
the Groucho/transducin-like Enhancer of split (Gro/TLE) family of 
corepressors and this interaction inhibits activation of the Eα enhancer 
[99]. Silencing of the Eα enhancer in TLX1+ T-ALL cells was associated 
with increased concentration of H3K27me3, a marker of repressive 
chromatin, across the TCRα locus [92]. Along these lines, we found 
that TLX1 interacts with Gro/TLE corepressors [91] and that shRNA-
mediated knockdown of TLE transcripts in ALL-SIL cells also released 
the DP differentiation block [54]. As Gro/TLE corepressors facilitate 
transcriptional silencing via a mechanism that involves in H3K27 
methylation [100], it is tempting to speculate that TLX1 recruitment 
of Gro/TLE family members to the Eα enhancer also contributes to the 
early cortical DP differentiation block in TLX1+ T-ALL cases. 

In agreement with results obtained by Hough et al. for primary 
B cells inappropriately expressing TLX1 [14,15], we found that 
diploid TLX1-expressing DN2mt cells exhibited aberrant bypass of 
spindle checkpoint arrest, displayed chromosomal instability and 
progressed toward aneuploidy upon treatment with a mitotic inhibitor. 
Furthermore, in accord with the findings of these investigators [16], we 
observed Thr247-dependent TLX1-mediated upregulation of Ccnb1 
as well as other mitotic regulators (e.g., Ccna2, Ccnb2) implicated in 
CIN in other systems [68-71,73]. The data are strengthened by the 
observation of Ferrando et al. that high levels of CCNA2 expression 
specifically associate with the TLX1+ subtype of T-ALL [1]. Collectively, 
the data support a mechanism posited by De Keersmaecker et al. in 
which TLX1-promoted aneuploid cells progressively evolve toward 
malignancy [12]. Notably, a similar mechanism in the context of 
mammary tumorigenesis was validated for the CUX1 homeodomain 
oncoprotein, which shares significant overlap of binding targets with 
TLX1 [12,73]. However, in contrast to the CUX1 findings, as well as 
our results herein, those of Hough et al. and landmark studies of SV40 
large T and HPV16 E6 oncoproteins, De Keersmaecker et al. proposed 
that downregulation of other mitotic regulatory genes was responsible 
for abnormal TLX1 mitotic checkpoint control [12]. Upon careful 
examination of their mitotic cell cycle gene set, we detected only a subtle 
change in the expression of Chek1 in premalignant TLX1-expressing 
DN2mt cells and no consistent downregulation of the other genes that 
they proposed as being integral to the process (Figure 2C; Figure S4). 
We surmise that a reason for the discrepancy might be related to a flaw 
in their experimental design. De Keersmaecker et al. based on their 
conclusions on gene expression profiling analyses of DN2 cells obtained 
from preleukemic Lck-TLX1 transgenic and normal mice. Whereas 
the sorted transgenic Lck-TLX1 DN2 cells would consist of DN2mt-
arrested cells undergoing apoptosis, the sorted control DN2 cells would 
be composed of a mixture of DN2mt and more differentiated Bcl11b-
expressing DN2t populations [98].

Our findings that TLX1-expressing DN2mt cells are exquisitely 
sensitive to paclitaxel-induced death may relate to observations that 
aneuploid TLX1+ T-ALLs reportedly exhibit a favorable treatment 
outcome [78]. T-ALL treatment regimens typically contain microtubule-
targeting drugs [101]. Our gene expression analysis of TLX1-expressing 
DN2mt cells accurately identified upregulated expression of Top2a 
encoding topoisomerase IIα, high levels of which distinguish TLX1+ 
T-ALL cases from other T-ALL subtypes [1]. Moreover, ectopic 
expression of BCL11B in the TLX1+ ALL-SIL T-ALL cell line conferred 
resistance to the topoisomerase IIα poison etoposide. In accord with 
other investigations [84,102], we found that BCL11B expression was 
associated with a reduced proliferation rate (unpublished data). Of 
relevance to our findings, Schmidt and colleagues reported that BCL11B 
overexpression in TLX1-negative T-ALL cell lines conferred resistance 
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to etoposide-induced death through a mechanism associated with 
cell cycle delay at the G1/S phase [84]. In view of our earlier findings 
that TLX1 also stimulates G1/S progression [24], it will be interesting 
to determine whether a similar mechanism operates in TLX1+ T-ALL 
cells. 

Conclusion
Taken together with previous findings, the data support a 

mechanism of TLX1 leukemogenic activity linked to chromosomal 
instability resulting from upregulated expression of target genes involved 
in DNA replication and mitosis, including Top2a, Ccna2, Ccnb1 and 
Ccnb2. Moreover, since most T-ALL combination chemotherapies 
include a topoisomerase IIα inhibitor [101], repression of BCL11B 
expression may provide part of the explanation for the observation that 
aneuploid DNA content in TLX1+ T-ALL does not necessarily portend 
an unfavorable prognosis. The TLX1-expressing DN2mt cell culture 
model should help further our understanding of the mechanisms of 
TLX1-mediated evolution to malignancy and has the potential to be 
a useful predictor of disease response to novel therapeutic agents in 
TLX1+ T-ALL. For example, Idi1 (encoding isopentenyl diphosphate 
isomerase 1) and Fdft1 (encoding squalene synthase), both of which 
are involved in cholesterol biosynthesis, displayed Thr247-dependent 
upregulation by TLX1 in the DN2mt gene expression profiling 
experiments (Figure 2C). Successful follow up of these observations 
might suggest incorporation of cholesterol-modulating agents into 
future TLX1+ T-ALL chemotherapeutic regimens [103-106]. 
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