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High-mobility group A1 (Hmga1) protein is an architectural chro-
matin factor, and aberrant Hmga1 expression in mice causes hema-
topoietic malignancies with defects in cellular differentiation.
However, the functional involvement of Hmga1 in hematopoietic
development and leukemic cells remains to be elucidated. Using
Hmga1-green fluorescent protein (GFP) knock-in mice that endoge-
nously express an Hmga1-GFP fusion protein, we examined Hmga1
expression in undifferentiated and differentiated populations of
hematopoietic cells. During early T cell development in the thy-
mus, Hmga1 is highly expressed in CD4 ⁄ CD8-double negative (DN)
cells and is transiently downregulated in CD4 ⁄ CD8-double positive
(DP) cells. Consistently, Hmga1 directly binds to cis-regulatory ele-
ments in the CD4 ⁄ CD8 loci and the heterochromatin foci in DN-
stage cells, but not in DP cells. Interestingly, CD4 ⁄ CD8 expression
in DN-stage leukemic cells is induced by inhibition of Hmga1 bind-
ing to nuclear DNA or RNA interference-mediated Hmga1 knock-
down. In addition, Hmga1-depleted leukemic T cells markedly
diminish proliferation, with transcriptional activation of cyclin-
dependent kinase inhibitor genes as a direct target of Hmga1. The
data in the present study reveal a role of Hmga1 in transcriptional
silencing in T cell lineages and leukemic cells. (Cancer Sci 2012; 103:
439–447)

H ematopoietic development has been investigated exten-
sively through identification of stage-specific cell surface

markers, as well as multiple transcription factors, which play an
important role in establishing lineage diversity.(1–3) Recent stud-
ies have emphasized that the cell-fate decision is ultimately
determined by the chromatin and nuclear machineries that affect
protein-DNA structures and histone modifications.(1,2,4,5) There-
fore, it is crucial to investigate the involvement of DNA ⁄ chro-
matin-binding factors to understand key events during
hematopoietic differentiation and malignant transformation.

High-mobility group A1 protein (Hmga1) is a non-histone
architectural chromatin protein and is characterized by the pres-
ence of three AT-hook DNA-binding motifs that preferentially
bind AT-rich DNA.(6–10) Hmga1 binding to DNA acts as the
architectural structure, which alters the chromatin conformation
of target DNA and facilitates the assembly of a high-order mul-
tiprotein transcription complex called enhanceosome on trans-
criptionally active promoter ⁄ enhancer regions in specific
genes.(11–15) However, Hmga1 is present in the nucleus and pre-
dominantly localized to condensed chromatin, suggesting that
the major sites of Hmga1 accumulation are not transcriptionally
active in somatic cells.(16,17) Thus, Hmga1 possesses distinct
and independent biological functions within cells.

The Hmga1 gene is highly expressed in early embryos,
whereas its expression is commonly downregulated in differenti-
ated cells, suggesting its biological role during mammalian
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development.(18) Hmga1 haploinsufficiencies in mice cause mye-
loid leukemia and B cell lymphoma in the peripheral spleen.(19)

Conversely, mice with Hmga1 overexpression develop T and
natural killer cell lymphomas.(20,21) In addition, altered hemato-
poietic differentiation that leads to reduced T cell precursors and
preferential B cell differentiation is observed in Hmga1 null
mouse embryonic stem cells.(22) Thus, Hmga1 possesses a cru-
cial role in hematopoietic development and malignant transfor-
mation. However, the molecular mechanism of Hmga1 that
regulates hematopoietic cells remains to be elucidated.

Hmga1 overexpression is a common feature in the transfor-
mation and progression of human cancers, including leukemia
and lymphoma.(20,23–26) In our previous study, we showed that
Hmga1 overexpression can abolish the retinoblastoma protein
(RB) function through direct binding in glioblastoma cells.(27)

Furthermore, an anti-apoptotic function has been suggested
through a direct Hmga1-p53 interaction with both proteins over-
expressed in vitro.(28) Because the loss of RB protein and ⁄ or the
p53 mutations are frequently found in leukemia and lymphoma
cells,(29) Hmga1 overexpression may have an uncovered role in
hematopoietic tumors.(20,24)

Using Hmga1-green fluorescent protein (GFP) knock-in mice
that express an Hmga1-GFP fusion protein,(25) here we found
that Hmga1 has a distinct expression level and mediates silenc-
ing of the CD4 ⁄ CD8 loci during early T cell development in the
thymus. We also demonstrate that Hmga1-depleted T leukemic
cells decrease proliferation, together with transcriptional activa-
tion of the cyclin-dependent kinase (Cdk) inhibitor genes p21
and p27. Collectively, our results suggest that Hmga1 is actively
involved in the transcriptional silencing of these genes in T cell
lineages and leukemic cells.

Materials and Methods

Animals. Hmga1-EGFP knock-in mice were prepared as
previously described.(25) All procedures and protocols were
approved by the Committee on Animal Research at Kumamoto
University, Japan.

Cell culture and treatments. Human T cell acute lymphoblas-
tic leukemia (T-ALL) Jurkat cells and mouse thymoma EL4
cells were cultured in RPMI-1640 medium (Sigma-Aldrich, St.
Louis, MO, USA) supplemented with 10% (v ⁄ v) heat-inacti-
vated FBS and 50 lM b-mercaptoethanol. To study inhibition
of Hmga1 binding to DNA, EL4 cells (2 · 105 cells ⁄ mL) were
treated with Hoechst 33342 (0.1, 0.2 and 0.5 lg ⁄ mL) (Dojindo,
Kumamoto, Japan) or Hoechst 33258 (1.0, 2.5 and 5.0 lg ⁄ mL)
(Dojindo) for 24 h.
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Antibodies and cell sorting. The following anti-mouse anti-
bodies were used for flow cytometry analyses: APC-conjugated
CD4 (GK1.5), B220 (RA3-6B2), TER-119 (TER-119), Gr-1
(RB6-8C5), CD3e (145-2C11), PE-conjugated CD4 (GK1.5),
CD3 (17A2), CD8a (53-6.7), CD19 (6D5), CD71 (RI7217),
Mac-1 (M1 ⁄ 70) and PE ⁄ Cy7-conjugated CD45 (30-F11). All
antibodies were purchased from Biolegend (San Diego, CA,
USA). Flow cytometry data were generated using FACSCanto
or FACSAria II (BD Bioscience, Franklin Lakes, NJ, USA) and
analyzed using FlowJo software (Tree Star, Ashland, OR, USA).
FACS was performed using FACSAria II. CD4 ⁄ CD8-double
negative (DN) (CD3) CD4) CD8)) cells and CD4 ⁄ CD8-double
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440
positive (DP) (CD4+ CD8+) cells were collected with a purity of
more than 95%.

In vitro differentiation of CD4 ⁄ CD8-double negative cells. Sorted
DN cells were cultured on more than 90% confluent OP9 or
OP9-DL1 cells in RPMI-1640 medium supplemented with 10%
FBS, 1 ng ⁄ mL IL-7 (402-ML) and 5 ng ⁄ mL FLT3-L (308-FK).
IL-7 and FLT3-L were purchased from R&D Systems
(Minneapolis, MN, USA). Cells were harvested and analyzed by
flow cytometry after 7 days.

Quantitative reverse transcription-polymerase chain reaction.
Two micrograms of the total RNA were reverse transcribed
using a High Capacity cDNA Reverse Transcription kit (Applied
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Fig. 2. Downregulation of Hmga1 during CD4 ⁄ CD8-double negative cell (DN) to CD4 ⁄ CD8-double positive cell (DP) differentiation of
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The numbers indicate the percentages of cells within the population. (d) Overlay of Hmga1-GFP levels in DN and DP subpopulations shown
in (c). (e) Colocalization of highly expressed Hmga1 with H3K9me3-stained heterochromatin in DN cells from wild-type mice. An
immunofluorescence analysis using anti-Hmga1 (green) and anti-trimethyl-histone H3 at lysine 9 (H3K9me3) antibodies (red) was performed
using DN and DP cells. DNA was counterstained with DAPI. Scale bar represents 10 lm.
Biosystems, Foster City, CA, USA). For quantification, real-
time PCR analysis was performed using a Power SYBR Green
PCR Master Mix on an ABI Prism 7500 Sequence Detector
(Applied Biosystems). The relative fold changes were quantified
using the comparative threshold cycle method, and b-actin was
used as an internal control. Primers are listed in Table S1.

Chromatin immunoprecipitation and quantitative PCR
analysis. Chromatin immunoprecipitation (ChIP) was per-
formed as described previously.(30) Briefly, EL4 cells (1.5 ·
106) were cross-linked with 1% formaldehyde, and crude cell ly-
sates were sonicated to generate DNA fragments of 200–500 bp.
ChIP was performed with anti-HMGA1 (Active Motif, Carlsbad,
CA, USA) and control IgG (Santa Cruz Biotechnology, CA,
USA). DNA enrichment was determined by real-time PCR using
a Power SYBR Green PCR Master Mix on an ABI Prism 7500
Sequence Detector. Statistical analysis was performed using Stu-
dent’s t-test and P < 0.05 was considered statically significant.
Primers are listed in Table S2.

Plasmid construction and transfection. Mouse Hmga1 shRNA
and human HMGA1 shRNA were cloned into pSIREN-Shuttle
(Clontech Laboratories, Mountain View, CA, USA) and pSi-
lencer-3.1-H1 (Ambion, Austin, TX, USA), respectively.
ShRNA sequences were as follows: mouse Hmga1, 5¢-AAACU-
GGAGAAGGAGGAAGAG TT-3¢; and human HMGA1, 5¢-AA-
GUGCCAACUCCGAAGAGACC TT-3¢. Transfection was
performed using the MicroPorator (Digital Bio, Tokyo, Japan)
according to the manufacturer’s instructions.

Western blot analysis. Cell Lysates were performed and sepa-
rated, as described previously.(27) Primary antibodies were used
against HMGA1 (Active Motif) and b-tubulin (Sigma).

Immunofluorescence analysis. After being attached to amino-
propylsilane-coated glass slides using Cytospin (Thermo Scien-
tific, Waltham, MA, USA), cells were treated with 0.5% Triton
X-100 in cytoskeleton buffer,(31) fixed with 4% paraformalde-
hyde and post-fixed with 100% methanol. Primary antibodies
were used against HMGA1 (Santa Cruz) and trimethyl-histone
H3 at Lys 9 (H3K9me3) (Millipore, Billerica, MA, USA). The
images were visualized with an Olympus IX171 microscope
Xi et al.
using Lumina Vision software (version 2.2; Mitani Corporation,
Tokyo, Japan).

Results

Hmga1 is highly expressed in CD4 ⁄ CD8-double negative cells
and is transiently downregulated in CD4 ⁄ CD8-double positive
cells. Our initial analyses using bone marrow from Hmga1GFP ⁄ +

heterozygous mice showed at least four subpopulations express-
ing distinct levels of Hmga1-GFP, which was dominantly
expressed in immature hematopoietic cells (Fig. S1). We then
analyzed Hmga1 expression in the thymus, because quantitative
RT-PCR analyses showed that Hmga1 is highly expressed in the
thymus in comparison with other tissues (Fig. 1a). We divided the
T cells into four stage-specific populations based on standard cell
surface antigens, CD4 and CD8 (Fig. 1b). As shown in Figure 1c,
Hmga1-GFP expression was high in DN cells, and was downregu-
lated in DP cells. Quantitative analysis showed that the Hmga1-
GFP level in DN cells was threefold higher compared with that of
DP cells (Fig. 1d). Interestingly, Hmga1-GFP levels in CD4 SP
and CD8 SP cells significantly increased compared with that of
DP cells, which exemplifies an exceptional case of differentiated
cells possessing higher Hmga1 expression. Similar Hmga1
expression data were obtained in wild-type control mice (Fig. 1e),
suggesting the involvement of Hmga1 in T cell development.

Hmga1 expression decreases during CD4 ⁄ CD8-double negative
cell to CD4 ⁄ CD8-double positive cell differentiation in vitro. To
confirm whether Hmga1 was downregulated during differentia-
tion from DN to DP stages, we performed an in vitro differentia-
tion assay using DN cells sorted from the thymus of Hmga1-
GFP mice (Fig. 2a). As a control, DN cells cultured on OP9
stromal cells were not differentiated to DP cells (Fig. 2b). DN
cells cultured on OP9-DL1 cells, which support T cell differenti-
ation by Notch-1 signaling, resulted in 18.4% of the population
differentiating into DP cells (Fig. 2c). In vitro differentiated DP
cells exhibited significantly lower Hmga1-GFP expression com-
pared with that of DN cells (Fig. 2d), indicating that changes in
Hmga1 expression are dependent on DN or DP stages.
Cancer Sci | March 2012 | vol. 103 | no. 3 | 441
ªª 2011 Japanese Cancer Association



R
el

at
iv

e 
m

R
N

A
 le

ve
l

CD4

0 

1 

1.5 

0.5 

DPEL4

CD8

0 

1 

1.5 

0.5 

DPEL4

(a) (b) 

–0.1 (kb) –12.3

EL4 

CD4

+2 +28

E4 S4 NC4P4

CD4 

E4 S4 NC4 P4 
DP 

CD4 locus (d)(c)

10 0 10 1 10 2 10 3 10 4 

99.5 0.2 

0.3 0 

10 0 

10 1 

10 2 

10 3 

10 4 
EL4 

C
D

4 

CD8 

–17.8 –4.3 –0.3 (kb) –50.3 –43.3

CD8aCD8b

CD8 aCD8 b

CD8 locus 

E8 I E8 V E8 IV E8 III E8 II P8αP8β

E8 I E8 V E8 IV E8 III E8 II P8αP8β

Hmga1
** 

DPEL4
0 

5 

10 

0 

0.8 

%
 o

f i
np

ut
 

0.4 

0.6 

Hmga1 
1 

0.2 

E4 S4 NC4 P4 

IgG 
Hmga1 

DP 
IgG 
Hmga1 

EL4 

0 

0.5 

%
 o

f i
np

ut
 

1 

1.5 

E8 I E8 V P8αP8β E8 IV E8 III E8 II 

Hmga1 

IgG 
Hmga1 

DP 
IgG 
Hmga1 

EL4 

Fig. 3. Binding of Hmga1 to the CD4 ⁄ CD8 loci in CD4 ⁄ CD8-double negative cell (DN)-type EL4 cells. (a) The DN stage of mouse thymoma EL4
cells. Flow cytometry analysis was performed using CD4 and CD8. The numbers indicate the percentage of cells within the population. (b)
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Using an immunofluorescence analysis, we further investi-
gated Hmga1 expression and localization in DN and DP cells
(Fig. 2e). Highly expressed Hmga1 coexisted with trimethyl-his-
tone H3 at lysine 9 (H3K9me3) and DAPI-stained heterochro-
matin in DN cells, while Hmga1 was significantly diminished in
DP cells. Previous reports have shown that the silenced
CD4 ⁄ CD8 loci are associated with the intranuclear position that
is close to the heterochromatin in DN thymocytes.(32,33) Collec-
tively, our data suggest that Hmga1 negatively regulates
CD4 ⁄ CD8 expression in DN cells.

Hmga1 binds to the CD4 ⁄ CD8 loci in CD4 ⁄ CD8-double negative
cells, but not in CD4 ⁄ CD8-double positive cells. To address
whether Hmga1 directly represses CD4 ⁄ CD8 genes, we ana-
lyzed Hmga1 binding to the CD4 ⁄ CD8 loci using ChIP assays.
442
Because DN cells generally have a very small population in the
thymus, we chose mouse thymoma EL4 cells to obtain enough
cells for the assay. We confirmed that EL4 cells are double neg-
ative for CD4 ⁄ CD8 expression and highly expressed Hmga1
(Fig. 3a,b).

Hmga1 bound to the three cis-elements (E4 enhancer, P4 pro-
moter and S4 silencer) in the CD4 locus in EL4 cells (Fig. 3c),
whereas no enrichment at the locus was detected in DP cells.
With the exception of E8IV, Hmga1 also bound to the stage-spe-
cific enhancers E8I, E8II, E8III and E8V, as well as the CD8B
(P8b) and CD8A (P8a) promoters in the CD8 locus in EL4 cells
(Fig. 3d). However, DP cells mostly showed decreased Hmga1
binding that was equivalent to the negative control levels,
although Hmga1 to some extent bound to E8I, E8III and E8V,
doi: 10.1111/j.1349-7006.2011.02159.x
ªª 2011 Japanese Cancer Association
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which contain AT-rich sequences (predicted from http://
www.repeatmasker.org/cgi-bin/WEBRepeatMasker) and the
matrix attachment region.(34) These results suggest that Hmga1
is directly involved in the transcriptional regulation of
CD4 ⁄ CD8 genes.

CD4 ⁄ CD8 expression is induced by inhibition of Hmga1
binding to DNA. To investigate whether the binding of Hmga1
to DNA was required for silencing the CD4 ⁄ CD8 loci, we trea-
ted EL4 cells with Hoechst dyes (33342 or 33258), which are
strong competitors for Hmga1-DNA interactions.(16,35) A dose-
dependent increase of CD4 or CD8-positive cells was observed
24 h after Hoechst 33342 treatment (Fig. 4a). Under this condi-
tion, expression of CD4 ⁄ CD8 genes was significantly induced
Xi et al.
by Hoechst 33342 without affecting Hmga1 expression
(Fig. 4b). Similar results were obtained 24 h after Hoechst
33258 treatment (Fig. S2a). In addition, we observed Hmga1
dissociation from the heterochromatin foci after Hoechst 33342
treatment (Fig. S2b).

To elucidate whether the activation of CD4 ⁄ CD8 genes was
caused by the loss of bound Hmga1 at these loci, ChIP analyses
was performed. Hmga1 binding to cis-elements in the CD4 locus
was significantly decreased with Hoechst 33342 treatment
(Fig. 4c). Similarly, Hoechst 33342 treatment (0.2 lg ⁄ mL)
reduced Hmga1 binding to DNA at E8III and P8a, while the cis-
elements, with the exception of E8IV, exhibited significant
decreases in Hmga1 binding after Hoechst 33342 treatment
Cancer Sci | March 2012 | vol. 103 | no. 3 | 443
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showed that Hmga1 is selectively depleted in Hmga1-knockdown EL4 cells (a) and human Jurkat cells (c) 48 h after transfection. (b,d) Effect of
Hmga1 knockdown on CD4 and CD8 expression. qRT-PCR analyses of Hmga1, CD4 and CD8 were performed using EL4 cells (b) and Jurkat cells
(d) 48 h after shRNA transfection. The mRNA level in control shRNA-transfected cells was normalized to 1. (e,f) Localization of Hmga1 and
acetylated H3 in the CD4 ⁄ CD8 loci in Hmga1-knockdown EL4 cells. Chromatin immunoprecipitation analyses of Hmga1 and H3ac at the CD4 (e)
and CD8 loci (f) was performed in EL4 cells 48 h after shRNA transfection.
(0.5 lg ⁄ mL) (Fig. 4d). In contrast to Hmga1 binding to DNA,
acetylation of histone H3 (H3ac) was clearly augmented at the
Hmga1 target sites. These results suggest that the decrease of
Hmga1 binding to DNA is responsible for the induction of
CD4 ⁄ CD8 expression.

CD4 ⁄ CD8 expression is induced by Hmga1 knock down. Because
Hoechst dyes are broad competitors of AT-rich binding proteins,
we analyzed the effect of Hmga1 knockdown on CD4 ⁄ CD8
genes. We used a previously described shRNA against
Hmga1,(25) and confirmed efficient reduction of Hmga1 at both
protein and RNA levels in EL4 cells (Fig. 5a). Significant
upregulation of CD4 ⁄ CD8 genes was observed in Hmga1-
depleted cells compared with that of the control (Fig. 5b). An
increase in CD4 ⁄ CD8 transcription was similarly detected in
HMGA1-depleted human T leukemia Jurkat cells (Fig. 5c,d),
suggesting that CD4 ⁄ CD8 regulation by Hmga1 is not limited to
specific cell lines. Based on ChIP assay results, DNA-bound
444
Hmga1 decreased at P4 and S4 in the CD4 locus, together with
the increase of acetylated H3 (Fig. 5e). We also found a signifi-
cant reduction in Hmga1 binding and increased H3ac at the CD8
locus (Fig. 5f). These results suggest that Hmga1 negatively
regulates CD4 ⁄ CD8 transcription through direct binding to cis-
elements in the CD4 ⁄ CD8 loci.

Hmga1 suppresses cyclin-dependent kinase inhibitor genes p21
and p27 in T cell lines. During our study, we observed that
Hmga1-depleted EL4 and Jurkat cells showed inhibited prolifer-
ation (see Fig. 5) compared with that of the control (Fig. 6a,b),
suggesting that Hmga1 maintains cell growth in T cell lines.
Flow cytometry analyses indicated an increase of G1 phase pop-
ulation and a decrease of both S and G2 ⁄ M populations in the
Hmga1-knockdown EL4 cells, compared to the control cells
(Data S1, Fig. S3a). In addition, we found comparable expres-
sion levels of wild-type p53 protein and its responsive genes,
such as Bax, Bcl2 and Mdm2, in Hmga1-depleted and control
doi: 10.1111/j.1349-7006.2011.02159.x
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Fig. 6. Transcriptional repression of cyclin-
dependent kinase inhibitor genes p21 and p27 in T
cell lines. (a,b) Effect of Hmga1 knockdown on cell
proliferation. Cell numbers were determined on
days 0, 1, 2, 3 and 4 after shRNA-mediated Hmga1
knockdown in EL4 (a) and Jurkat cells (b). (c,d)
Effect of Hmga1 knockdown on p21 and p27
expression. qRT-PCR analyses of p21 and p27 genes
were performed using Hmga1-knockdown EL4 (c)
and Jurkat cells (d). The mRNA level in control
shRNA-transfected cells was normalized to 1. (e,f)
Localization of Hmga1 (e) and acetylated H3 (f) in
the p21 and p27 gene promoters in Hmga1-
depleted EL4 cells. Chromatin immunoprecipitation
analysis was performed using control and Hmga1-
knockdown EL4 cells. The GC-rich promoter region
of the Gapdh gene was used as a negative control.
EL4 cells (Fig. S3b,c), suggesting the p53-independent role of
Hmga1 in cell cycle regulation. We then evaluated the effect of
Hmga1 on the expression of Cdk inhibitor genes p21 and p27.
Hmga1 knockdown resulted in upregulation of both p21 and p27
genes (Fig. 6c,d). Under this condition, DNA-bound Hmga1
decreased with the increase of acetylated H3 at the core pro-
moter regions of these genes (Fig. 6e,f). Furthermore, in
Hmga1-depleted cells, histone deacetylase Hdac1 dissociated
from these core promoters (Fig. S3d), which was reported to
transcriptionally inhibit these genes.(36) In fact, Hmga1 com-
plexed with Hdac1 in EL4 cells (Data S1, Fig. S3e). These data
suggest that the Hmga1–Hdac1 complex represses the expres-
sion of p21 and p27 genes to maintain cell proliferation.
Xi et al.
Discussion

Although aberrant Hmga1 expression was reported to alter
hematopoiesis and cause hematopoietic malignancies,(19–22,24)

the molecular basis of these phenomena needs to be understood.
The present study demonstrates distinct levels of Hmga1 expres-
sion in hematopoietic lineage cells and reveals the transcrip-
tional silencing function of Hmga1 at the CD4 ⁄ CD8 loci during
T cell differentiation. Our data indicate that: (i) Hmga1 has dis-
tinct expression during the differentiation of hematopoietic
cells; (ii) Hmga1 is downregulated and dissociates from target
genes and heterochromatin during DN to DP differentiation of T
cells; (iii) Hmga1 represses CD4 ⁄ CD8 genes by directly binding
Cancer Sci | March 2012 | vol. 103 | no. 3 | 445
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to cis-elements at these loci in DN-stage cells; and (iv) Hmga1
maintains cell proliferation most likely through direct inhibition
of p21 and p27 genes in T leukemic cells. These findings sug-
gest that Hmga1 is actively involved in hematopoietic differenti-
ation and malignant phenotypes.

Although Hmga1 expression gradually decreases during
erythrocytic maturation (Fig. S1), we found that Hmga1 is
downregulated during DN to DP differentiation, followed by
upregulation in CD4 SP and CD8 SP cells in the thymus. This
observation suggests that Hmga1 has unique expression patterns
during T cell development. The development of T cell lym-
phoma in Hmga1 transgenic mice(20,21) and B cell lymphoma in
Hmga1 knockout mice(19) further supports the biological rele-
vance of Hmga1 during hematopoietic differentiation. Despite
HMGA1 overexpression in human B cell leukemia, high Hmga1
expression was observed to be persistently maintained in B cell
lineages. Further study is required to resolve this issue. In addi-
tion, HMGA1 overexpression has been reported in leukemic
cells in patients with megakaryoblastic, myeloblastic and lym-
phoblastic leukemia.(20,22) Our study has shed light on differen-
tial expression of Hmga1 in hematopoietic lineage cells,
including progenitors.

Previous studies show that silencing of the CD4 ⁄ CD8 loci is
associated with heterochromatin foci in DN thymocytes.(32,33)

We found that Hmga1 significantly binds to the CD4 ⁄ CD8 loci
and is co-localized with heterochromatin regions in DN T cells,
whereas Hmga1 markedly decreases in DP cells. It has been
reported that HMGA1 directly interacts with core histones,
resulting in histone-bound HMGA1 as a chromatin docking
complex for chromatin dynamics.(7,15,37) Hmga1 dissociation
from heterochromatin regions coincides with CD4 ⁄ CD8 induc-
tion and increased levels of acetylated H3, even in the wide
enhancer ⁄ promoter regions, probably due to the spread of hyper-
acetylation to neighboring sites, suggesting the Hmga1-mediated
chromatin dynamics at the CD4 ⁄ CD8 loci.

At the DN stage, the intronic silencer (S4 in the present study)
actively represses CD4 transcription, but is dispensable for
keeping CD4 silenced in CD8 SP cells. The silencing activity of
S4 must be reversible in DN cells, which can be ready for differ-
entiation, and the CD4 gene is stably silenced in CD8 SP
cells.(38,39) Because HMGA1 binding can induce changes in the
rotational setting of DNA on the surface of nucleosomes,
Hmga1 in DN cells provides such a chromatin docking site for
long-range remodeling. Indeed, mutations of BAF57 or Brg, two
subunits of the SWI ⁄ SNF-like chromatin-remodeling BAF com-
plex, both impaired CD4 silencing in T cell-specific expressed
transgenic mice.(40) We observed a significant decrease of
Hmga1 binding at S4 in Hmga1-depleted DN T cells, and
detected high Hmga1 expression in DN cells as well as CD8 SP
446
cells. Therefore, it is of interest to clarify whether Hmga1 more
selectively targets the CD4 locus together with the chromatin-
remodeling complex. Unlike CD4 expression, CD8 expression
is enforced mainly by a series of developmental stage-specific
enhancers (E8I–E8V).(39,41) Decreased DNA-bound Hmga1 at
these enhancers indicates an architectural function of Hmga1 in
the CD8 locus. Hmga1 expression is recovered in CD8 SP cells,
although whether this recovery acts on the constitutive CD4
silencer or provides an Hmga1-DNA scaffold for stage-specific
transcription factor accessibility at the CD8 locus needs to be
elucidated.

Our finding that the loss of Hmga1 function in T leukemic
cells impaired proliferation is supported by previous reports
on other cancer types.(23,25,27,42) As p53 is mutated in Jurkat
cells,(43) the significant induction of p21 and p27 by HMGA1
knockdown further suggests a unique function of HMGA1 in
leukemic cells. Previous studies have reported that the stage
of thymocyte differentiation is closely related to the treatment
outcome of T-ALL.(44–46) Early thymocyte malignancies,
which are at the DN stage and negative for CD3, CD4 and
CD8, represent approximately 34% of childhood T-ALL and
have worse response to remission induction, worse survival
and higher relative hazard rates than mature phenotypes of T-
ALL.(44–46) The induction of CD4 positive cells and the reduc-
tion of cell proliferation in Hmga1-inhibited leukemic cells
indicate that Hmga1 is a potential attractive target for the
treatment of T-ALL. Finally, our previous study shows that
the Hmga1-GFP knock-in mouse is a useful model to investi-
gate the importance of Hmga1 protein in gastric cancers by
cross-breeding with a stomach-specific inflammation mouse.(25)

Our present results indicate that Hmga1 has a crucial function
in hematopoietic lineage cells. In addition, the Hmga1-GFP
knock-in mouse will be useful for investigating Hmga1 func-
tions in vivo.
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