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Introduction

Hematopoiesis is a tightly regulated developmental process 
essential throughout life to generate all the cell lineages in the 
blood. This process is mainly driven by the equilibrium between 
transcription factors, epigenetic regulators, and extracellular sig-
nals that regulate the gene expression program of every one of 
the different blood cell types.1 Any deregulation of this delicate 
machinery leads to abnormal hematopoietic development. This 
is the case in the progression of chronic myelogenous leukemia 
(CML), a disease produced by the BCR–ABLp210 oncogene. As 
its name indicates, CML appears as a chronic disease lasting a 
median time of 5 y; in the absence of treatment, CML inevitably 

progresses to a blast crisis resembling an acute leukemia.2 Blast 
crises are mainly of the myeloid or B-cell types, and in both of 
them it has been shown that essential regulators of the normal 
myeloid (C/EBPβ) or B-cell (IKAROS) differentiation become 
disrupted in the progression of the disease.3,4

Interestingly, CML can also progress, with less frequency, to 
blast crises of a T-cell phenotype.5,6 However, nothing is known 
about the molecular biology of this type of leukemic progression 
and, so far, none of the known regulators of physiological T-cell 
development has been shown to be directly involved. In this proj-
ect, we hypothesized that human T-cell blast crisis cells can be 
used as a starting material for the identification of unknown reg-
ulators of the normal T-cell fate differentiation, whose disruption 
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In hematopoietic malignancies, oncogenic alterations interfere with cellular differentiation and lead to tumoral 
development. Identification of the proteins regulating differentiation is essential to understand how they are altered in 
malignancies. Chronic myelogenous leukemia (CML) is a biphasic disease initiated by an alteration taking place in hema-
topoietic stem cells. CML progresses to a blast crisis (BC) due to a secondary differentiation block in any of the hematopoi-
etic lineages. However, the molecular mechanisms of CML evolution to T-cell BC remain unclear. Here, we have profiled 
the changes in DNA methylation patterns in human samples from BC-CML, in order to identify genes whose expression 
is epigenetically silenced during progression to T-cell lineage-specific BC. We have found that the CpG-island of the 
ENGRAILED-2 (EN2) gene becomes methylated in this progression. Afterwards, we demonstrate that En2 is expressed 
during T-cell development in mice and humans. Finally, we further show that genetic deletion of En2 in a CML transgenic 
mouse model induces a T-cell lineage BC that recapitulates human disease. These results identify En2 as a new regulator 
of T-cell differentiation whose disruption induces a malignant T-cell fate in CML progression, and validate the strategy 
used to identify new developmental regulators of hematopoiesis.
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would cooperate with the BCR-ABLp210 oncogene in establish-
ing a malignant T-cell fate.

Since DNA methylation has been postulated as one of the 
main mechanisms involved in gene disruption during CML pro-
gression,7 in the present study we have used human samples from 
CMLs at the blast crisis stage (including an extremely infrequent 
T-cell blast crisis) and have performed an unbiased search for dif-
ferentially methylated CpG islands in the disease progression. Our 
results have proven that methylation at the CpG island level is cor-
related with the progression from CML to blast crisis, and have 
allowed us to identify new genes involved in T-cell development. 
Indeed, we have found that the CpG island of the ENGRAILED-2 
(EN2) gene is methylated in this progression. Afterwards, we have 
shown that En2 is expressed during T-cell development, both in 
mouse and in humans. Finally, we have been able to recapitulate 
the human disease and to confirm a role for En2 in T-cell normal 
and pathologic development by showing that, in the absence of 
En2 in a transgenic mouse model of CML, the development of 
T-cell blast crises is induced. Overall, these results identify En2 as 
a new regulator of T-cell differentiation whose disruption estab-
lishes a malignant T-cell fate in CML progression.

Results

Aberrant methylation affects genes involved in hemato-
poietic differentiation during the progression from CML to 
BC-CML

Genomic DNA from the different samples (see “Materials and 
Methods”; Table S1) was digested with MseI restriction enzyme 
to release intact CpG islands, and then loaded and fractionated 
in the MBD column. Non-methylated DNA was used as probe to 
screen a CpG islands library,8 and those library clones appearing as 
methylated in blast crises samples were sequenced and identified. 
In total, 539 clones were selected from the library, corresponding 
to islands that have become methylated in the progression to blast 
crisis. 217 clones (36.6% of the total) presented more than a 98% 
of homology with regions localized in genes with a known func-
tion. We classified these 217 genes according to their function after 
a literature search, defining 7 groups of functions (where a gene 
can be associated with more than one function) (Fig. 1; Table S2): 
(1) constitutive (i.e., housekeeping) genes; (2) genes involved in 
cellular differentiation; (3) genes controlling proliferation or cell 
cycle; (4) transcriptional regulators; (5) epigenetic modifiers; (6) 
genes described as being related to cancer; and (7) other functions 
(for example, specific functions in differentiated cell types). The 
remaining 322 clones (43.4%) appear in intergenic regions and do 
not seem to be related with any described gene. Similar findings 
have been previously described when this method has been used 
for the study of lung adenocarcinomas,9 and it is likely that these 
fragments correspond with what has been recently defined as CpG 
island shores.10,11 These results confirm that there is an aberrant 
methylation in blast crises. More importantly, this approach has 
allowed us to identify genes that were not previously described as 
playing a role in hematopoietic development (see below).

ENGRAILED-2 CpG island is specifically methylated in 
T-cell blast crises and T-ALLs

To validate the screening, we chose a small sample among the 
most physiologically relevant genes identified and analyzed the 
methylation status of their CpG islands (either as identified from 
the library or by using the classical criteria for CpG island defini-
tion) by bisulfite sequencing in a wider set of samples of human 
CML, BC-CML, ALL, and also in selected human leukemic cell 
lines (data not shown). One of the interesting genes identified 
was ENGRAILED-2 (EN2), an homeobox-containing gene that 
acts mainly as a transcriptional repressor and plays an essential 
role in the patterning and development of essential structures of 
the central nervous system.12-15 Although EN2 has not been impli-
cated in hematopoietic development so far, it has been previously 
shown that neuropoiesis and hematopoiesis share many common 
genetic pathways,16 and that there are many transcription factors 
that have essential functions in both developmental processes. 
Also, many of the genes and proteins that are functionally related 
to En2 in other organisms or systems (for example, Wnt, Pax5, or 
Hedgehog) also have important functions in the hematopoietic 
system. All these evidences supported the possibility of a role for 
EN2 in hematopoietic development and justified a deeper analy-
sis of the changes affecting the gene in BC-CML. First, we pro-
ceeded to confirm by bisulfite sequencing that EN2 CpG island, 
as expected, appeared as totally unmethylated in healthy controls 
and in samples from chronic phase-CML (Fig. 2). Furthermore, 
it also appeared as unmethylated in non-T-cell blast crises and 
in B-ALL cases. However, dense methylation could be readily 
detected in several of the clones sequenced for the T-cell blast cri-
sis sample and in human T-ALLs. Leukemic cell lines were used 
as positive controls for dense methylation, because, independently 
of their origin, it is well known that cell lines in culture tend to 
methylate any non-essential gene.17 This T-cell tumor specificity 
of EN2 CpG island methylation pointed out to a potential role of 
EN2 in T-cell development and T-cell leukemogenesis.

Engrailed-2 is expressed during T-cell development in mice 
and humans

To gain further insight into any possible role of En2 in 
T-cell development, we first proceeded to determine if En2 was 
expressed during the different stages of T-cell differentiation. We 
could demonstrate that En2 is expressed at low levels in sorted 
mouse CD4+CD8+ double positive (DP) thymocytes, and also in 
CD8+ single positives (CD8-SP), both in the thymus and in the 
spleen (Fig. 3). Expression of EN2 mRNA could also be detected 
in human DP thymocytes (Fig. S1A). On the contrary, expres-
sion of the only other Engrailed orthologs present in mammals, 
En1, was not detected at any stage, therefore excluding any poten-
tial functional redundancy in the thymus (Fig. S1B).

Having shown that En2 is expressed at specific stages of T-cell 
differentiation, we set out to analyze the main hematopoietic 
compartments of En2 knockout mice in comparison with those 
from WT littermates, in order to study any potential alteration 
in T-cell development due to the absence of En2. However, a 
detailed flow cytometry study did not reveal significant differ-
ences between En2−/− mice and wild-type controls in any of the 
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main hematopoietic cell types and organs, including the thymus 
(data not shown).

Absence of En2 confers a competitive developmental advan-
tage during T-cell differentiation

Non-stringent developmental alterations can be masked in 
a non-competitive setting when defects are minor. Therefore, 
the best way of revealing these developmental defects, when not 
directly visible in the constitutive knockout mouse, is to use a 
competitive transplantation setup in which mutant cells must 
compete with normal WT cells. Therefore, to gain insight into 
the role played by En2 in T-cell development, we performed 
competitive bone marrow transplantations in which we injected 
a 1:1 ratio of En2−/− cells, together with WT syngeneic cells, into 
lethally irradiated Rag1−/− recipients. Mutant cells could be dis-
tinguished from WT ones by using 2 different forms of the pan 
hematopoietic marker CD45 (Ly5.2 in En2−/− cells and Ly5.1 in 
WT cells). Controls were performed in parallel, in which Ly5.2+ 
cells from WT littermates were injected 1:1 with the competitor 
to exclude any potential effect of the Ly5.1 vs. Ly5.2 background 
in the competition. Results are shown in Figure 4, representing 
the percentage of contribution of Ly5.2+ cells (from either WT 
or En2−/− donor littermates) to each of the different lineages and 
hematopoietic tissues shown. In the thymus, En2−/− cells contrib-
ute with higher percentages to all the main developmental stages 
of T-cell development, from CD4−CD8− double negatives (DN), 
through CD4+CD8+ double positives (DP) to single positives 
CD8+ or CD4+. This increased contribution of En2−/− cells to 
T-cell development can also be appreciated in the periphery, both 
in peripheral blood and, to a lesser degree, in the spleen (Fig. 4). 
These results suggest that the absence of En2 confers a develop-
mental advantage during the course of T-cell generation.

Changes in global gene-expression patterns in En2−/− T cells
To increase our understanding of the possible molecular 

role(s) of En2 during 
T-cell development, we 
compared by microarray 
analysis the gene expres-
sion patterns of En2−/− vs. 
WT sorted CD4+CD8+ 
and CD8+ cells (the 2 
populations in which we 
had detected En2 expres-
sion). The results, sum-
marized in Figure S2, 
show that, although the 
level of the changes is 
small, there are consistent 
differences in the pat-
terns of gene expression 
between En2−/− and WT 
cells. Furthermore, some 
of the genes whose levels 
are changed are known to 
be involved specifically in 
T-cell development; for 
example, Slfn3, which is 

known to be differentially regulated during T-cell differentiation 
and whose overexpression interferes with the maturation of DP 
thymocytes,18-20 or Ezh2, a well-known epigenetic regulator, or 
Hmgb1, involved in V(D)J rearrangements because of its capacity 
for interacting with RAG proteins.21

Lack of En2 specifically triggers CD8+ T-cell blast crisis in a 
transgenic model of CML

In order to confirm, in a definitive manner, that En2 disrup-
tion would cooperate with the BCR–ABLp210 oncogene in estab-
lishing a malignant T-cell fate during the progression of CML, 
we sought to reproduce in the mice the same characteristics of the 
human disease, using the same molecular alteration that we had 
previously identified in the screening of the human samples. To 
this aim, we crossed a well-established transgenic mouse model 
of CML, Sca1–BCRABLp210 mice,22 into an En2−/− genetic 
background.23 In normal conditions, Sca1–BCRABL p210 mice 
develop CML that, with time, evolves into blast crises that can be 
either myeloid or B lymphoid in nature, but the CMLs develop-
ing in Sca1–BCRABLp210 mice only very rarely give rise to T-cell 
crises.22 This is similar to humans, since, as mentioned, in human 
CML patients only a very small percentage of blast crises are of 
the T-cell type. However, in Sca1–BCRABLp210, En2−/− mice, 
a large percentage (69.5%, 16 out of 23 mice analyzed) of the 
animals develop, with time, a T-cell leukemia characterized by 
the massive accumulation of CD8+ T cells in the blood, in the 
thymus, and in other peripheral hematopoietic organs, like the 
spleen or the LNs (Figs. 5 and 6A). These cells also infiltrated 
other non-hematopoietic organs, like the lungs (Fig. 6B and C). 
Also, the mice consistently developed cutaneous lesions in the 
abdomen, in the form of erythematous rashes that resemble those 
described in human adult T-cell leukemia/lymphoma (ATLL) 
patients24 (Fig.  6D). In the Sca1–BCRABLp210, En2−/− sick 
mice, the lesions present with minimal cytological atypia (data 

Figure 1. Functional classification of the genes identified in the screening. (1) Constitutively expressed genes; (2) genes 
involved in cellular differentiation; (3) genes controlling proliferation or cell cycle; (4) transcriptional regulators; (5) epi-
genetic modifiers; (6) genes described as being related to cancer; and (7) other functions.
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Figure 2. For figure legend, see page 1721.



©
20

14
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

www.landesbioscience.com	 Cell Cycle	 1721

not shown), similarly to in human ATLL patients, where these 
lesions appear in approximately 50% of the cases and can range 
between erythematous rashes, papules, or nodules, among others, 
always with an unclear categorization.25 These results identify 
En-2 as a new regulator of T-cell differentiation whose disruption 
establishes a malignant T-cell fate in CML progression.

Discussion

In this study, using human samples from BC-CML, we have 
studied the pattern of DNA methylation in the last stage of the 
disease progression in order to identify genes whose expression 
is epigenetically repressed during tumoral evolution. The num-
ber of clones identified in our screening roughly correlates with 
other previous studies using different “non-omic” approaches 
like restriction landmark genomic scanning that show that an 
average of 600 CpG islands become aberrantly methylated in 
human tumors.26 Our results show that there is an aberrant dif-
ferential methylation in BC-CML, and that this process involves 
both bona fide gene-associated CpG islands, and also less defined 
CpG-rich regions that could correlate with CpG island shores. 
Among the CpG islands, several correspond to genes known to 
be involved in differentiation, and whose methylation could lead 
to loss of function and consequent developmental block of the 
affected lineage(s). Among them, we have focused our attention 
on ENGRAILED-2 (EN2), since it has been previously shown 
that neuropoiesis and hematopoiesis share many common genetic 
pathways, and that there are many transcription factors that have 
essential functions in both developmental processes.16 These and 
other evidences (see “Results”) supported the possibility of a role 
for EN2 in hematopoietic development. The first confirmation 
of this possibility comes from the previously unreported detec-
tion of expression of En2 during different stages of T-cell 
development, both in the mouse and in humans, there-
fore strongly reinforcing the idea of the participation of 
this gene in T lymphopoiesis. The lack of an apparent 
T-cell phenotype in En2-deficient mice, as determined by 
flow cytometry, is nevertheless not necessarily surprising; 
first, there are examples of cases in which knockout mice 
do not show any obvious phenotype, and this is of course 
not an indication that the gene is not fulfilling any func-
tion. Second, the low levels of En2 expression detected 
during T-cell development suggest that the gene effect 
might be subtle or modulatory and, therefore, not easily 
revealed just by gene targeting. Indeed, competitive bone 
marrow transplantation experiments showed that there is 
an increased contribution of En2−/− cells to T-cell devel-
opment, both in the thymus and in the periphery, sug-
gesting that the absence of En2 confers a developmental 
advantage during the course of T-cell generation. In fact, 
microarray analysis of purified En2−/− T-cell populations 

suggests that En2 might be regulating, in a subtle manner, the 
levels of different genes participating in T-cell development, like 
Slfn3, Ezh2, or Hmgb1.

Finally, to go full circle with our hypothesis, we attempted 
recapitulating in the mice the human T-cell blast crisis phe-
notype, by crossing a CML mouse model into an En2−/− back-
ground. Almost 70% of Sca1–BCRABLp210, En2−/− mice 
developed T-cell leukemia with accumulation of CD8+ T cells in 
the blood, and leukemic infiltration of non-hematopoietic organs 
like the lungs or the skin. It has previously been described that, 
in an FVB background, Sca1–BCRABLp210 mice develop a thy-
moma characterized by the accumulation of CD44+CD25−CD8−

CD4− (double-negative-1, DN1) early progenitors,27 but with 
little involvement of more differentiated T cells and no signs of 
skin lesions. This accumulation of DN1 cells could also be found 
in the Sca1–BCRABLp210, En2−/− sick mice (data not shown). 
Nevertheless, in the mixed B6CBA genetic background used in 
this study, Sca1–BCRABLp210, En2+/+ mice generally presented 
with the initially published B or myeloid blast crises,22 while 
involvement of mature T cells was only detected in some cases. 
As an additional proof of the involvement of En2 in T-cell devel-
opment, Sca1–BCRABLp210, En2+/− mice with a single normal 
copy of the En2 gene also developed a T-cell blast crisis, although 
with slightly less penetrance (57%, 8 out of 14) when compared 
with the Sca1–BCRABLp210, En2−/− animals. These facts con-
firm that the absence of En2 cooperates with the BCR-ABLp210 
oncogene in the development of a malignant T-cell fate.

Our findings were prompted by gene identification in a single 
disease subject of an extremely rare form of BC-CML. When we 
assayed for phenocopy in a mouse model, we could recapitulate 
the human disease. Our results have led to new insights into the 
basic biology of T-cell development and the mechanism of pro-
gression from CML to BC-CML in general, and to T-cell BC in 

Figure 2 (See previous page). Methylation of EN2 CpG island in human leukemias. (A) Scheme of hEN2 gene, showing the predicted CpG island (accord-
ing to ENSEMBL, in purple) and the region analyzed by bisulfite sequencing (blue), covering 68 CpG pairs, and situated approximately 300 bp upstream 
of EN2 ATG start codon. (B) Methylated status of CpG pairs in the selected area (open circles, unmethylated, closed circles, methylated), as analyzed by 
bisulfite conversion and sequencing of individual clones belonging to the indicated sample types (n = number of different samples).

Figure 3. En2 is expressed in mouse T-cell development. RT-PCR analysis of the 
indicated sorted stages of T-cell development shows that En2 is expressed in CD4+ 
CD8+ DP and CD8+ SP thymocytes, and in CD8+ T cells in the spleen. The identity of 
the En2 transcript was confirmed by using as positive controls cDNAs from mouse 
ES cells and from E16 mouse embryo head, and by using a sequenced En2 probe 
to hybridize a Southern blot of the amplified PCR products (lower lane).



©
20

14
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

1722	 Cell Cycle	 Volume 13 Issue 11

particular. Because of the small number of patients and the high 
heterogeneity among them, causative gene discovery in rare sub-
types of tumors, like T-cell BC, has been challenging. However, 
with approaches such as the one described here, these limitations 
can be broken, and new opportunities are at hand to understand 
malignant progression and its underlying genetic and develop-
mental mechanisms, especially when coupled with phenocopy 
validation in appropriate models.

Materials and Methods

Mice
Sca1–BCRABLp210, En2−/− mice were obtained by breed-

ing Sca1–BCRABLp210 transgenic mice22 into an En2−/− back-
ground;23 they were genotyped as previously described and 
maintained in a B6CBA background. Rag1−/− mice28 were used 
as recipients for bone marrow transplantations (BMT). C57Bl6/J 
Ly5.1+ mice (B6.SJL-Ptprca Pep3b/BoyJ strain) were used as WT 
competitors for BMT experiments. All animal experiments were 

performed in accordance with the guidelines of the correspond-
ing local Committees on Animal Research.

Human samples
Samples (total peripheral blood mononuclear cells) were col-

lected prior to therapy after informed consent was given, in accor-
dance with the ethical committee guidelines and the Declaration 
of Helsinki. Samples are listed in Table S1. For the screening of 
the CpG island library, DNA from samples BC#1, BC#2, BC#3, 
and BC#6 were used as probes after MBD column separation 
(see below).

Separation of methylated CpG islands on the MBD column
The recombinant protein HMBD, bearing the methyl-CpG 

binding domain of MeCP2 linked to a poly-His tail, was pro-
duced in E. coli, as previously described, purified, and coupled to 
Ni2+–NTA agarose onto a Pharmacia HR 5/10 FPLC column.8 
This column was used to separate differentially methylated CpG 
islands from BC–CML samples as follows. Fifty–100  μg of 
DNA obtained from whole blood from patients with blast crisis 
and a large percentage of blasts were digested with MseI to release 
intact CpG islands, and this digested DNA was loaded into the 
column.8 Non-bound DNA (10–20% of total load) elutes in 
the first ml of the flow-through; weakly bound DNA (i.e., non-
methylated CpG islands) elutes at the beginning of the 0.4 M 
NaCl wash (fractions 2–3); and methylated DNA elutes in the 
last 2/3 of the linear salt gradient. Weakly bound DNA (i.e., non-
methylated CpG islands) was pooled and used to probe the CpG 
islands library.

CpG islands library screening
The CpG islands library, cloned in the NdeI site of 

pGEM5Zf(-) and transformed into the strain XL1-blue of E. coli 
(available at the HGMP) was grown in LB–Amp plates to obtain 
the representative number of 60 000 independent clones. Then 
colonies were transferred to Hybond filters (Amersham) and 
allowed to regrow on the plate. Colonies were lysed on the fil-
ter, and their denatured DNA was UV-cross-linked to the mem-
brane. The membranes were probed with 32P-labeled DNA from 
the fractions of non-methylated CpG islands. Superimposing the 
autoradiography films from these hybridizations to the LB–Amp 
plates, clones that had not been labeled with several probes made 
of DNA coming from different patients (i.e., clones correspond-
ing to islands that were not present in the probe because they 
were methylated and had been retained in the column) could be 
selected. These clones (approx. 550) were picked individually and 
sequenced from both sides with T7 and SP6 sequencing primers 
in an automatic sequencer. The sequences were then compared 
against GenBank database using the BLAST program.

Bisulfite methylation analysis
For bisulfite conversion, 4 μg of genomic DNA were digested 

with MseI (TTAA recognition site), which cuts rarely within CpG 
islands and releases them almost intact, then phenol extracted, 
and, after ethanol precipitation, dissolved in TE at a concentra-
tion of 2 μg DNA in 5 μl TE. DNA was bisulfite-treated as 
previously described.29 Five microliters of this DNA were used 
per PCR reaction. Nested PCR reactions were performed with 
the indicated oligonucleotide primers (see below), at an anneal-
ing temperature of 50 °C for 35 cycles each, in the presence of 

Figure  4. Advantage of En2−/− cells in a competitive bone marrow 
transplantation setting. Four millions cells in a 1:1 mixture of either 
WT(Ly5.2+):WT(Ly5.1+) or En2−/−(Ly5.2+):WT(Ly5.1+) were injected into 
lethally irradiated Rag1−/− recipients. Results represent the percentage of 
contribution of Ly5.2+ cells from either WT (blue dots) or En2−/− (red dots) 
littermates to each one of the different indicated lineages in the hema-
topoietic tissues shown: (A) thymus, (B) blood, and (C) spleen. Each dot 
represents an individual mouse. Statistics were performed using Student 
t test with the GraphPad Prism 5 program.
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2.5 mM MgCl
2
. PCR products were cloned into pBluescript and 

several clones (usually 5 to 10) sequenced to identify the bisul-
fite-mediated cytosine-to-uracil(thymine) conversions.

Human ENGRAILED-2 CpG island bisulfite analysis
The sense strand of bisulfite-modified human EN2 CpG 

island (Fig. 2) was amplified by nested PCR, as described above, 
using for the first PCR the oligonucleotides 5′ggtttagtty ggt-
tyggt3′ and 5′accaaaacta aaatcctaca aatcacc3′, 
and for the second PCR, 5′gggttttggt ttygygtttt 
ttatttat3′ and 5′aaatctaaac aatcrcaata atccracraa 
a3′.

RT-PCR analysis of gene expression
RNA was prepared from FACS-sorted cell 

populations using the TRIzol reagent (GIBCO-
BRL). CDNA was synthesized with random 
hexamers and the Reverse Transcription System 
(Promega). Expression of mouse En2 tran-
script was detected using 5′GTTCCTTGGA 
TGGAGTGC3′ and 5′CAAAGTGTTC 
TTGTTGCC3′ primers. Expression of 
mouse En1 transcript was detected using 
5′CCTCGAAGCC CTCGGACAGT 3′ 
and 5′TCCCTGGGCC ATGAGGTGCA3′ 
primers. Expression of human EN2 tran-
script was detected using 5′TGGACGGGTC 
GCTCAAGG3′ and 5′CCCTGTGCCA 
TGAGGTGC3′ primers. PCR products were 
separated on agarose gels and visualized by 
staining with ethidium bromide. PCR products 
were also cloned, sequenced, and, once veri-
fied, used as a Southern blot 32P-labeled probe 
to detect low expression levels of the studied 
transcripts.

Competitive bone marrow transplantations
Single-cell suspensions were prepared from 

the bone marrow of either En2−/− (Ly5.2+), WT 
(Ly5.2+), or WT competitor (Ly5.1+) mice. 
Donor T cells were removed from the BM 
samples by using anti-CD4-PE, anti-CD8-
PE (BD-PharMingen), and anti-PE Beads and 
magnetic columns (Miltenyi Biotech). Cells 
were counted using a Scepter Cell Coulter 
Counter (Millipore), washed in PBS, and 
injected into the tail vein of 8–12-wk-old 
lethally γ-irradiated Rag1–/– recipients. The 
total amount of injected cells was of 4 × 106 in a 
1:1 mixture of either WT(Ly5.2+):WT(Ly5.1+) 
or En2−/−(Ly5.2+):WT(Ly5.1+) cells. Recipient 
mice were analyzed after more than 2 mo, and 
the percentage of contribution of Ly5.2+ cells 
was evaluated in the different blood cell types 
in the main hematopoietic organs.

Flow cytometry
Flow cytometry was performed as previ-

ously described.22,30-32 Briefly, nucleated cells 
were obtained from the different hematopoietic 

organs. Contaminating red blood cells were lysed with RCLB lysis 
buffer, and the remaining cells were then washed in PBS with 1% 
FCS. Cell suspensions were incubated first with purified anti-
mouse CD32/CD16 (PharMingen) prior to the addition of other 
antibodies to block binding through Fc receptors. After stain-
ing, all cells were washed once in PBS with 1% FCS containing 
2 mg/ ml propidium iodide (PI) to allow dead cells to be excluded 

Figure 5. Lack of En2 leads to alterations in T cell development in the presence of the human 
BCR-ABLp210 oncogene. Flow cytometric analysis of the indicated hematopoietic organs, 
showing the alterations appearing in T-cell development in aged Sca1–BCRABLp210, En2−/− 
mice in comparison to WT controls. The massive accumulation of CD8+ cells can be clearly 
appreciated in the different hematopoietic compartments. Figures are representative from 
16 mice analyzed.
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from both analyses and sorting procedures. The samples and the 
data were analyzed in a FACSCantoII or a FACSCalibur using 
either CellQuest (Becton Dickinson) or FlowJo (Tree Star) soft-
wares. Specific fluorescence of the fluorochromes was used, as 
well as known forward and orthogonal light-scattering properties 
of mouse cells, to establish gates. For each analysis a total of at 
least 50 000 viable (PI-) cells were assessed. For cell sorter separa-
tion, CD8a and CD4 lineage markers were used to purify cells 
from the thymus and spleen of both En2−/− or control WT mice 
by fluorescence-activated cell sorting (FACS) (FACSVANTAGE; 
Becton Dickinson). Purity of the sorted cells was over 98%, as 
determined by FACS reanalysis. FACS analysis of lung infiltra-
tion by tumoral CD8+ cells was performed as described above for 
hematopoietic tissues.

Microarray hybridization
Sorted purified cells were harvested with TRIzol Reagent 

(Invitrogen) and the RNA was extracted according to the manu-
facturer’s instructions. As a last step of the extraction procedure, 

the RNA was purified with the RNeasy Mini-kit (Qiagen). Before 
cDNA synthesis, RNA integrity from each sample was confirmed 
on Agilent RNA Nano LabChips (Agilent Technologies). The 
sense cDNA was prepared from 300 ng of total RNA using the 
Ambion® WT Expression Kit. The sense strand cDNA was then 
fragmented and biotinylated with the Affymetrix GeneChip® 
WT Terminal Labeling Kit (PN 900671). Labeled sense cDNA 
was hybridized to the Affymetrix Mouse Gene 1.0 ST microarray 
according to the manufacturer protocols and using GeneChip® 
Hybridization, Wash, and Stain Kit. Genechips were scanned 
with the Affymetrix GeneChip® Scanner 3000, as previously 
reported.31,33

Microarray data analysis
Both background correction and normalization were done 

using RMA (Robust Multichip Average) algorithm.34 After qual-
ity assessment and outlier detection, 5 En2−/− and 4 WT CD8+ 
samples were compared for the CD8 experiment, and 2 En2−/− 
and 3 WT CD4+CD8+ (DP) samples were compared for DP 

Figure 6. T-cell blast crises triggered by the absence of En2 in a CML transgenic model. (A and B) Leukemic T cells in Sca1–BCRABLp210, En2−/− mice 
infiltrate hematopoietic (spleen, A) and non-hematopoietic (B) tissues. Representative hematoxylin and eosin (H&E) staining analysis of the spleen (A) 
and lung (B) of leukemic Sca1–BCRABLp210, En2−/− mice and control WT mice. Spleen panels show lymphoid tumor cells disrupting the normal architec-
ture of the tissue. In the lung, the lymphoid tumor cells are infiltrating the lamina propria and the epithelium, giving rise to lymphoepithelial lesions. 
Magnifications are 40×. (C) The infiltrating lymphocytes in the lung are CD8+ T cells. Three-fold increase in the percentage of CD8+ T cells in the lungs of 
Sca1–BCRABLp210, En2−/− leukemic mice. (D) Erythematous rashes in the skin of leukemic mice.
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experiment. A filtering process was performed to eliminate low 
expression probe sets. Applying the criterion of an expression 
value greater than 64 in 3 samples in the CD8 experiment and 
greater than 64 in 2 samples in the DP experiment for each exper-
imental condition (En2−/−, WT), 27151 and 27166 probe sets were 
selected for statistical analysis. R and Bioconductor were used for 
preprocessing and statistical analysis. LIMMA (Linear Models for 
Microarray Data) was used to find out the probe sets that showed 
significant differential expression between experimental condi-
tions. Genes were selected as significant using a criteria of P value 
< 0.01 and FC > 1.56. Functional enrichment analysis of Gene 
Ontology (GO) categories was performed using standard hyper-
geometric test. The biological knowledge extraction was comple-
mented through the use of Ingenuity Pathway Analysis (Ingenuity 
Systems, http://www.ingenuity.com), which database includes 
manually curated and fully traceable data derived from literature 
sources. Raw gene expression microarray files were submitted to 
GEO and are available under the accession number GSE47612.

Histological analysis
Mice were subjected to standard necropsy. Major organs were 

examined under the dissecting microscope, and samples of each 
organ were processed into paraffin, sectioned, and examined his-
tologically. Tissue samples were taken from homogenous and via-
ble portions of the resected sample by the pathologist and fixed 
within 2–5 min of excision. Haematoxylin-eosin-stained sections 
of each tissue were reviewed by a single pathologist.22,30-32
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