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HMGA1 (high-mobility-group A1) proteins are architectural tran-
scription factors that are found overexpressed in embryogenesis
and malignant tumours. We have shown previously that they have
a role in lymphopoiesis, since the loss of HMGA1 expression
leads to an impairment of T-cell development and to an increase in
B-cell population. Since RAGs (recombination activating genes)
are key regulators of lymphoid differentiation, in the present study
we investigate whether RAG2 expression is dependent on
HMGA1 activity. We show that RAG2 gene expression is up-regu-
lated in Hmga1−/− ES (embryonic stem) cells and EBs (em-
bryoid bodies) as well as in yolk sacs and fibroblasts from
Hmga1−/− mice, suggesting that HMGA1 proteins control RAG2

gene expression both in vitro and in vivo. We show that the effect of
HMGA1 on RAG2 expression is direct, identify the responsible
region in the RAG2 promoter and demonstrate binding to the
promoter in vivo using chromatin immunoprecipitation. Since
RAG2 is necessary for lymphoid cell development, our results
suggest a novel mechanism by which HMGA1 might regulate
lymphoid differentiation.

Key words: electrophoretic mobility-shift assay (EMSA), em-
bryonic stem cell, high-mobility-group A1 (HMGA1), lympho-
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INTRODUCTION

HMGA1 (high-mobility-group A1) proteins are ‘architectural
transcription factors’ capable of binding the minor groove of AT-
rich DNA sequences and inducing the bending of DNA inter-
mediates. HMGA1 proteins have been found overexpressed in
many kinds of human malignancies and rearranged in benign
tumours [1]. They seem to play a major physiological role during
development and cell differentiation [1]. We showed previously
that HMGA1 proteins play a pivotal role in lymphocyte differ-
entiation [2]. In particular, we suggested that the loss of Hmga1
gene expression might force the B-cell/T-cell common lymphoid
precursor to differentiate to B-lymphocytes rather than to T-lym-
phocytes, probably by regulating the expression levels of cyto-
kines involved in B- and T-cell proliferation/differentiation. In
fact, the loss of HMGA1 induces a decrease in interleukin-2
expression and an increase in interleukin-6 expression both in vitro
and in vivo [2] (M. Fedele, V. Fidanza, S. Battista, F. Pentimalli,
A. J. P. Klein-Szanto, R. Visone, I. De Martino, A. Curcio,
C. Morisco, L. Del Vecchio, G. Baldassarre, C. Arra, G. Viglietto,
C. Indolfi, C. M. Croce and A. Fusco, unpublished work). More
strikingly, the lack of HMGA1 in homozygous knockout mice
leads to the development of different B-cell neoplasias (M. Fedele
et al., unpublished work), probably due to the alteration in B-cells/
T-cells balance.

To investigate further the molecular mechanisms involved in
HMGA1 regulation of lymphopoiesis, we analysed the expression
of RAGs (recombination activating genes). RAG1 and RAG2 are
key performers of the V(D)J recombination, through which the
specific antigen receptors in lymphocytes are generated [3,4]. In
particular, they initiate the process of recombination, introducing

double-strand breaks in target sequences of the Ig and T-cell
receptor genes. In the absence of either RAG1 or RAG2 gene pro-
duct, the development of mature lymphocytes is completely abro-
gated, leading to immunodeficiency, both in mouse and humans
[5–7]. On the other hand, to limit recombinase activity, their
expression is tightly regulated both at the transcriptional and
post-transcriptional levels [8,9]. At the transcriptional level, the
alteration of chromatin structure in the 5′-region of RAG1 and
RAG2 genes has been shown to be responsible for their tissue-
and stage-specific regulation [10,11]. The RAG2 promoter is dif-
ferently regulated in B- and T-cells [12]. Moreover, in the RAG2
promoter region, a 300 bp 5′-upstream region from the major
transcription initiation site is conserved between mice and humans
[12], indicating that this region is important for the promoter
activity. Human RAG2 promoter has been shown to be activated
both in lymphoid and non-lymphoid lineages [13]. A core pro-
moter of mouse RAG2 confers lymphoid specificity and may
be regulated by distinct transcription factors in B- (Pax-5) and
T- (GATA-3 or c-Myb) cells [8,12,14]. It has been shown that the
LEF-1−β-catenin complex regulates the RAG2 promoter activ-
ation, together with c-Myb and Pax-5 in immature B-cells [9]. In
the present study, we report that lack of HMGA1 proteins, which
are known to regulate lympho-specific genes, is associated with
increased RAG2 expression in mouse ES (embryonic stem) cells.
RAG2 up-regulation is also found in yolk sacs and MEFs (mouse
embryonic fibroblasts) from Hmga1-null embryos. Conversely,
introduction of an Hmga1-expressing construct into Hmga1−/−
ES cells restores RAG2 gene expression at levels comparable with
wild-type ES cells. Functional assays demonstrate that HMGA1
proteins are capable of repressing the RAG2 promoter in 293T
cells and that the HMGA1 repressive activity is noticeably
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increased by co-expression of c/EBP-β (CAAT/enhancer-binding
protein β). Finally, we show that the repressive effect of HMGA1
on RAG2 promoter is due to a direct specific interaction of the
architectural factor with the RAG2 promoter in vitro and in vivo.

MATERIALS AND METHODS

Cell cultures

Wild-type, Hmga1+/− and Hmga1−/− AB2.1 ES cells have
been described in [2]. Hmga1−/−R and Hmga1−/−CMV (where
CMV stands for cytomegalovirus) clones were generated by elec-
troporating Hmga1−/− ES cells with 20 µg of pc-Hmga1/
Hygro construct or the empty vector respectively [2]. Transgene
expression was detected by Northern blotting and RT (reverse
transcriptase)–PCR. ES cells were cultured on a layer of myto-
micin D-inactivated fibroblasts. Before RNA extraction, fibro-
blasts were removed by three passages in 0.1% gelatin-treated
plates and the maintenance of the undifferentiated state was
ensured by the addition of leukaemia inhibiting factor (103 units/
ml; Chemicon, Temecula, CA, U.S.A.). MEFs were obtained from
12.5-day-old embryos. Cells were cultured at 37 ◦C (5% CO2)
in Dulbecco’s modified Eagle’s medium containing 10 % (v/v)
FBS (fetal bovine serum) supplemented with penicillin and
streptomycin. The human embryonic kidney 293T cell line [14]
was cultured in Dulbecco’s modified Eagle’s medium + 10%
FBS.

Differentiation of ES cells

Differentiation of ES cells in a methylcellulose-based medium
has been described in [2]. Briefly, 48 h before differentiation,
2 × 105 ES cells were plated on gelatin-coated plates in Iscove’s
modified Dulbecco’s medium supplemented with 15 % FBS,
sodium pyruvate (1 mM), L-glutamine (2 mM) and non-
essential amino acids (0.1 mM; Gibco BRL, Life Technologies,
Gaithersburg, MD, U.S.A.), MTG (monothioglycerol; 100 µM;
Sigma), leukaemia inhibiting factor (10 ng/ml; Chemicon),
penicillin G and streptomycin. Materials for differentiation were
purchased from Stem Cell Technologies (Vancouver, BC, U.S.A.)
unless otherwise specified. To obtain EBs (embryoid bodies),
2 × 103 ES cells were plated on low-adherence 35 mm Petri dishes
as a single cell suspension in ‘primary differentiation medium’,
constituted by 0.9% methylcellulose in Iscove’s modified
Dulbecco’s medium, 15% FBS, L-glutamine (2 mM), MTG
(150 µM) and murine stem cell factor (40 ng/µl). Feeding me-
dium (0.5% primary differentiation medium, 15 % FBS, 150 µM
MTG and 160 ng/ml murine stem cell factor) was added after
7 days in culture and subsequently every 3–4 days.

Generation of Hmga1+/− and Hmga1−/− mice

Hmga1+/− and Hmga1−/− mice have been described in [2].
Briefly, Hmga1+/− ES cell clones were microinjected into
3.5 dpc (days post-coitum) C57BL/6J blastocysts and reimplanted
into foster mothers (the Animal Facility in Thomas Jefferson Uni-
versity). Chimaeric mice were crossed with wild-type and some
of them gave germline transmission. Single knockout mice were
then intercrossed to obtain double knockout mice. Pregnant
mothers were killed at 14.5 dpc and the embryo genotype was
evaluated [2].

RT–PCR analyses of embryos, MEFs and ES cell cultures

Tissues from mice were rapidly dissected, frozen on solid CO2 and
stored at −80 ◦C. Total RNA from embryos and cell cultures was

extracted with TRI Reagent solution (Molecular Research Center,
Cincinnati, OH, U.S.A.) according to the manufacturer’s instruc-
tions and treated with DNase I (GenHunter Corporation,
Nashville, TN, U.S.A.). RNA (1 µg) was reverse-transcribed
using a mixture of poly-dT and random exonucleotides as primers
and MuLV RT (PerkinElmer, Boston, MA, U.S.A.). PCR ampli-
fications were performed as described in [15] in a GeneAmp PCR
System 9600. Primers for RAG2, Hmga1 and Gapdh have been
described in [2,16]. Non-reverse-transcribed RNA was ampli-
fied (results not shown) to rule out the possibility of DNA
amplification. The PCR products were separated on 2% (w/v)
agarose gel and, if necessary, blotted and hybridized with specific
probes.

Plasmids

The pc-Hmga1/Hygro and pCEFL/HA-HMGA1 constructs
(where HA stands for haemagglutinin) have been described in
[2,17]. For the RAG2prom-luc construct, the region −279/+21
of the mouse RAG2 gene [12] was amplified using the following
primers: forward primer, 5′-ACGCGTAAGCTTAAGACAGTC-
ATT-3′, containing an MluI restriction site, and reverse primer, 5′-
CTCGAGCTGAAGGCTGCAGGGTAG-3′, containing an XhoI
restriction site. The resulting fragment was subcloned into the
pGL3 vector (Promega, Madison, WI, U.S.A.). C/EBP-β ex-
pression vector has been described in [17].

Production of recombinant proteins

Production of the recombinant HMGA1b–His protein has been
described in [18]. Recombinant HMGA1b(1–53) is constituted by
the first 53 amino acids spanning the first two AT-hook domains,
whereas HMGA1b(54–96) contains the spacer region between the
second and third AT-hook, the third AT-hook domain and the C-
terminal region of the protein. The recombinant HMGA1 pro-
teins were generated by cloning the full-length or truncated
Hmga1b cDNAs in the pET2c (Novagen, Madison, WI, U.S.A.).
BL21/DE3 cells transformed with each vector were grown in
Luria–Bertani medium, induced with isopropyl β-D-thiogalacto-
side, sonicated and purified by using the His-Trap purification
kit (Amersham Biosciences) according to the manufacturer’s
instructions. The proteins were dialysed and analysed by SDS/
12.5% PAGE.

EMSA (electrophoretic mobility-shift assay)

DNA-binding assays with the recombinant proteins were per-
formed as described previously [19]. Briefly, 5 (14 nM) to 50 ng of
wild-type recombinant protein or 5 ng of truncated proteins were
incubated with radiolabelled double-strand oligonucleotides, cor-
responding to the region spanning bases 14–53 of the murine
RAG2 promoter region (RAG2pr) (NCBI accession no.
AF159439). The full-length protein was also assayed with trunc-
ated or mutated oligonucleotides (Figure 2B) representing differ-
ent AT-rich segments of the RAG2pr region. For EMSA on mouse
spleens, 8 µg of protein extracts from wild-type, Hmga1+/−
and −/− adult spleens were incubated in a solution made up
of 20 mM Hepes (pH 7.6), 40 mM KCl, 0.1 mM EDTA, 0.5 mM
MgCl2, 0.5 mM dithiothreitol, 0.1 mM PMSF, 1 µg of poly(dC-
dG), 2 µg of BSA and 10% (v/v) glycerol to a final volume of
20 µl for 10 min at room temperature (25 ◦C). The samples were
incubated for 10 min after the addition of 2.5 fmol of a 32P-end-
labelled oligonucleotide (specific activity, 8000–20000 c.p.m./
fmol). In some experiments, a 100-fold molar excess of unlabelled
oligonucleotide was added as a specific competitor. For antibody
competition analyses, extracts were preincubated with 0.5 µg of
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anti-HMGA1 antibody (Santa Cruz Biotechnology, Santa Cruz,
CA, U.S.A.) or an unrelated antibody (anti-Pit-1; Santa Cruz Bio-
technology) on ice for at least 30 min. The Sp1 oligonucleotide
was purchased from Santa Cruz Biotechnology. The DNA–pro-
tein complexes were resolved on 6 % (w/v) non-denaturing acryl-
amide gels and visualized by exposure to autoradiographic films.

Chromatin immunoprecipitation

Briefly, approx. 3 × 107 wild-type, Hmga1+/− and Hmga1−/−
ES cells were grown on 75 cm2 dishes. Chromatin immuno-
precipitation was performed as described in [2,20] using anti-
bodies binding to the N-terminal region of the HMGA1 proteins
[21] and not reactive to other members of the HMGA family.
Input DNA (500 ng) and immunoprecipitated DNAs were ana-
lysed by PCR for the presence of RAG2 promoter sequences or
the prolipase promoter region, as negative control. PCRs were
performed with AmpliTaq gold DNA polymerase (PerkinElmer).
The primers used to amplify the sequence of RAG2 promoter
were: forward, 5′-AAGCTTAAGACAGTCATT-3′; and reverse,
5′-CTGAAGGCTGCAGGGTAG-3′. Primers for prolipase pro-
moter were: forward, 5′-ACCAAAGTGTCAAGGGCAAC-3′;
and reverse, 5′-ATTCCCTAAACCCAGCATCC-3′. PCR pro-
ducts were resolved on a 2% agarose gel, stained with ethidium
bromide and scanned using a Typhoon 9200 scanner.

Transient transfections

Before transient transfections in ES cells, feeder fibroblasts were
removed as described above. A total of 4 × 105 wild-type or
double knockout ES cells or 293T cells were plated on 6-well
plates and transfected after 48 h with 1 µg of reporter plasmid
(either RAG2prom-luc or pGL3), by FuGene6 (Roche,
Indianapolis, IN, U.S.A.). Where indicated, 3 µg of HA–Hmga1
and/or 3 µg of c/EBP-β were co-transfected. Cells were harvested
48 h post-transfection and lysates were analysed for luciferase
activity. Transfection efficiency was normalized using the β-gal-
actosidase activity, and fold activation was calculated by dividing
by pGL3 luciferase activity. All the assays were performed in
triplicate and repeated in three independent experiments.

RESULTS

Loss of HMGA1 is correlated with an increased RAG2 expression
in ES cells

We previously generated Hmga1−/− mouse ES cells and showed
that their ability to differentiate in lymphohaematopoietic lineages
is greatly compromised [2]. In particular, we showed that the
T-cell population is decreased, whereas the B-cell population is
increased in Hmga1−/− ES cells, yolk sacs and fetal livers com-
pared with wild-type. To investigate further the role that HMGA1
proteins play in B-cell/T-cell differentiation, we analysed the
expression of RAG2, a lymphoid-specific gene, by RT–PCR ana-
lyses. As shown in Figure 1(A), we detected an 8-fold increase in
RAG2 expression in Hmga1−/− ES cells compared with wild-
type and single knockout ES cells and a 2.5-fold increase in ES
cell-derived Hmga1−/− EBs compared with wild-type (lanes 6
and 7). No band was detected when the RNA was not reverse-
transcribed before amplification (results not shown).

To verify that the lack of HMGA1 was responsible for RAG2
up-regulation, we transfected the pc-Hmga1/Hygro construct in
double knockout ES cells [2]. We verified the rescue of Hmga1
expression in some clones (−/−R1) by RT–PCR (Figure 1A).
A decreased RAG2 expression was observed in Hmga1-trans-
fected cells (−/−R1) compared with Hmga1 null cells and

Figure 1 RAG2 expression in wild-type and Hmga1 knockout ES cells, EBs,
yolk sacs and MEFs

RT–PCR analyses for RAG2 and Hmga1 expression were performed on RNA extracted from
(A) ES cells and EBs; (B) yolk sacs (YS); and (C) MEF. Gapdh expression was evaluated as
internal control. −/−CMV and −/−R1 indicate Hmga1−/− ES cells transfected with the
empty vector and with the pc-Hmga1-expressing construct respectively.

Hmga1−/− cells transfected with the empty vector (−/−CMV)
(compare lanes 3, 4 and 5 in Figure 1A). These results suggest that
HMGA1 proteins regulate RAG2 gene expression in ES cells and
in ES cell-derived EBs. Moreover, when the mammary epithelial
cells MCF-7 were stably transfected with the Hmga1/Hygro con-
struct (results not shown), the expression of RAG2 was down-
regulated, suggesting that HMGA1 proteins induce RAG2
down-regulation in different cell types.

Loss of HMGA1 determines up-regulation of RAG2 gene
expression in vivo

We next investigated RAG2 expression in vivo. We analysed
RAG2 expression in 14.5 dpc yolk sacs from wild-type,
Hmga1+/− and −/− embryos. As shown in Figure 1(B), RAG2
expression was sensibly higher in Hmga1-null and heterozygous
yolk sacs, compared with wild-type. RT–PCR analyses for Hmga1
expression were performed as a control of the genotype of the
tissues analysed (Figure 1B, middle panel). Moreover, RAG2
overexpression was observed also in the spleen from Hmga1−/−
adult mice, compared with wild-type (M. Fedele et al., un-
published work), indicating that HMGA1 affects RAG2 expres-
sion both in vitro and in vivo. Next, we investigated whether
lack of HMGA1 affects RAG2 expression in non-lymphoid cells.
Again, RAG2 expression in MEFs from wild-type, Hmga1+/−
and −/− embryos was inversely related to HMGA1 expression
(Figure 1C).

These results indicate that RAG2 expression is inversely related
to Hmga1 expression both in vitro and in vivo, suggesting a sup-
pressive role for the HMGA1 proteins in the regulation of RAG2
transcription.

HMGA1 proteins directly bind the RAG2 promoter

To investigate whether HMGA1 proteins are directly involved in
RAG2 transcriptional regulation, we evaluated the HMGA1 DNA-
binding activity to the RAG2 promoter. In particular, we analysed
a region spanning nt 14–53 of the murine RAG2 promoter
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Figure 2 HMGA1 binding to RAG2 upstream regulating region

(A) EMSA was performed by incubating the radiolabelled wild-type RAG2 promoter oligonucleotide (RAG2pr) with 5 ng (lanes 1 and 4), 20 ng (lane 2) or 50 ng (lane 3) of the recombinant full-length
HMGA1b–His protein or with 5 ng of truncated HMGA1b(1–53) (lanes 6 and 7) or HMGA1b(54–96) (lanes 8 and 9) proteins. Where indicated, a 100 times molar excess of unlabelled RAG2pr
oligonucleotide was incubated as a specific competitor. (B) Sequences of RAG2 promoter oligonucleotides used in electrophoretic binding assays. Hypothetical HMGA1-binding sites are boxed in
grey. WT, the wild-type sequence. Oligonucleotides A–C are shorter wild-type sequences, encompassing a few hypothetical HMGA1-binding regions. In oligonucleotides D and E, some nucleotides
were mutated (underlined). (C) EMSA was performed with deleted or mutated oligonucleotides. The probes used (A–E) are the same as in (B). Full-length HMGA1b–His protein (5 ng) was incubated
with the indicated probes (A–E) in the presence (+) or absence (–) of a 100 times molar excess of the corresponding unlabelled oligonucleotides, as specific competitor. (D) EMSAs were performed
by incubating 8 µg of protein extracts from wild-type (wt), Hmga1+/− and −/− mouse spleens with the RAG2pr probe. Where indicated, the samples were preincubated either with anti-HMGA1
(α-HMGA1) or unrelated antibodies [anti-Pit-1 (α-Pit-1)] or with a 100 times molar excess of unlabelled RAG2pr. Two main specific complexes, corresponding to isoforms a an b of HMGA1, were
observed in wt and Hmga1+/− extracts, whereas no binding activity was detected in Hmga1−/− extracts. (E) EMSA was performed with the same extracts as in (D), incubated with a probe
corresponding to the Sp1 consensus sequence to normalize the amount of protein extracts.

[12] (Rag2pr) and containing four AT-rich putative HMGA1-bind-
ing sites (Figure 2B). As shown in Figure 2(A), increasing
amounts (5, 20 and 50 ng) of a recombinant HMGA1 protein [18]
were capable of binding the 32P-end-labelled double-strand oligo-
nucleotide in EMSA. This binding was specific, as demonstrated
by competition with 100-fold molar excess of unlabelled RAG2pr
oligonucleotide (lane 4) and by lack of competition when an
unrelated unlabelled oligonucleotide was used as competitor
(results not shown). To evaluate the regions of HMGA1 proteins
involved in binding to the RAG2 promoter, we performed EMSAs
by incubating 5 ng of truncated recombinant HMGA1 proteins
with the RAG2pr probe. We demonstrated that the HMGA1 DNA-
binding activity is due to the first two AT-hook domains, since
HMGA1b(1–53), containing the first two AT-hook domains, was
capable of binding RAG2pr, whereas HMGA1b(54–96), contain-
ing the spacer region between the second and third AT-hook, the
third AT-hook domain and the C-terminal region of the protein
was not (compare lanes 6 and 8). To map better the preferential
HMGA1-binding sites on the RAG2 promoter, we assayed three
shorter oligonucleotides, oligos A–C (Figure 2B), representing
three different AT-rich segments of the RAG2 promoter. As shown
in Figure 2(C), HMGA1 binds oligo B with high affinity,
whereas the binding to oligos A and C is almost undetectable
(lanes 1 and 5). Binding specificity was demonstrated by com-
petition experiments after the addition of a 100-fold molar excess
of unlabelled oligo B (lane 4). These results restrict the HMGA1-
binding region to the central part of the sequence, which retains

three of four putative HMGA1-binding sites (TTTT, AAAA and
TTT). To identify which site is responsible for the binding,
we mutated the A-stretch region (oligo D): we found that the
HMGA1 protein was no longer able to bind the sequence (lane 7),
demonstrating that the A-stretch is important for the binding.
On the other hand, when the downstream T-stretch was mutated
(oligo E), the A-stretch was not sufficient to carry on the binding
(lane 9), showing that both the A-stretch and the downstream
T-stretch are necessary for the binding (Figure 2C). Conversely,
the upstream T-stretch does not consistently co-operate with the
A-stretch for the binding, since oligo E contains both the upstream
T- and A-stretches, but does not show a significant binding to
HMGA1.

To verify the binding of HMGA1 to RAG2 promoter also in
mouse tissues, we assayed the DNA-binding activity of total pro-
tein extracts from spleens of wild-type, heterozygous and knock-
out mice to the RAG2pr probe. As shown in Figure 2(D), two
specific complexes, with a mobility corresponding to isoforms a
and b of HMGA1 proteins, were present in extracts from both
wild-type and heterozygous spleens, whereas they were absent
from extracts derived from homozygous Hmga1 knockout
spleens. These complexes were specifically displaced by incu-
bation with an antibody directed against the HMGA1 proteins
(compare lanes 3 and 1), but not by an unrelated antibody (lane 4),
showing that they do consist of HMGA1 proteins. Binding activity
was normalized using an oligonucleotide probe for the ubiquitous
Sp1 transcription factor (Figure 2E).
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Figure 3 In vivo binding of HMGA1 proteins to the RAG2 promoter region

Chromosomes and nuclear proteins from Hmga1+/+, +/− and −/− ES cells were cross-
linked and immunoprecipitated (IP) with anti-HMGA1 antibodies. The presence of the −279/
+21 sequence of the RAG2 promoter was detected by PCR. INPUT indicates PCR products with
chromosomal DNA without immunoprecipitation. As an immunoprecipitation control, IgG was
used (lane 7). The lower panel shows PCR amplification of the immunoprecipitated DNA using
primers for the prolipase gene promoter.

In conclusion, these results indicate that HMGA1 proteins are
capable of binding directly a specific sequence in the RAG2 pro-
moter region and that the normal spleens contain a binding activ-
ity that is lost in Hmga1−/− spleens.

To verify whether HMGA1 proteins bind the −297/+21 RAG2
promoter region in vivo, we performed chromatin immuno-
precipitation experiments in Hmga1+/+, +/− and −/− ES cells
(Figure 3). Anti-HMGA1 antibodies precipitated the −297/+21
RAG2 promoter region from Hmga1+/+ and +/− ES cells, but
not from Hmga1−/− ES cells (Figure 3). The RAG2 promoter
was immunoprecipitated by anti-HMGA1 antibodies, whereas
no precipitation was observed with normal rabbit IgGs (lane 7);
moreover, when primers for a control promoter (prolipase) were
used, no band was detected (Figure 3, lower panel), suggesting
that the reaction is specific for the RAG2 promoter. The results
indicate that HMGA1 proteins bind the RAG2 promoter region
in vivo.

HMGA1 proteins repress RAG2 promoter activity in functional
assays

To investigate the effect of HMGA1 proteins on RAG2 promoter,
we transiently transfected wild-type and double knockout ES cells

with a construct (RAG2prom-luc) expressing the luciferase gene
under the control of the mouse RAG2 promoter region, −279 to
+21. The region spanning −279 to +123, conserved between
mice and humans, has been shown to be necessary for maximal
activity of RAG2 promoter [12]. As shown in Figure 4(A),
Hmga1−/− ES cells showed a 2-fold increase in RAG2 promoter
activity compared with wild-type.

We next transfected 293T cells with the RAG2prom-luc re-
porter construct. As observed previously [12], the promoter
showed extremely low but reproducible activity in non-lymphoid
cell lines, such as 293T. However, when the HMGA1 expression
vector was transfected, a decrease in the luciferase activity was
observed (Figure 4B). We showed previously that c/EBP-β co-
operates with HMGA1 in activating the leptin gene promoter [17]
by direct interaction with HMGA1. At least two binding motifs for
c/EBP-β are present in the promoter region of the human RAG2
gene (at −146 to −138 and at −137 to −129) and mutations
in the −137 to −129 region abrogate promoter activity [22]. In
the mouse RAG2 promoter, a c/EBP-β consensus sequence is loc-
ated at −154 to −146. To evaluate whether c/EBP-β and HMGA1
co-operate in regulating RAG2 promoter activity, we co-trans-
fected a construct expressing c/EBP-β together with the HMGA1
expression construct: the co-transfection of c/EBP-β, together
with Hmga1, induced a further decrease of luciferase activity
(Figure 4B), whereas c/EBP-β by itself induced just a slight
decrease.

These results indicate that HMGA1 proteins negatively regulate
the RAG2 promoter in different cell types and that c/EBP-β
is capable of co-operating with HMGA1 in repressing RAG2
expression.

DISCUSSION

The aim of the present study was to investigate the role of HMGA1
proteins in the regulation of RAG2 gene expression. The rationale
for this study was our previous observation that disruption of the
Hmga1 gene leads to alterations of lymphopoiesis [2].

The results presented here demonstrate that Hmga1−/− ES
cells express higher levels of RAG2 and that increased RAG2 ex-
pression also occurs in MEFs and yolk sacs of Hmga1−/− mice.
The increase in RAG2 expression is due to the lack of HMGA1
proteins, since the introduction of an Hmga1-expressing construct
brings RAG2 expression to levels comparable with wild-type ES

Figure 4 Functional assays of RAG2 promoter activity

Luciferase activity (fold activation) of RAG2 promoter in Hmga1+/+ and −/− ES cells (A) and in 293T cells (B). Where indicated, 3 µg of HMGA1 and/or 1 µg of c/EBP-β expression vectors were
co-transfected.
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cells. In support of this statement, we show that the HMGA1
proteins bind to the RAG2 promoter, in vitro and in vivo, by
EMSA and chromatin immunopreciptiation assays respectively.
This suggests a direct regulation of RAG2 by HMGA1. We con-
clude that the binding is mediated by two specific A and T adjac-
ent stretches on the RAG2 promoter and by the first two AT-hook
domains of the HMGA1 proteins. Moreover, we demonstrate that
an HMGA1-expressing construct is capable of repressing the
activity of a RAG2 promoter-driven luciferase gene in functional
assays. We also show that the HMGA1 repressive activity is in-
creased by the co-expression of c/EBP-β, a transcription factor
already known to co-operate with HMGA1 in the regulation of
other promoters [17] and possibly affecting human RAG2 pro-
moter activity [22]. The slight decrease in gene expression, exerted
by HMGA1 in transient transfections, matches with transient
assays on other HMGA1-responsive promoters, where the light
stimulating effect of HMGA1 is potentiated by co-operating
transcription factors [23,24]. Together, these results demonstrate
that HMGA1 proteins down-regulate RAG2 expression. On the
other hand, the repressive activity of HMGA1 proteins on RAG2
promoter does not seem to be exerted through the down-regu-
lation of other factors involved in RAG2 transcription such as
Pax-5, c-Myb and GATA-3, since their expression is unchanged
in Hmga1−/− ES cells compared with wild-type (results not
shown). Since RAG2 plays a major role in B-cell/T-cell differen-
tiation, the HMGA1-mediated down-regulation of RAG2 ex-
pression suggests a possible mechanism by which loss of HMGA1
expression may lead to an impairment of lymphoid differentiation
in vitro.

Given the role of architectural transcription factor ascribed to
HMGA1 (capable of recognizing the DNA structure rather than
sequence), a probable mechanism by which HMGA1 proteins
exert their action on the RAG2 promoter might be in opening the
chromatin structure of RAG2 promoter region and improving
its accessibility to appropriate transcriptional factors. Similar
mechanisms have been already described for transcriptional
regulation of the RAG1 gene [10]. Consistent with our findings, it
has been recently reported that another member of the HMG-box
family, LEF-1 (lymphoid enhancer-binding factor-1), binds the
−41/−17 RAG2 promoter region and, together with c-Myb and
Pax-5, is capable of activating the RAG2 promoter [9].

The negative regulation of RAG2 by HMGA1 might have quite
important implications since an increased RAG2 expression may
induce a higher V(D)J recombination and, in the absence of an
appropriate cell-cycle checkpoint, lead to increased susceptibility
to develop neoplasias of the lymphoid tissues. RAG proteins may
also mediate the insertion of cleaved recombination signals into
new DNA sites [25] and this mechanism has been proposed to be
responsible for certain types of DNA translocation associated with
lymphatic tumours. Interestingly, Hmga1−/− mice develop B-
cell lymphomas, characterized by a high frequency of aberrant
V(D)J rearrangements in the IgH gene (M. Fedele et al.,
unpublished work).

Since RAG2 activates double-strand breaks, our results suggest
that HMGA1 proteins may have an indirect role in regulating pro-
cesses such as double-strand breaks and recombination. We pre-
viously showed that HMGA1 is inherently involved in the down-
regulation of the DNA repair protein BRCA-1 [20] and that this
function is converted into a greater ability of Hmga1−/− ES cells
to repair cisplatinum-induced DNA breaks [26]. On the other
hand, HMGA1 can bind a fourway (Holliday) junction DNA, an
intermediate structure formed by DNA during recombination pro-
cesses [27,28], competing for its binding with histone H1 and
HMG1 [29]. Consistently, a possible involvement of HMGA1 in
in vivo processes such as genetic recombination, DNA repair

and chromosome rearrangements have been proposed [28].
Together, these observations suggest that HMGA1 might have
a specific and pleiotropic role at different steps of DNA break
repair and recombination. Other than an indirect role (such as
down-regulation of BRCA1 and RAG2), it might play a direct
role in binding and bending of DNA, allowing the apposition of
sequences to be recombined.

It has been shown that inactivating mutations in either RAG1
or RAG2 are responsible for the so-called ‘Omen syndrome’, in
which no circulating mature B-cells are found, while a large num-
ber of poorly functional T-lymphocytes could be detected [30].
Conversely, overexpression of RAG proteins may contribute to
some cases of human immunodeficiency [31] and lymphocytic
leukaemia. Interestingly, Hmga1-null mice develop B-cell lym-
phomas (M. Fedele et al., unpublished work), whereas those
overexpressing the full-length construct develop T-cell lympho-
mas [18]. Therefore it can be hypothesized that the impairment
of the HMGA1 function might be responsible for some cases of
human immunodeficiency.

In conclusion, the results presented here demonstrate that
HMGA1 down-regulates the RAG2 promoter and suggest an
additional mechanism for the modulation of lymphopoiesis by
HMGA1 proteins.
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