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Abstract
Translocations resulting in ectopic expression of the TLX1 homeobox gene (previously known as
HOX11) are recurrent events in human T-cell acute lymphoblastic leukemia (T-ALL).
Transduction of primary murine hematopoietic stem/progenitor cells with retroviral vectors
expressing TLX1 readily yields immortalized hematopoietic progenitor cell lines. Understanding
the processes involved in TLX1-mediated cellular immortalization should yield insights into the
growth and differentiation pathways altered by TLX1 during the development of T-ALL. In recent
clinical gene therapy trials, hematopoietic clonal dominance or T-ALL-like diseases have occurred
as a direct consequence of insertional activation of the EVI1, PRDM16 or LMO2 proto-oncogenes
by the retroviral vectors used to deliver the therapeutic genes. Additionally, the generation of
murine hematopoietic progenitor cell lines due to retroviral integrations into Evi1 or Prdm16 has
also been recently reported. Here we determined by linker-mediated nested polymerase chain
reaction the integration sites in 8 TLX1-immortalized hematopoietic cell lines. Notably, no
common integration site was observed among the cell lines. Moreover, no insertions into the Evi1
or Prdm16 genes were identified although insertion near Lmo2 was observed in one instance.
However, neither Lmo2 nor any of the other genes examined surrounding the integration sites
showed differential vector-influenced expression compared to the cell lines lacking such
insertions. While we cannot exclude the possibility that insertional side effects transiently
provided a selective growth/survival advantage to the hematopoietic progenitor populations, our
results unequivocally rule out insertions into Evi1 and Prdm16 as being integral to the TLX1-
initiated immortalization process.

INTRODUCTION
TLX1 (T-cell leukemia homeobox 1, previously known as HOX11) is an evolutionarily
conserved member of the non-clustered NKL subclass of homeobox genes that orchestrates
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spleen organogenesis and specification of neuronal cell fates (Roberts et al., 1994; Qian et
al., 2002; Cheng et al., 2004; Holland et al., 2007). Although TLX1 is not expressed during
normal hematopoietic development, it is frequently activated in T-cell acute lymphoblastic
leukemia (T-ALL) by chromosomal translocations which place the TLX1 coding region
downstream of T cell receptor (TCR) gene regulatory elements (Lu et al., 1991; Dube et al.,
1991; Hatano et al., 1991; Kennedy et al., 1991; Owens and Hawley, 2002). The recurrent
TLX1-associated translocations, which occur during thymocyte differentiation, are presumed
to be initiating genetic lesions in this disease. In support of this notion, enforced expression
of TLX1 in bone marrow-derived stem/progenitor cells induced T-cell tumors in transplanted
mice, albeit at long latency (Hawley et al., 1994a; Hawley et al., 1997).

The potential of TLX1 to disrupt normal hematopoietic processes has also been
demonstrated in a number of in vitro studies, where retroviral expression of TLX1 promoted
the immortalization of murine progenitor cells derived from various hematopoietic sources
(Hawley et al., 1994a; Hawley et al., 1997; Keller et al., 1998; Yu et al., 2002; Owens et al.,
2003; Yu et al., 2003; reviewed in Hawley et al., 2008). Structure-function analysis of the
TLX1 protein showed that an intact homeodomain is necessary for hematopoietic progenitor
cell immortalization but regions near the NH2 and COOH termini of TLX1 are not essential
for immortalizing activity (Hawley et al., 1997; Owens et al., 2003). Several lines of
evidence indicate that TLX1 induces hematopoietic progenitor immortalization by increasing
replicative capacity while concomitantly blocking differentiation (Su et al., 2006; Riz et al.,
2007). A better understanding of the molecular mechanisms involved in TLX1-mediated
immortalization should shed light on the growth and differentiation pathways subverted by
this oncogene during leukemic transformation (Hahn, 2002; Riz and Hawley, 2005; Owens
et al., 2006; Riz et al., 2009a).

Genome-wide analyses of integration sites have revealed that murine leukemia virus
(MLV)-based retroviral vectors do not integrate at random throughout the genome. Rather,
they preferentially insert into open chromatin regions, frequently in close proximity to or
within genes (Wu et al., 2003; Lewinski et al., 2006). It is clear therefore that gene
activation or disruption as a consequence of retroviral integration is greater than what would
be predicted based on the assumption of a random distribution of sites throughout the
genome. In this context, integration site analyses in recent preclinical and clinical
hematopoietic stem cell gene transfer studies have confirmed that retroviral vector
integrations can unfortunately result in the activation of proto-oncogenes (Baum et al., 2006;
Nienhuis et al., 2006). These findings first came dramatically to light with the development
of T-ALL in a number of patients after retrovirus-mediated gene therapy of X-linked severe
combined immunodeficiency disease (SCID-X1), where in several instances the vector was
found to have integrated near the LMO2 proto-oncogene (Hacein-Bey-Abina et al., 2003;
Hacein-Bey-Abina et al., 2008). LMO2, like TLX1, was initially discovered as a result of its
activation by chromosomal translocations involving the TCR loci in a subset of T-ALL
patients (Nam and Rabbitts, 2006). Additionally, clonal expansion of myeloid lineage cells
was observed in two patients in a gene therapy trial for chronic granulomatous disease due
to activating insertions into the functionally-related EVI1 or PRDM16 proto-oncogenes (Ott
et al., 2006).

The immortalization of murine hematopoietic progenitor cells due to integrations of
retroviral vector backbones alone has been recently reported (Du et al., 2005; Modlich et al.,
2006; Ott et al., 2006). Using MLV-derived retroviral vectors expressing fluorescent protein
reporter genes, one study found that almost all of the transduced primary murine bone
marrow cells that could be clonally expanded after growth in short-term cultures
supplemented with a cocktail of stem cell factor (SCF), Flt-3 ligand, IL-11 and IL-3,
contained insertions within Evi1 (Modlich et al., 2006). All of the expanding clones

Zweier-Renn et al. Page 2

Genes Chromosomes Cancer. Author manuscript; available in PMC 2011 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



expressed varying amounts of the cell surface antigens CD11b and Ly-6G/Gr-1, indicating
that they were of myeloid origin. In another study, ~50% of the IL-3/SCF-supplemented
long-term cultures of murine bone marrow cells transduced with an MLV-based murine
stem cell virus (MSCV) vector expressing the neomycin phosphotransferease (neo) gene
(MSCVneo; Hawley et al., 1994b) produced immortalized cell lines, more than half of
which contained integrations into either Evi1 or Prdm16 (Du et al., 2005). The immortalized
cell lines were composed largely of immature myeloid cells with biphenotypic
differentiation potential for the monocyte/macrophage and granulocyte lineages.

In view of these findings, we were interested in investigating the potential contribution of
retroviral insertional mutagenesis to TLX1-induced murine bone marrow progenitor cell
immortalization (Hawley et al., 1994a; Hawley et al., 1997). Similar to the retrovirally-
immortalized murine bone marrow-derived cell lines (Du et al., 2005; Modlich et al., 2006),
cell lines established following transduction of primary murine bone marrow cells with an
MSCV retroviral vector expressing TLX1 in addition to neo (MSCVneo-TLX1) represent an
early myeloid precursor that can be stimulated to partially differentiate along the monocyte/
macrophage (CD11b+) and granulocyte (Ly-6G/Gr-1+) lineages (Owens et al., 2003). These
TLX1-immortalized cell lines, historically referred to as HX cell lines to reflect the
utilization of HOX11 (TLX1) as an immortalizing gene, are strictly dependent on IL-3 for
their survival and proliferation. In this study, we characterized the MSCVneo-TLX1
integration sites in 8 HX cell lines —including 3 independent clones —derived in 5 separate
experiments. Notably, no common vector integration sites were found among the HX cell
lines, indicating that retroviral-mediated insertional mutagenesis of a specific locus is not
required for cell line establishment by ectopic TLX1 expression.

MATERIALS AND METHODS
Cell Lines

The TLX1-immortalized HX cell lines used in this study were established previously
(Hawley et al., 1994a; Hawley et al., 1997). In brief, bone marrow, enriched for
hematopoietic stem/progenitor cells by 5-fluorouracil pretreatment (administered by
intravenous injection 4 days previously at 150 mg/kg body weight), was flushed from the
hind limbs of 6 to 8 week-old female BALB/c mice with ice-cold Iscove’s Modified
Dulbecco’s Medium (IMDM) containing 10% heat-inactivated fetal bovine serum (FBS).
After erythrocyte lysis in 0.17 M ammonium chloride, nucleated cells were added to 100
mm petri dishes at a density of 5 × 105 cells/ml in IMDM containing 10% heat-inactivated
FBS plus 2% pokeweed mitogen-stimulated spleen-conditioned medium (PWM-SCM, a
source of general hematopoietic growth factors including GM-CSF and IL-3) or 10%
conditioned medium from X630-rlL3 cells (X630-rIL3 CM, a source of recombinant IL-3)
(see below for details). After 48 hours, the bone marrow cells were collected and added to
subconfluent monolayers of GP+E-86 packaging cells producing helper-free ecotropic
MSCVneo-TLX1 retroviral vector particles (with a titer of 8 × 106 geneticin (G418)-
resistant colony-forming units/ml when assayed on NIH3T3 fibroblasts) at a density of 5 ×
105 cells/ml in fresh complete medium supplemented with 8 µg/ml polybrene. After a
further 48 hours, nonadherent bone marrow cells were harvested and transiently selected by
addition of 0.75 mg/ml G418 to the medium. The cells were collected 24 hours later and
seeded at 1 × 103 and 1 × 104 cells/ml in 1 ml cultures containing 0.8% methylcellulose in
the presence or absence of G418. The transduction efficiency was ~50% as determined by
the respective number of colonies that formed by day 7 (range, 30–80%; n = 5 experiments).
The G418-resistant colonies that arose in primary methylcellulose cultures in the first three
experiments that were performed were separately pooled and placed in liquid cultures
containing 0.75 mg/ml G418 and 2% PWM-SCM. The cells continued to propagate and
could be serially passaged under G418 selection as bulk suspension cultures (for greater than
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3 months), giving rise to the HX1, HX2 and HX3 cell lines, respectively. When tested for
survival and proliferation in cultures supplemented with conditioned medium or purified
recombinant factors, including IL-1, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-11, GM-CSF, G-
CSF, M-CSF or SCF, only IL-3 supported their continued growth. Thereafter, the cells were
maintained in culture medium supplemented with 10% X630-rIL3 CM instead of 2% PWM-
SCM. A clone of the HX3 cell line (HX3 c32) was obtained following expansion of a single
cell after limiting dilution in 96-well plates 9 days after the pooled primary colonies had
been transferred to 1 ml liquid culture. Three additional cell lines were established in a
fourth experiment from G418-resistant colonies obtained from three primary
methylcellulose cultures carried out in parallel: HX4 was generated from pooled colonies
(from plate 1) while HX4 c4 (from plate 2) and HX4 c13 (from plate 3) were derived from
single colonies that were individually transferred to 0.5 ml liquid cultures using a fine glass
pipette. Finally, the HX5 cell line was derived in a fifth experiment from pooled G418-
resistant colonies from primary methylcellulose cultures. The conditions employed in the
latter two experiments were exactly the same as those described for the first three
experiments except that the cultures were supplemented throughout with 10% X630-rlL3
CM instead of 2% PWM-SCM. Upon thawing of frozen stocks, the IL-3-dependent HX cell
lines were routinely maintained in IMDM (Mediatech, Inc., Herndon, VA) containing 4 mM
L-glutamine, 50 IU/ml penicillin, 50 µg/ml streptomycin, 10% heat-inactivated FBS
(Cambrex BioScience Walkersville, Inc., Walkersville, MD), 10% X630-rIL3 CM and 0.75
mg/ml G418 (Invitrogen Corp., Carlsbad, CA).

The retrovirus-induced, IL-3-dependent M-NSF-60 cell line (ATCC No. CRL-1838;
American Type Culture Collection, Manassas, VA) was derived from a myeloid leukemia
that contains a proviral insertion in the Evi1 gene (Morishita et al., 1988). M-NSF-60 cells
were cultured in IMDM containing 4 mM L-glutamine, 50 IU/ml penicillin, 50 µg/ml
streptomycin, 10% heat-inactivated FBS and 10% X630-rlL3 CM.

NIH3T3 fibroblasts (ATCC No. CRL-1658) were cultured in Dulbecco’s Modified Eagle
Medium (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.

Karyotypic Analysis
The metaphases were arrested by incubation with colcemid (KaryoMax® Colcemid
Solution, Invitrogen, Carlsbad, CA) (10 µg/ml) 2 hours prior to harvest. Cells were collected
and treated with hypotonic solution (0.075 M KCl) for 15 min at 37°C and fixed with
methanol:acetic acid (3:1). Chromosomes were stained with a trypsin-Giemsa staining
technique (Seabright, 1971). Analyses were performed under an Axioplan 2 microscope
(Carl Zeiss MicroImaging, Inc., Thornwood, NY) coupled with a CCD camera
(Photometrics, Tucson, AZ); images were captured with Band View 5.5 karyotyping
software (Applied Spectral Imaging Inc., Vista, CA). The karyotype was determined by
comparison to the standard ideogram of banding patterns for mouse chromosomes (Nesbitt
and Francke, 1973). A minimum of 20 mitoses was examined per cell line.

Southern Blot Analysis
Southern blot analysis was performed as described previously (Ramezani et al., 2000;
Moayeri et al., 2004). Briefly, genomic DNA was extracted using the GenElute Mammalian
Genomic DNA Kit (Sigma, St Louis, MO). Genomic DNA (10 µg) was EcoRI-digested
(New England Biolabs, Beverly, MA), separated on 0.8% agarose gels, and transferred to
Hybond-N+ membranes (Amersham Biosciences, Piscataway, NJ). Membranes were fixed
by exposure to UV light and hybridized with a 32P-labeled randomly primed neo probe.
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Digital images were acquired using a Storm 860 PhosphorImager and radioactivity was
quantitated using ImageQuant software (Amersham Biosciences).

LM-PCR
Linker-mediated nested polymerase chain reaction (LM-PCR) was performed as previously
described (Wu et al., 2003; Bauer, Jr. et al., 2008) with modifications that allowed the
identification of genomic regions adjacent to MSCVneo-TLX1 vector sequences in a murine
background. Briefly, genomic DNA was isolated from cell lines using the GenElute
Mammalian Genomic DNA Kit and digested with Tsp509I or BstYI (New England Biolabs).
The restriction enzyme was removed by phenol chloroform extraction and the DNA was
ligated to the linker specific for the Tsp509I overhang (5’-
GACCCGGGAGATCTGAATTCAGTGGCACAGCAGTTAGG-3 ’ and 5 ’-
AATTCCTAACTGCTGTGCCACTGAATTCAGATC-3’) or BstYI overhang (5’-
GACCCGGGAGATCTGAATTCAGTGGCACAGCAGTTAGG-3’ and 5’-
GATCCCTAACTGCTGTGCCACTGAATTCAGATC-3’). Primary PCR was performed
using primers complementary to the linker (5’-GACCCGGGAGATCTGAATTC-3’) and the
MSCV vector sequence in the 5’ LTR (5’-AACCTTGATCTGAACTTCTC-3’) under the
following conditions: 30 cycles at 95°C for 15 sec, 60°C for 30 sec, and 72°C for 1 min.
Secondary PCR was performed using nested primers (5’-AGTGGCACAGCAGTTAGG-3’
and 5’-CCATGCCTTGCAAAATGGC-3’) after a 1:50 dilution of the primary PCR product
under the same conditions as above. The MSCV PCR primers were modified from primers
previously used in a retroviral vector insertional mutagenesis study in a mouse model
(Kustikova et al., 2005) to specifically detect the MSCV 5’ LTR sequence. 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, Valencia, CA).
All PCR amplifications were performed using Platinum Taq (Invitrogen). PCR products
were cloned into the pCR4-TOPO vector and transformed into TOP10 cells (Invitrogen).
DNA was isolated from ampicillin resistant colonies 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 BLAT alignment program (http://genome.ucsc.edu/) (Kent, 2002; Kuhn et
al., 2009). Vector orientation and location of the vector with respect to the nearest gene were
determined. Transcription start sites for genes were identified using the UCSC Table
Browser data retrieval tool (Karolchik et al., 2004). Hits in the Mouse Retrovirus Tagged
Cancer Gene Database (RTCGD; http://rtcgd.abcc.ncifcrf.gov/) (Akagi et al., 2004) and the
Insertional Dominance Database (IDDb;
http://www99.mh-hannover.de/kliniken/zellth/method.html) associated with hematopoietic
clonal expansion (Kustikova et al., 2007) were identified for the nearest gene and genes
within 100 kb of the integration sites.

Northern Blot Analysis
Northern blot analysis was performed as described previously (Ramezani et al., 2000;
Moayeri et al., 2004). Total RNA was isolated using Trizol reagent (Invitrogen) according to
the manufacturer’s instructions. RNA (20 µg) was separated on 1.2% agarose-formaldehyde
gels, transferred to Hybond-N+ membranes in 20X SSC buffer (Ambion, Inc. Austin, TX),
and hybridized with a 32P-labeled probe specific for each candidate gene according to
standard protocols. Probes were prepared from coding regions of cDNA clones: Ap1g2
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(ATCC No. 10955586), Evi1 (pBluescript KS(+)-Evi1; (Morishita et al., 1988), Foxl1
(ATCC No. 10866590), Gpr39 (Clone ID No. 30745457, Invitrogen), Itsn1 (ATCC No.
10699443), Lmo2 (ATCC No. 10470162), Lrrc33 (ATCC No. MGC-36838), Pitpnm2
(ATCC No. 10699600), Prdm16 (Clone ID No. 6409778, Invitrogen), and Vps37b (ATCC
No. 10324522). As a control for equal loading of RNA, each blot was rehybridized with a
glyceraldehyde-3-phosphate dehydrogenase (Gapdh) probe.

RT-PCR
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, Indianapolis, IN) 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 Gapdh RT-PCR product to ensure
similar amplification efficiency: Abcb9 (NM_019875.2) forward 5'-
AAGCATGGATCAGTTCACCA-3', reverse 5'-TGTGCGGTTCTCATCAAAGA-3'; Foxl1
(NM_008024.2) forward 5'-CGGCATCTACCAGTTCATCA-3', reverse 5'-
CCGTTCTCAAACATGTCCAA-3'; Foxc2 (NM_013519.1) forward 5'-
TGAGTGCTTCGTGAAAGTGC-3', reverse 5'-GACTTTCTTCTCGGCCTCCT-3'; Fbxo3
(NM_212433.1) forward 5'-GTGCTACTTTTACCGACTGGTTT-3', reverse 5'-
CGGTATGTGAAGAAATAGTGTGG-3'; Cirh1a (NM_011574.2) forward 5’-
GCACAGTGCCTGCTTACAAC-3’, reverse 5’-GTAGGCATCATGGAGGAGGA-3’ and
Gapdh (NM_008084.2) forward 5'-ATCCCAGAGCTGAACG-3', reverse 5'-
GAAGTCGCAGGAGACA-3'. All primers were validated using genomic DNA.

Quantitative RT-PCR
RNA was extracted from the HX cell lines using Trizol reagent. RNA (1 µg) was reverse
transcribed into cDNA and qRT-PCR was performed on a 7300 Real Time PCR System by
Taqman Gene Expression Assay using a primer and probe set (Mm00450301_m1) for the
Tnk2 gene (Applied Biosystems, Foster City, CA).

Western Blot Analysis
Whole cell lysates were prepared as described previously (Owens et al., 2003; Riz and
Hawley, 2005; Akimov et al., 2005). TLX1/HOX11 was detected using a polyclonal rabbit
antibody (C-18: sc-880, Santa Cruz Biotechnology, Inc., Santa Cruz, CA) and α-tubulin was
detected using a mouse monoclonal antibody (sc-5286, Santa Cruz Biotechnology, Inc.). An
alkaline phosphatase-conjugated goat anti-rabbit secondary antibody (Santa Cruz
Biotechnology, Inc.) was used. Chemifluorescence detection was performed using ECF
substrate and digital images were acquired on a Storm 860 PhosphorImager using
ImageQuant software (Amersham Biosciences).

RESULTS
No Common “Immortalizing” Genes Were Identified by Mapping of Retroviral Integration
Sites in TLX1-Immortalized Cell Lines

IL-3-dependent HX cell lines, which had been established previously by immortalization of
murine bone marrow cells following transduction with the MSCVneo-TLX1 retroviral
vector (Hawley et al., 1994a; Hawley et al., 1997), were thawed from cryopreserved stocks
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and reinitiated as suspension cultures. The cell lines examined consisted of 5 independent
bulk cultures (HX1 to HX5) derived in separate experiments from pooled colonies from
primary methylcellulose cultures (within 8 days of transduction) as well as 3 clones (HX3
c32, HX4 c4, and HX4 c13): HX3 c32 is a single-cell clone of HX3 isolated from the bulk
culture 9 days after the primary methylcellulose colonies were pooled, whereas HX4 c4 and
HX4 c13 were established from individual colonies arising in primary methylcellulose
cultures in the same experiment as the polyclonal HX4 cell line (all from different dishes)
(Hawley et al., 1994a). It was previously demonstrated by Southern blotting that the HX4
cell line contained multiple integrants whereas the HX4 c4 and HX4 c13 cell lines contained
single retroviral integrations (Hawley et al., 1994a; Hawley et al., 1997). Vector copy
numbers had not been determined for the other cell lines.

We first confirmed that all of the HX cell lines expressed TLX1 by Western and Northern
blot analyses (Fig. 1A; and data not shown). We next carried out Southern blot analyses on
EcoRI-digested genomic DNA extracted from the HX cell lines (EcoRI cuts the MSCVneo-
TLX1 vector once) using a neo probe (Fig. 1B). As expected, unique bands representative of
single MSCVneo-TLX1 vector insertions were observed for the HX4 c4 and HX4 c13 clonal
cell lines as previously reported (Hawley et al., 1994a;Hawley et al., 1997). A single
integrated vector was also detected in genomic DNA from the HX3 c32 clonal cell line and
this corresponded to the prominent band present in HX3 genomic DNA. The HX1, HX2,
HX4 and HX5 cell lines had also become predominantly clonal or oligoclonal during
continued propagation in culture, exhibiting one (HX1, HX4 and HX5) or two (HX2)
prominent vector junction fragments hybridizing to the neo probe.

To identify the retroviral vector integration sites in the HX cell lines, we performed LM-
PCR to amplify the MSCVneo-TLX1/genomic junctions. The procedure was initially carried
out with genomic DNA that had been digested with Tsp509I, which recognizes a 4-base
restriction site (▼AATT). For some of the samples, the screen was repeated with genomic
DNA that had been cleaved with BstYI, which has a degenerate 6-base recognition site with
a different 4-base core sequence (R▼GATCY). Sequences for the integration sites in the HX
cell lines were matched to the mouse genome using the UCSC Genome Browser BLAT
alignment program (Table 1). In this manner, with one exception, we were able to recover
all of the integration sites whose predicted sizes for EcoRI-digested genomic DNA
corresponded to the prominent vector-specific bands revealed by Southern blotting. In the
case of HX2, the integration site corresponding to only one of the two prominent bands was
recovered (~18 kb band; Fig. 1B, lane 3). Strikingly, none of the integration sites identified
in the HX cell lines were within the loci of the known hematopoietic progenitor cell
immortalizing genes Evi1 or Prdm16. Moreover, no common integration site (CIS) was
identified among the cell lines, indicating that neither immortalization nor clonal expansion
of the cell lines was due to retroviral integration into a particular gene or locus.

To characterize the vector integration sites, we next searched the Mouse Retrovirus Tagged
Cancer Gene Database (RTCGD) for CISs previously identified in multiple independent
murine tumor models (Akagi et al., 2004). Three of the genes closest to the integration sites
identified in the HX cell lines were listed as CISs in the RTCGD. Most notably, the murine
ortholog of the LMO2 proto-oncogene inadvertently activated in the SCID-X1 clinical trials
(Hacein-Bey-Abina et al., 2003; Hacein-Bey-Abina et al., 2008) was identified 10 kb
downstream of the prominent integration site in the HX5 cell line (6 hits in the RTCGD).
The second CIS, Foxl1 (3 hits in the RTCGD), encoding a forkhead box transcription factor
that serves as a point of crosstalk between the hedgehog and Wnt/β-catenin signaling
networks (Katoh, 2007), was identified 56 kb upstream of the one prominent integration site
recovered for the HX2 cell line. The third CIS, Akap13 (4 hits in the RTCGD), a guanine
nucleotide exchange factor involved in the osmoprotective response (Aramburu and Lopez-
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Rodriguez, 2009) was identified in HX4, where the vector integrated into intron 5 of the
gene (although it was not the prominent band revealed by Southern blot analysis). Two other
genes were identified that were listed as rare hits in the RTCGD: Abcb9 (2 entries), a
lysosomal peptide transporter which is member of the superfamily of ATP-binding cassette
transporters was located 10 kb upstream of the prominent HX1 integration site; and the
MSCVneo-TLX1 vector was found to have integrated into intron 1 of Lrrc33 (2 entries), a
gene encoding a leucine rich repeat-containing protein of unknown function, corresponding
to the only vector integration in the HX3 c32 clone (and the prominent band in parental HX3
cells).

No Differential Expression of Genes Surrounding MSCVneo-TLX1 Integration Sites
Although no CIS was shared among the cell lines, there is a possibility that an overlap in
gene function exists among the targeted loci. Therefore, we compiled lists of genes whose
transcription start sites were within 100 kb upstream or downstream from each integration
site (Table 2). An additional RTCGD CIS, Foxc2 (3 entries), another forkhead box
transcription factor gene, which is involved in specifying mesenchymal cell fate during
embryogenesis (Hannenhalli and Kaestner, 2009), was identified 11 kb upstream of the
Foxl1 CIS in the HX2 cell line. Extensive searching of the literature, including the
Insertional Dominance Database (IDDb) associated with hematopoietic clonal expansion
(Kustikova et al., 2007), revealed additional genes that had been reported on at least one
occasion to have been targeted by retroviral vectors: Bex6, Fbxo3, Gpr39, Itsn1, Pitpnm2,
and Vps37b. Gene ontology analysis did not reveal overrepresentation of a particular
functional group (Ashburner et al., 2000). There were, however, some common functions
shared among the encoded proteins of these and additional genes located within the 100-kb
integration site windows; these include defined and putative roles in intracellular trafficking
involving the golgi and clathrin-coated vesicles (Ap1g2, Itsn1, Vps37b), endoplasmic
reticulum remodeling and stress (Gpr39, Pitpnm2), and as anti-apoptotic proteins (Gpr39,
Itsn1).

Based on the compiled data, the expression levels of a panel of 12 candidate target genes
surrounding the vector integration sites — corresponding to the single vector integrants in
the HX3 c32, HX4 c4, and HX4 c13 clonal cell lines and the dominant clones in the other
HX cell lines —were examined by Northern blotting and/or RT-PCR. This analysis failed to
uncover any integration-specific differences in the expression of any gene tested among the
various HX cell lines. For example, Northern blot analysis revealed that Lmo2 is similarly
expressed in all of the HX cell lines (Fig. 2A). Moreover, in many cases, the expression
levels of the genes surrounding the integration sites were below detection limits
(Supplementary Fig. 1; summarized in Table 3). Finally, no upregulation in Evi1 or Prdm16
expression was detected in any of the HX cell lines (Fig. 2B; and data not shown).

No Recurring Chromosomal Abnormalities Were Identified in TLX1-Immortalized Cell Lines
It had been reported that the IL-3-dependent myeloid progenitor cell line 32D clone 3 (32D
Cl3), which was established from long-term murine bone marrow cultures, exhibits a highly
variable and unstable karyotype characterized by several complex chromosomal
rearrangements (Agliano et al., 2000). To determine whether secondary chromosomal
abnormalities might contribute to TLX1-mediated hematopoietic progenitor cell
immortalization, we performed cytogenetic analyses of the HX1, HX2, HX3, HX4, HX4 c4,
HX4 c13 and HX5 cell lines. With the exception of HX2, all 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 (Fig. 3 and Supplementary Fig. 2). In the case of
HX2, although we did not detect evidence of any chromosomal rearrangements, some
numerical alterations were observed. The karyotype of this cell line was 40,X0,+16[15] (2
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cells were 40,XX and 3 cells had a hypodiploid karyotype), with loss of one copy of the X
chromosome and trisomy 16 confirmed by fluorescence in situ hybridization
(Supplementary Fig. 3).

DISCUSSION
We and others have reported that enforced expression of TLX1 promotes the immortalization
of murine hematopoietic progenitors derived from bone marrow as well as from fetal liver,
yolk sac and in vitro differentiated embryonic stem cells from various mouse strains at
relatively high frequency (reviewed in Hawley et al., 2008). One caveat of these studies is
that gene delivery via MLV-based MSCV retroviral vectors was used to introduce the TLX1
transgene into the target cell populations. Large-scale mapping of MLV retroviral
integration events has shown that approximately 25% are near transcription start sites (Wu et
al., 2003; Lewinski et al., 2006), potentially resulting in insertional activation of proto-
oncogenes or other cell fate signaling genes (summarized in Baum et al., 2006). Indeed,
Copeland and colleagues took advantage of this observation and used MLV retroviral
insertional mutagenesis (with the MSCVneo backbone) as a tool to identify hematopoietic
progenitor cell immortalization genes (Du et al., 2005). To this end, they cloned over 80% of
the MSCV vector integrations present in 37 immortalized myeloid progenitor cell lines
derived from murine bone marrow: 7 cell lines contained integrations in the first or second
intron of Evi1, while another 13 cell lines contained integrations in the first intron of
Prdm16. Northern blot analysis of 29 of the immortalized cell lines showed that 8 expressed
high levels of Evi1 and 17 expressed high levels of Prdm16. Interestingly, overexpression of
Evi1 was observed in 1 cell line without a retroviral integration in Evi1 and overexpression
of Prdm16 was detected in 4 cell lines without a retroviral integration in that gene. The
authors speculated that the cell lines in question may contain activating integrations at other
genes that function upstream of Evi1 or Prdm16, respectively. In another study, Baum and
colleagues characterized the integration sites of MLV retroviral vectors (based on the SF91
backbone) in clones of hematopoietic progenitors that showed a dominant growth advantage
during short-term culture (4–5 weeks) under myeloid-supportive conditions, continued
expansion of which led to immortalization in one instance (Modlich et al., 2006). In 6 of 8
expanded clones examined, an integration in Evi1 was detected, and strong upregulation of
Evi1 expression was found in all cases including the 2 clones without detectable Evi1
integrations. In contrast to these findings, none of the 8 HX cell lines analyzed in this study
(from 5 separate experiments), which were established following retroviral transduction of
murine bone marrow with an MSCVneo retroviral vector constitutively expressing TLX1,
contained integrations in Evi1 or Prdm16; nor was overexpression of Evi1 or Prdm16
observed in any case. Thus, our results exclude retroviral insertional activation of Evi1 or
Prdm16 as playing an obligatory role in the series of events leading to cell line
establishment of hematopoietic progenitors ectopically expressing TLX1. These observations
raise the possibility that there are shared features of the pathways subverted by TLX1 and
Evi1 (Prdm16) leading to immortalization, as suggested from previous studies investigating
the ability of these oncogenes to interfere with hematopoietic differentiation programs
(Morishita et al., 1992; Kreider et al., 1993; Hawley et al., 1994a; Greene et al., 2002; Riz et
al., 2007).

Another significant difference between the TLX1-expressing HX cell lines and the
hematopoietic progenitor cell lines established by retroviral vector insertional mutagenesis
in the previous experiments is that the clonal HX lines (HX3 c32, HX4 c4, and HX4 c13)
contain single MSCV integrations whereas the latter lines contained multiple retroviral
vector integrations (typically 3 to 10 insertions per cell line) (Du et al., 2005; Modlich et al.,
2006). Notably, no common loci were found to have been targeted by the MSCVneo-TLX1
vector among the HX cell lines. Together, these observations are in accord with the
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supposition that enforced TLX1 expression is sufficient to promote cellular immortalization
and reinforces the notion that retroviral insertional mutagenesis is not playing the principal
role (Hawley, 2008; Varas et al., 2008). Indeed, examination of the hematopoietic
“fingerprint” expression database of hematopoietic stem cells and their differentiated
progeny (Chambers et al., 2007) reveals that the loci targeted were most likely expressed in
the immature hematopoietic cell populations giving rise to the HX cell lines and thus
favored for retroviral integration (Lewinski et al., 2006). For example, the human ortholog
of Gpr39, an orphan G-protein-coupled receptor, corresponding to the prominent integration
site in the HX4 cell line, was previously identified as a rare insertion in the peripheral blood
sample of one of the patients in the SCID-X1 clinical trials who did not develop T-ALL or
preneoplastic myeloid clonal expansions (Deichmann et al., 2007). However, we cannot rule
out the possibility that the targeted integration sites do contribute to the early stages of cell
line establishment but become dispensable following immortalization, as reported
previously in the case of retrovirally-activated c-myb during in vitro passage of a T-
lymphoma cell line (Hanlon et al., 2003). It is interesting in this regard that the single vector
insertion in the HX4 c13 clonal cell line was found to have occurred within intron 5 of Itsn1,
a multidomain adaptor protein implicated in endothelial cell survival (Predescu et al., 2007);
retroviral vector integration into intron 3 of Itsn1 was previously reported as one of 7
characterized insertion sites out of 9 in a dominant hematopoietic clone characterized by
Baum and colleagues, which also contained insertions in Evi1 and HoxA7 (Modlich et al.,
2006). We recently developed a self-inactivating retroviral vector, RMSinOFB, in which a
novel enhancer-blocking element derived from chromatin insulators flanks the retroviral
vector backbone upon integration, virtually eliminating hematopoietic immortalizing
potential due to insertional mutagenesis (Ramezani et al., 2008). It will therefore be of much
interest to evaluate the ability of this vector backbone expressing TLX1 to immortalize
hematopoietic progenitor cells.

An especially intriguing observation to come from this study was the finding that the
MSCVneo-TLX1 vector had integrated near the Lmo2 proto-oncogene in the HX5 cell line.
We cannot exclude a role for Lmo2 in TLX1-mediated hematopoietic progenitor cell
immortalization at this time. However, Lmo2 expression was found in all of the HX cell
lines, ruling out selective transcriptional upregulation by insertional mutagenesis in HX5
cells. Lmo2 was only weakly expressed (SPL136) or below detection (THY137) in two cell
lines derived from TLX1-induced T-cell tumors, arguing against Lmo2 being a universal
downstream target gene of TLX1. Finally, Lmo2 expression was previously documented to
be mainly expressed in myeloid cells — including the IL-3-dependent 32D, FDCP-mix and
FDC-P1 myeloid cell lines — implying that the pattern of Lmo2 expression in the HX cell
lines is most likely reflective of their myeloid phenotype (Hansson et al., 2007).

The molecular mechanism by which TLX1 induces immortalization remains an open
question. The accumulated evidence from our laboratory and others indicates that TLX1
functions as a transcriptional regulator that can either activate or repress gene expression
(Dear et al., 1993; Greene et al., 1998; Zhang et al., 1999; Allen et al., 2000; Owens et al.,
2003; Hoffmann et al., 2004; Riz and Hawley, 2005; Riz et al., 2007; Dixon et al., 2007;
Rice et al., 2008a; Rice et al., 2008b; Riz et al., 2009a; Riz et al., 2009b). Drawing parallels
between TLX1 and the pluripotent stem cell factor Nanog (Pan and Thomson, 2007),
another member of the non-clustered NKL subclass of homeobox genes with which it shares
66% amino acid sequence similarity (46% homology) (Holland et al., 2007), may provide
clues to the “reprogramming” process of hematopoietic progenitor immortalization. It is
noteworthy in this regard that TLX1-mediated immortalization resulted in a very low
incidence of chromosomal abnormalities. Therefore, with the exception of the HX2 cell line,
these results rule out aneuploidy as being an important contributor to any secondary genetic
changes that might be required for the immortalization process. Nonetheless, when several
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of the TLX1-immortalized HX cell lines studied here were tested previously, including HX2,
they were not leukemogenic in vivo (Hawley et al., 1994a). These observations are
consistent with findings in many other experimental systems showing that acquisition of an
immortal state is required but not sufficient for the malignant transformation of normal
mammalian cells in culture (Newbold and Overell, 1983; Rangarajan et al., 2004).

In conclusion, we believe that additional studies into the process of TLX1-mediated
immortalization in this murine model, which occurs in the absence of widespread genomic
instability, will yield important insights into the pathogenetic contribution of TLX1 to human
TALL (Hahn, 2002; Aifantis et al., 2008).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Expression and integration of MSCVneo-TLX1 retroviral vectors in immortalized HX cell
lines. (A) TLX1 expression was detected in whole cell extracts (10 µg) from HX cell lines
using an anti-TLX1 antibody (C-18, Santa Cruz). NS, nonspecific cross-reacting protein
demonstrating equal loading. α-Tubulin (B-7, Santa Cruz) levels were also used as a loading
control. Lanes are as follows: 1. HX1, 2. HX2, 3. HX3, 4. HX4, 5. HX4 c4, 6. HX4 c13, 7.
HX5, 8. SPL136 (TLX1+ T-cell tumor). Note that the TLX1 gene in HX5 and SPL136 has a
deletion which removed the last 40 amino acids, the region containing the epitope
recognized by the anti-TLX1 antibody (Hawley et al., 1997; Riz et al., 2009a). In these
cases, TLX1 expression was confirmed at the level of RNA by Northern blot analysis. (B)
Southern blot analysis of EcoRI-digested genomic DNA with a neo probe demonstrated
integration of the MSCVneo-TLX1 retroviral vector in each of the cell lines. Integration
sites that were recovered by LM-PCR whose predicted sizes corresponded to the prominent
vector-specific bands are indicated (►). In the case of HX2, the integration site
corresponding to a prominent ~3.8 kb band (▻) was not obtained. NS, nonspecific cross-
reacting endogenous sequences. Lanes: 1, NIH3T3 (negative control); 2, HX1; 3, HX2; 4,
HX3; 5, HX3 c32; 6, HX4; 7, HX4 c4; 8, HX4 c13; 9, HX5.
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Figure 2.
Northern blot analysis of Lmo2 or Evi1 expression in TLX1-immortalized HX cell lines. (A)
RNA (20 µg) was hybridized with a probe for Lmo2 or Gapdh. Lanes: 1, MSCV-
immortalized bone marrow cell line (empty vector); 2, HX1; 3, HX2; 4, HX3; 5, HX3 c32;
6, HX4; 7, HX4 c4; 8, HX4 c13; 9, HX5; 10, SPL136 (TLX1+ T-cell tumor); 11, THY137
(TLX1+ T-cell tumor) (Hawley et al., 1997). (B) RNA (20 µg) was hybridized with a probe
for Evi1 or Gapdh. Lanes: 1, primary murine bone marrow progenitor cells cultured in IL-3
for 3 weeks; 2, HX1; 3, HX2; 4, HX3; 5, HX4; 6, HX4 c4; 7, HX4 c13; 8, HX5; 9, SPL136
(TLX1+ T-cell tumor); 10, M-NFS-60 (Evi1+ myeloid leukemia); 11, MSCV-immortalized
murine bone marrow cell line (empty vector).
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Figure 3.
Cytogenetic analysis of the TLX1-immortalized HX3 cell line. Shown is a G-banded
chromosome preparation demonstrating a normal diploid karyotype, with chromosome pairs
lined up next to their respective ideogram representations.

Zweier-Renn et al. Page 18

Genes Chromosomes Cancer. Author manuscript; available in PMC 2011 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Zweier-Renn et al. Page 19

TA
B

LE
 1

M
SC

V
ne

o-
TL

X
1 

In
te

gr
at

io
n 

Si
te

s i
n 

Im
m

or
ta

liz
ed

 C
el

l L
in

es

C
el

l l
in

e
G

en
e 

at
 in

te
gr

at
io

n 
si

te
a

G
en

e 
ID

C
hr

om
os

om
e

L
T

R
 ju

nc
tio

n
L

oc
at

io
n 

an
d

di
st

an
ce

b
R

et
ro

vi
ru

s
or

ie
nt

at
io

n

H
X

1
Ab

cb
9

A
TP

-b
in

di
ng

 c
as

se
tte

 su
b-

fa
m

ily
 B

m
em

be
r 9

56
32

5
m

u5
qF

12
45

01
87

3
3’

, 1
0 

kb
R

H
X

2
Fo

xl
1

fo
rk

he
ad

 b
ox

 L
1

14
24

1
m

u8
qE

1
12

37
07

08
8

3’
, 5

6 
kb

R

H
X

3
Lr

rc
33

le
uc

in
e 

ric
h 

re
pe

at
 c

on
ta

in
in

g 
33

22
41

09
m

u1
6q

B
2

32
16

43
58

in
tro

n 
1,

 2
1 

kb
F

H
X

3 
c3

2
Lr

rc
33

le
uc

in
e 

ric
h 

re
pe

at
 c

on
ta

in
in

g 
33

22
41

09
m

u1
6q

B
2

32
16

43
58

in
tro

n 
1,

 2
1 

kb
F

H
X

4
G

pr
39

G
 p

ro
te

in
-c

ou
pl

ed
 re

ce
pt

or
 3

9
71

11
1

m
u1

qE
3

12
75

73
91

0
5’

 U
TR

, <
1 

kb
R

Ak
ap

13
A

 k
in

as
e 

(P
R

K
A

) a
nc

ho
r p

ro
te

in
 1

3
75

54
7

m
u7

qD
2

82
72

84
85

in
tro

n 
5,

 2
6 

kb
R

Ly
rm

7
LY

R
 m

ot
if 

co
nt

ai
ni

ng
 7

75
53

0
m

u1
1q

B
1.

3
54

62
12

17
3’

, 1
9 

kb
R

Itm
2a

in
te

gr
al

 m
em

br
an

e 
pr

ot
ei

n 
2A

16
43

1
m

uX
qD

10
46

81
29

7
5’

, 8
9 

kb
R

H
X

4 
c4

Th
tp

a
th

ia
m

in
e 

tri
ph

os
ph

at
as

e
10

56
63

m
u1

4q
C

3
55

71
43

96
ex

on
 1

, <
1 

kb
F

H
X

4 
c1

3
Its

n1
in

te
rs

ec
tin

 1
 (S

H
3 

do
m

ai
n 

pr
ot

ei
n

1A
)

16
44

3
m

u1
6q

C
4

91
79

44
74

in
tro

n 
5,

 1
2 

kb
R

H
X

5
Lm

o2
LI

M
 d

om
ai

n 
on

ly
 2

16
90

9
m

u2
qE

2
10

38
00

79
3

5’
, 1

0 
kb

R

R
, r

ev
er

se
; F

, f
or

w
ar

d.

a M
SC

V
ne

o-
TL

X
1 

in
se

rti
on

 w
ith

in
 g

en
e 

or
 n

ea
re

st
 g

en
e;

 fo
ur

 M
SC

V
ne

o-
TL

X
1 

in
te

gr
at

io
n 

si
te

s w
er

e 
re

co
ve

re
d 

fo
r t

he
 H

X
4 

ce
ll 

lin
e.

b Lo
ca

tio
n 

an
d 

di
st

an
ce

 o
f M

SC
V

ne
o-

TL
X

1 
in

te
gr

at
io

n 
si

te
 w

ith
 re

sp
ec

t t
o 

tra
ns

cr
ip

tio
n 

st
ar

t s
ite

 o
f g

en
e 

(id
en

tif
ie

d 
us

in
g 

U
C

SC
 ta

bl
e 

br
ow

se
r)

.

Genes Chromosomes Cancer. Author manuscript; available in PMC 2011 February 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Zweier-Renn et al. Page 20

TABLE 2

Genes Within 100-Kb Genomic Windows Surrounding MSCVneo-TLX1 Integration Sites

Cell line Genea Product Distance to TSSb

HX1 Abcb9* ATP-binding cassette, sub-family B (MDR/TAP), member 9 10 kb

Vps37b* vacuolar protein sorting 37B −47 kb

Ogfod2 2-oxoglutarate and iron-dependent oxygenase domain containing 2 60 kb

Arl6ip4 ADP-ribosylation factor-like 6 interacting protein 4 64 kb

Pitpnm2* phosphatidylinositol transfer protein, membrane-associated 2 67 kb, 80 kb

HIP1R huntingtin interacting protein 1 related −78 kb

HX2 Foxl1* forkhead box L1 −56 kb

Foxc2* forkhead box C2 −67 kb

Mthfsd methenyltetrahydrofolate synthetase domain containing −85 kb, −86kb

Foxf1a forkhead box F1a −99 kb

HX3 / HX3 c32 Bex6* brain expressed gene 6 16 kb

Lrrc33* leucine rich repeat containing 33 −21 kb

1500031L02Rik hypothetical protein LOC66994 −64 kb

Fbxo45 F-box protein 45 66 kb

Pigx phosphatidylinositol glycan anchor biosynthesis −80 kb

Wdr53 WD repeat domain 53 83 kb

HX4 Gpr39† G protein-coupled receptor 39 <−1 kb

Akap13* A kinase (PRKA) anchor protein 13 26 kb, 28kb, 118 kb
−127 kb, −128 kb

Lyrm7 LYR motif containing 7 19 kb

Hint1* histidine triad nucleotide binding protein 1 59 kb

Cdc42se2 CDC42 small effector 2 −90 kb

Gpx3 glutathione peroxidase 3 95 kb

Itm2a integral membrane protein 2A −89 kb

HX4 c4 Thtpa thiamine triphosphatase <−1 kb, −40 kb

Ap1g2 adaptor protein complex AP-1, gamma 2 subunit 3 kb

Jph4 junctophilin 4 11 kb, 15 kb

Zfhx2 zinc finger homeobox 2 −32 kb, −34 kb

Ngdn neuroguidin, EIF4E binding protein −80 kb

HX4 c13 Itsn1† intersectin 1 (SH3 domain protein 1A) −12 kb, −65 kb, 93 kb

Cryzl1 crystallin zeta (quinone reductase)-like 1 −99 kb, −105 kb

HX5 Lmo2* LIM domain only 2 9 kb, 10 kb

Fbxo3* F-box only protein 3 67 kb

TSS, transcription start site identified using UCSC table browser.

a
Four MSCVneo-TLX1 integration sites were recovered for the HX4 cell line; genes previously reported as hits in the Mouse Retrovirus Tagged

Cancer Gene Database (RTCGD) are indicated by asterisks; genes previously reported as hits in other studies reported in the literature are indicated
by daggers.
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b
Pitpnm2, Mthfsd, Akap13, Thtpa, Jph4, Zfhx2, Itsn1, Cryzl1 and Lmo2 have multiple transcription start sites.
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TABLE 3

Expression of Genes Surrounding MSCVneo-TLX1 Integration Sites

Gene Cell line-specific
integration

Expressiona Detection
method

Abcb9 HX1 + RT-PCR

Vps37b − Northern

Pitpnm2 − Northern

Foxl1 HX2 − RT-PCR

Foxc2 − RT-PCR

Lrrc33 HX3 / HX3 c32 − Northern

Tnk2b + qRT-PCR

Gpr39 HX4 − Northern

Ap1g2 HX4 c4 − Northern

Itsn1 HX4 c13 − Northern

Lmo2 HX5 + Northern

Fbxo3 + RT-PCR

a
No differential expression was observed for any gene near or containing an MSCVneo-TLX1 insertion compared to the other cell lines lacking the

insertion; + or −, indicates whether mRNA was detectable or below detection, respectively, by the method used.

b
Tnk2 has 3 transcription start sites located ~481 kb, 504 kb, and 509 kb away from the MSCVneo-TLX1 integration site in HX3 and HX3 c32

cells; its expression in HX3 cells was initially detected by genome-wide expression analysis (I. Riz and R.G. Hawley, unpublished observations).
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