I A R T C L E S |

Derepression of HMGA2 Gene Expression in Retinoblastoma
Is Associated with Cell Proliferation

KAI-YIN CHAU,! GUIDALBERTO MANFIOLETTI,2 KAM-WA CHEUNG-CHAU,! ALFREDO Fusco,?
NATHALIE DHOMEN,? JANE C SOWDEN,* TETSUO SASABE,> SHIZUO MUKAL® AND SANTA JEREMY ONO!

To assess whether retinoblastoma formation is associated with the expression of high mobility group (HMG) A2 protein, a
franscription factor that is highly expressed during embryogenesis and completely repressed in normal adult tissues, we
performed Northern and Western blots and RT-PCR analyses, and immunohistochemistry to test for HMGAZ2 expression. We
used established retinoblastoma cell lines in fumors grown in nude mice and clinical retinoblastoma specimens, and con-
frasted these tumors with normal embryonic and adult refina. Adenoviral-mediated antisense experiments were con-
ducted on the retinoblastoma cell lines to suppress HMGA2 expression and determine if cell proliferation is HMGA2-
dependent. We also transfected a retinoblastoma cell line to identify cis-regulatory elements and franscription initiation
sites on the HMGA2 gene promoter. HMGA2 gene expression was silenced in terminally differentiated retina of é-wk-old
mice, but it was detected in refina of a 13.5-d postcoitum embryo. Reactivation of HMGA2 gene expression was observed
in the retinoblastoma cell lines Y79, WERI-Rb1, and TOTL-1, in tumors derived from some of these cells propagated in nude
mice, and in a high frequency of retinoblastomas excised from human patients. This suggests that expression of HMGA2
gene in retinoblastoma cells involves a derepression process. By using an anfisense approach to block HMGA?2 expression,
we observed a decrease in the number of proliferating retinoblastoma cells. As a 1st step toward understanding HMGA2
gene reactivation in retinoblastoma, we mapped the 2 franscription initiation sites and associated positive regulatory ele-
ments within the WERI-Rb1 cells. Our discovery of derepression of HMGA2 gene expression in retinoblastoma provides the

1st evidence that this protein might contribute to neoplastic fransformation of refina cells.

INTRODUCTION

Retinoblastoma is a malignant neoplasm composed of embryonic
tumor cells arising from retinoblasts of neuroepithelial origin (1).
Retinoblastoma development is associated with Rb gene inactiva-
tion. The molecular cloning of the Rb gene was accomplished by
3 independent groups—a collaboration between laboratories of
Thaddeus Dryja and Robert Weinberg, the lab of Wen-Hwa Lee,
and the lab of Yuen-Kai Fung and William Benedict (2-4). Despite
this landmark discovery, retinoblastoma formation is not under-
stood completely. Additional “pathogenic” factors, especially
those associated with dedifferentiated and/or undifferentiated
retinal cells, are thought to exist. The high mobility group (HMG)
A2 protein is one of the candidates we have examined, because it
appears to coordinate cell proliferation and differentiation during
mammalian development (5-9).

HMGAZ2 is a nuclear protein of 109 amino acid residues. Both
HMGA family members, HMGA1 and HMGA2, contain 3 basic
DNA-binding domains termed “AT-hooks.” The interaction of
HMGA transcription factors with AT-rich DNA sequences results
in conformational changes in the DNA helix, which facilitate

loading of other transcription factors onto their cis-elements.
Because of this feature, HMGA proteins are known as architec-
tural transcription factors (10-12).

The HMGA2 gene is strongly expressed during early stages of
fetal development in all cells. In later stages, expression is
restricted to particular cell types and ceases before birth (13-17).
Aberrant expression of the HMGAZ2 protein is observed in thyroid
cells, transformed by selected oncogenic retroviruses (18-20), and
in other kinds of tumor (21-25). The general correlation of
HMGA?2 expression with malignancy suggests a general role for
this factor in the genesis or maintenance of the transformed phe-
notypes (26). Indeed, overexpression of HMGA2 results in neo-
plastic transformation of Rat-1 fibroblast cells (27); in addition,
pituitary adenomas develop in HMGA?2 transgenic mice (28).
Reactivation of HMGA?2 gene expression also is observed in mes-
enchymal tumors, where there are frequent rearrangements of
HMGA?2 gene (29-34). Interestingly, chimeric transcripts (either as
an HMGA? fusion or truncation) were observed in several such
tumors. Aberrant expression of truncated forms of HMGA?2 pro-
tein is thought to contribute to neoplastic transformation through
their roles in inducible gene expression. Experimentally, ectopic
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expression of the truncated HMGA2 protein, deprived of its
acidic tail and carrying only the 3 DNA-binding domains, could
transform NIH3T3 cells (35). In transgenic mice, ubiquitous
expression of the same truncation leads to an abnormally high
prevalence of lipomas (36,37). Additional evidence that the
HMGA?2 product contributes to cell growth stems from the dis-
covery that somatic inactivation of the HMGA2 gene results in
growth retardation and a pygmy phenotype in mice (13). This is
characterized by a marked inhibition of adipose tissue develop-
ment. In vitro culturing of embryonic fibroblasts from these mice
also exhibits a reduced proliferative capacity.

We report here that HMGA2 expression is derepressed in a
high frequency of retinoblastomas (6 of 7 retinoblastoma cell and
tumor samples examined). Our finding represents the 1st exam-
ple of derepression of HMGA2 gene expression in an ocular neo-
plasm. We provide evidence that derepression of HMGA?2 expres-
sion in retinoblastoma likely is relevant to retinoblast
transformation, and that reduction of HMGA?2 expression signifi-
cantly affects cell proliferation. Finally, we have found 2 regions
on the HMGA?2 gene promoter responsible for positive transcrip-
tion activity in a representative retinoblastoma cell line.

MATERIALS AND METHODS

Cell Culture

Human retinoblastoma cells Y79, WERI-Rb1, and TOTL-1 were
maintained as described (38,39). Human hepatoma cells PLC/
PRF/5 (22), mammary epithelial cells HBL-100 (40), and
osteosarcoma cells OSH50T (4) were cultured in Dulbecco’s
Modification of Eagle’s Medium (Gibco BRL, Gaitherburg, MD,
USA) supplemented with 10% heat inactivated fetal bovine
serum (Gibco BRL), 50 ug per mL penicillin/50 units per mL
streptomycin (Sigma, St. Louis, MO, USA), and 2 mM glutaMaxI
(Gibco BRL).

Northern Blot Analysis

Total RNA was prepared from cells and tumors as described (38).
RNA samples were electrophoresed in 1.5% denaturing gels and
transferred to Hybond-N membrane (Amersham Pharmacia,
Arlington Heights, IL, USA). The blots were hybridized sepa-
rately by radiolabeled human HMGA?2 (22) and HMGA1 (41)
coding regions in a stringent manner as described (38); then
autoradiography was performed. Comparable amount of RNA
loaded between samples was monitored by the probing of 28S
rRNA. For reprobing, the membranes were boiled in 0.1% SDS for
30 min to remove the previous probe.

Western Blot Analysis

Perchloric acid extract (5%) of the cells and tumor samples were
resolved and transferred to Hybond-P membrane (Amersham
Pharmacia) as described (22). The intensity of the histone H1
bands after Coomassie staining was used as a control for uniform
loading of the protein level in each extract. HMGA proteins were
detected using Western-Light Chemiluminescent Detection Sys-
tem (Tropix, Bedford, MA, USA), with the anti-HMGA (22) and
Al-specific polyclonal antibodies (in 1:1000 dilution) (42).
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Nude Mouse Injection and Immunohistochemistry

All animal procedures used in this study were conducted in
accordance with The Association for Research in Vision and Oph-
thalmology Statement for the Use of Animals in Ophthalmic
and Vision Research. Six-week-old Swiss nu/nu (nude) mice
(Taconic Farms, Germantown, NY, USA) were injected subcuta-
neously with 10 million retinoblastoma cells or intramuscularly
with 1 million osteosarcoma cells in a volume of 0.1 mL. Mice
were sacrificed when tumors reached 1 cm (1 to 2 mo after inocu-
lation), and the tumors were excised and embedded in Tissue-Tek
OCT medium (Sakura, Torrance, CA, USA). Adult nude mouse
thigh muscle, 6-wk-old Balb/c eyeballs, and 129/sv embryos 13.5 d
postcoitum were embedded in the same manner. Frozen sections
(6 microns) of OCT-embedded samples were incubated in a solu-
tion of methanol and 1% hydrogen peroxide for 30 min before
immunoperoxidase staining. For HMGA protein detection, the
slides were blocked overnight at 4 °C with 2% normal goat serum
(NGS; Vector, Burlingame, CA, USA), then incubated with the
polyclonal antibodies specifically recognizing HMGA1 (42) and
HMGA2 protein (raised against a peptide specific to HMGAZ2:
RGEGAGQPSTSA), diluted 1:100 in phosphate-buffered saline
(PBS) and 2% NGS, for 1 h at room temperature. Afterward, the
slides were washed in PBS 3 times for 10 min and subsequently
incubated with biotinylated goat anti-rabbit IgG for 1 h (Vectas-
tain Elite ABC kits; Vector). The slides were washed for 10 min in
PBS containing 0.05% Tween20 followed by 2 washes for 10 min
in PBS and then incubated with the secondary antibodies as
above. Staining was performed using DAB substrate (Vector).

RT-PCR Analysis
Total RNA was prepared from each surgically removed retinoblas-
toma samples (RBT952, RBT962, RBT965, and RBT942). First-
strand cDNAs were synthesized separately from 2 ug each of the
RNA samples using an oligonucleotide with sequence specific to
the human HMGA2 exon 4 (5'-CTGAGCAGGCTTCTITCTGAA
CAAC-3') and Random Primers (Gibco BRL), by SuperScript II
RNase H~ Reverse Transcriptase (Gibco BRL) according to the
instructions of the manufacturer, with RNasin ribonuclease
inhibitor (Promega, Madison, WI, USA) added. PCR was then per-
formed from the cDNA product using 2.5 units of Promega’s Taq
DNA Polymerase, 2.5 units of Taq Extender PCR Additive (Strata-
gene), 0.2 mM dNTPs, and 1 uM of each primer in a final volume
of 50 mL. Amplification involved denaturation at 94 °C for 1 min,
primer annealing at 60 °C for 1 min, and extension at 72 °C for
1 min, in the Programmable Thermal Blok II thermal cycler (Lab-
line Instruments, Melrose Park, IL, USA). For the HMGA2 gene
amplification, the oligonucleotides used have the sequence
5'-ATGAGCGCACGCGGTGAGGG-3" and 5'-CCATTTCCTAG
GTCTGCCTCTTGG-3', which annealed to exons 1 and 3 of the
HMGA? coding region respectively. To specifically amplify the
GAPDH gene, a pair of oligonucleotides with sequence 5'-TGAT
GACATCAAGAAGGTGGT-3' and 5'-CAGTGAGGGTCTCTCTC
TTCC-3" was used. The PCR products were resolved onto 1.5%
agarose gels. To detect amplified products of the HMGA2 gene in
a specific and sensitive manner, DNA was blotted onto nylon
membrane from the agarose gel and the membrane was hybridized
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with the radiolabeled HMGA?2 coding region, and then subjected to
autoradiography. GAPDH amplification products were visualized
on agarose gels stained with ethidium bromide. Oligonucleotides
used were obtained from GenoSys (Woodlands, TX, USA).

Adenoviral-mediated Antisense Expression Analysis
Replication-defective recombinant adenoviruses carrying the
HMGA2 coding sequence in an antisense orientation (Ad-A2as),
and its parental vector (Ad-GFP), were prepared by Alfredo Fusco
using the described method (43). Retinoblastoma cells WERI-Rb1
were exposed to Ad-A2as or Ad-GFP, in the same multiplicity of
infection (MOI) of 1000 pfu per cells for 12 h, and then grown in
fresh medium for 7 d. Uninfected cells were included as control.
The number of viable cells was determined by Trypan blue exclu-
sion and hemacytometry. Proliferation of cells was determined
using the ViaLight HS kit (Lumitech, Nottingham, UK), in which
measurements for comparison were based on the same number of
cells used. Briefly, cells were lysed by the Nucleotide Releasing
Reagent, ATP Monitoring Reagent was added to the lysate, and
luciferase activity was measured using the Monolight 2010 Iumi-
nometer (Analytical Luminescence Laboratory, San Diego, CA,
USA). Light output was integrated over a 15-s period and dis-
played as relative light units. Background activity was found to
be < 0.1% of all readings. The effectiveness of antisense HMGA2
RNA expression in suppressing the HMGA2 protein level in
transduced retinoblastoma cells was confirmed by Western blot
analysis as described above.

Transient Transfection Analysis

In each transfection (as described in 44), 3 X 10° WERI-Rb1 cells
were electroporated with 10 ug of pGL-2-Basic construct (Promega)
harboring the human HMGA2 gene 5" UTR fragment and 10 pg of
pCAT-Control Vector (Promega; served as an internal control to
determine transfection efficiency by monitoring CAT expression)
that were prepared by Qiagen Plasmid kit (Chatsworth, CA, USA).
Transfected cells were maintained in complete RPMI medium for
44 h, before luciferase (Promega) and CAT (Roche, Indianapolis,
IN, USA) assays were conducted as suggested by the manufactur-
ers. The pGL2-Promoter Vector (Promega) containing the luciferase
gene driven by the SV40 promoter was used as a positive control
for comparison of promoter activities. Mock transfection and trans-
fection with the empty reporter were included to determine the
background noise. Transfections were carried out in duplicate and
repeated 3 times. For OSH50T cell transfection, 2 X 10° cells were
seeded onto a 35-mm plate and exposed to Lipofect AMINE (Gibco
BRL) mixed with 3 ug pGL-2-HMGA2 promoter constructs and
7 ug pCAT-Control Vector.

Primer Extension Analysis

Oligonucleotides of sequence 5'-GGAGATGAGGTGATAGGGC
TGGGG-3" and 5-TGTGGTGTGTGTGCGTGCACGCGCTTG-3'
(Genosys) were end-labeled with 3°P and hybridized with total
RNA, as described (45). Extension products obtained by reserve-
transcription were resolved through 8% sequencing gels, along
with sequencing ladders that were generated using the same
oligonucleotides as markers.
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RESULTS

High Level of HMGA2 and HMGA1 Gene Expression in
Retinoblastoma Cell Lines

Figure 1A shows a Northern blot assessing HMGA2 and HMGA1
transcript levels in the Y79 and WERI-Rb1 retinoblastoma cells.
The levels are compared with those of the hepatoma cell line PLC/
PRF/5 (previously reported to express high levels of both tran-
scripts) (22), a nonmalignant human mammary epithelial cell line
HBL-100 (40), and an osteosarcoma cell line, OSH50T, lacking the
Rb protein (4) as also occurs in retinoblastoma cells. The top panel
shows that the level of HMGA?2 transcripts exceeds that expressed
in the human hepatoma cell line PLC/PRF/5. Interestingly, the
size of HMGA2 transcripts (that is, approximately 3.9/4.6 kb)
appears different from that of PLC/PRF/5 cells, suggesting differ-
ent transcription initiation/termination site usage. HBL-100 and
OSHS50T cells do not express HMGA2. As expected, the 2-kb
HMGAT1 mRNAs are seen in the middle panel of the 5 cell lines
examined (as well as many other cultured cell lines), and are abun-
dant in the 2 retinoblastoma cell lines (several fold higher than that
in PLC/PRF/5). The same blot was reprobed with 285 rRNA to
control for equal RNA loading, as shown in the bottom panel. The
experiment was repeated and the same results were obtained.

In Figure 1B, Western blot shows the level of HMGAZ2 (upper
panel) and HMGA1 (middle panel) protein expression in the
above 5 cell lines, and an additional retinoblastoma cell line
TOTL-1 (39). HMGAZ2 protein (12 kD) is expressed in all 3 lines of
retinoblastoma cells Y79, WERI-Rb1, and TOTL-1, and in PLC/
PRF/5 hepatoma cells as previously shown (22), but not in HBL-
100 or OSH50T. Results in the middle panel indicate that
HMGA1a and HMGAT1D proteins (isoforms of each other, 11.8 and
10.6 kD respectively) are expressed at similar levels between the
6 cell lines. In short, there is a good correlation of HMGA2 and
HMGAT1 transcript levels and protein expression. The polyclonal
antibodies recognize predominantly the HMGA2 protein (22),
whereas HMGAL1 protein was specifically detected with the poly-
clonal antibodies raised against a N-terminal region of HMGA1
(42). Equal total protein loading of cell extracts was assessed, by
monitoring levels of histone H1 on a separate gel stained with
Coomassie blue (lower panel). Similar results were obtained in
the repeated experiment.

Overexpression of HMGA2 Protein Found in Only
Embryonic Retinoblastoma Cells in Tumors Grown

in Nude Mice

To determine if HMGA2 and HMGA1 expression in cultured
retinoblastoma cells is more than an in vitro phenomenon in tis-
sue culture, 3 cell lines (Y79, WERI-Rb1, and OSH50T) were sub-
sequently injected into and grown in nude mice (Each cell line
was implanted in 5 mice). All of the mice developed tumors, and
these tumors were excised and analyzed for HMGA2 and
HMGAT1 expression. Immunohistochemical analysis was per-
formed on cryosections of tumors derived from Y79, WERI-Rb1,
and OSH50T in adult nude mice thigh muscle, a retina of 129/sv
mouse 13.5 d postcoitum, and a 6-wk-old Balb/c retina. HMGA2
was detected with new and specific polyclonal antibodies;
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Figure 1. High-level expression of HMGA2 and HMGAT mRNA and profein in cultured retinoblastoma cells. A: Northern blot of total RNA isolated from
the Y79 (lane 4) and WERI-Rb1 (lane 5) retinoblastoma cells, PLC/PRF/5 hepatoma cells (lane 1), HBL-100 mammary epithelial cells (lane 2), and
OSHS0T osteosarcoma cells (lane 3), probed, respectively, with the radiolabeled HMGA2 and HMGAT coding region DNA (upper and middle pan-
els). 285 and 18S rRNA provide size markers of 4.8 and 1.8 kb. Uniform RNA loading in individual sample was shown by hybridizing the same Northern
blot with the 28S rRNA probe (lower panel). B: Western blot of perchloric acid extracts from cells of PLC/PRF/5, HBL-100, OSH50T, Y79, and WERI-Rb1
(lanes 1 to 5), and an additional refinoblastoma cell line TOTL-1 (lane 6); cells were prepared and equal protein loading between lanes confirmed
by the histone H1 band stained by Coomassie (lower panel). Anti-HMGA2 and Al polyclonal antibodies were used to detect HMGA2 (upper panel)

and HMGAT1a/b (middle panel) proteins.

although they were moderate in affinity. HMGAT1 was specifically
recognized by the polyclonal antibodies described above. In Fig-
ure 2A, nuclear staining with HMGA2 and HMGA1 antibodies
was observed in the 2 retinoblastoma-induced tumors, derived
from Y79 and WERI-Rb1 cells. Not every nucleus was immuno-
stained for HMGAZ2, indicating that some cells of the tumor mass,
such as the stromal cells, do not express the protein. HMGA2 and
HMGAT1 proteins were distinctively stained in the nuclei of
embryonic cells, including the retina at 13.5 d postcoitum. This is
consistent with previous reports (13,42). It is known that HMGA2
is not expressed in normal adult tissues (13-17). The lack of
HMGA2 immunostaining observed in nude mouse thigh muscle
and adult mouse retina confirmed this and served as background
controls for our staining. Tumors derived from the osteosarcoma
cell line OSH50T expressed HMGA1 but not HMGA?2 protein. As
noted earlier, HMGAZ2 has a highly restricted expression pattern
and the protein has been detected in only a subset of tumors
(18-25). The top row of Figure 2A shows the results of the hema-
toxylin & eosin staining. The bottom row depicts the results of
immunostaining without primary antibodies, indicating no
endogenous peroxidase enzyme activity was detected. Further-
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more, no immunostaining was observed when the tissues were
analyzed after the antibodies had been preincubated with the cor-
responding immunogens (data not shown), demonstrating the
specificity of the antibodies in recognizing HMGA2 and
HMGAL1 proteins. Overall, the immunohistochemical data indi-
cates that HMGA2 and HMGAT1 are expressed in experimental
retinoblastoma and embryonic retina, and HMGA?2 is absent in
adult nude mouse thigh muscle and retina. These results were
highly reproducible. A high level of HMGAT expression in adult
mouse retina was reported previously by us (38).

Because the HMGAZ2 antibodies, although specific, do not pro-
vide strong immunostaining signals, Northern blot analysis for
HMGA?2 (and HMGA1) expression of these experimental tumors
was performed. The results shown in Figure 2B demonstrate the
high level HMGA2 and HMGAL expression in nude mouse tumors
derived from 2 retinoblastoma cell lines, Y79 and WERI-Rb1.

HMGA?2 and HMGA1 Gene Expression in Surgically
Removed Retinoblastoma Samples

To extend the analysis of HMGA2 and HMGA1 gene expression to
clinical retinoblastoma, Northern blot and RT-PCR analysis was
MOLECULAR MEDICINE |
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Figure 2. HMGA?2 expression is in established lines of retinoblastoma cells
propagated in nude mice, surgically removed retinoblastoma samples,
and mouse embryonic retina, but absent in adult mouse fissues.
A: Immunohistochemistry of cryosections of nude mouse tumors derived
from the retinoblastoma cells Y79 and WERI-Rb1, and that from osteosar-
coma cells OSH50T were hematoxylin & eosin stained, immuno-
peroxidase stained with the polyclonal antibodies specifically recogniz-
ing only HMGAZ2 protein (anti-HMGA2 panel), immunostained with the
polyclonal antibodies which recognize only HMGAT1 protein (anti-
HMGAT1 panel), and endogenous peroxidase controlled (endog control
panel). HMGA proteins were detected in the primary retinoblastoma
sample RBT?52 (see Figure 3) as well. Retina of 129/sv mouse embryo
13.5-d postcoitum showed positive HMGA2 and HMGAT immunostain-
ing, whereas 6-wk-old Balb/c retina demonstrated undetectable
HMGA2 protein but abundant HMGAT protein. Thigh muscle from adult
nude mouse did not stain with HMGA2 or HMGA1. Photomicrographs
are magnified 400x. B: Northern blot of total RNA prepared from
PLC/PRF/5 hepatoma cells (lane 1), adult mouse thigh muscle (lane 2),
and nude mouse tumors derived respectively from OSH50T (lane 3), Y79
(lane 4), and WERI-Rb1 (lane 5), probed separately with radiolabeled
HMGAZ2 (upper panel) and HMGAT (middle panel) coding region DNA,
and 28S rRNA (lower panel).
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Figure 3. High prevalence of HMGA2 gene expression in surgically removed retinoblastoma samples. Intact RNA was prepared from the cells: OSH50T
(lane 1), Y79 (lane 2) and WERI-Rb1 (lane 3), and the surgically removed retinoblastoma specimens: RBT952, RBT962, RBT965, and RBT942 (lanes 4 to 7).
A: Northern blot of the HMGA2 (upper panel) and HMGAT (middle panel) mRNA, in which equal RNA loading was controlled by 28S probing (lower
panel). Autoradiograph of the upper panel was overexposed to reveal weak signals. B: RT-PCR analysis of the same RNA samples, in which reverse
franscription was performed separately using a gene-specific primer for HMGA2 and random primers. cDNA synthesized were used in PCR amplifica-
fion with pairs of HMGA2 and GAPDH-specific primers. To ensure amplification is specific, PCR products from HMGA2 gene amplification were size
fractionated onfo an agarose gel, blotted onto a nylon membrane and hybridized with HMGA2 probe (upper panel). PCR products from GAPDH
amplification, electrophoresed through an agarose gel and stained with ethidium bromide (lower panel), showed the equal quantities of cDNA used.

performed on intact RNA that was prepared from surgically
removed primary retinoblastoma specimens. RNA extracted from
WERI-Rb1 and Y79 cells served as positive controls and that
from OSH50T as a negative control for the detection. Four speci-
mens (RBT952, RBT962, RBT965, RBT942) were examined. North-
ern blot analysis detected abundant HMGA2 transcripts in the
2 retinoblastoma cell lines and RBT942, and significant expression
in RBT952 and RBT962 (Figure 3A, top panel). HMGA1 mRNA, as
expected, was present in all RNA samples (see Figure 3A, middle
panel). HMGA2 expression was evaluated also by RT-PCR in a
semi-quantitative fashion (that is, linear amplification conditions)
followed by blotting the amplification products for radioactive
detection. (This more sensitive approach of detection also con-
firmed specific amplification and has been employed elsewhere
[34].) RBT942 gave a strong signal of HMGA2 expression that was
comparable to that of cultured retinoblastoma cells (see Figure 3B,
top panel). A weaker signal was detected in RBT952 and an even
weaker one in RBT962. No reaction products were observed after
PCR amplification and hybridization detection of HMGA2 from
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the RNA of OHS50T cells and RBT965. Thus, 3 of 4 samples of
retinoblastoma primary tumor were reproducibly shown to express
the HMGA2 gene. Taken together, of 7 retinoblastoma cell and
tumor samples examined, 6 expressed the HMGA2 gene. These
results indicate that HMGA2 and HMGAT1 gene expression is a fre-
quent event in retinoblastoma.

Cryosections of specimen RBT952 were available for HMGA?2
and HMGA1 immunohistochemistry. Their positive staining
results, shown in Figure 2A, confirm the reactivation of HMGA2
and HMGAT1 expression in clinical retinoblastoma.

Adenoviral-mediated Expression of Antisense HMGA2
RNA Blocks A2 Protein Expression and Results in
Growth Inhibition of Retinoblastoma Cells
Having established that HMGA2 and HMGA1 proteins are
expressed in retinoblastoma, we investigated whether retinoblas-
toma cells grown in vitro are HMGA2-dependent. We chose to
ectopically express antisense HMGA2 RNA in WERI-Rb1 as a
means to inhibit HMGA2 expression. This approach has been
MOLECULAR MEDICINE |
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Figure 4. Antisense reduction of HMGAZ2 protein level affects proliferation of retinoblastoma cells. Retinoblastoma cells WERI-Rb1 were harvested after
7 d of infection (at 1000 pfu/cell) with the replication-defective recombinant adenovirus expressing GFP only (sample 1), or GFP and the HMGA2 gene
in an antisense orientation (sample 2). Same number of cells was used initially in samples 1 and 2 and in the uninfected control sample 3. A: Cell num-
ber was determined in individual infection, and the results of 3 experiments are summarized in the upper panel as mean percentage of uninfected
cells, with standard error of mean values (error bars) shown. Cell proliferation was measured from the same number of cells in samples 1 to 3, and the
result (mean percentage of uninfected cells and standard error) is shown in the lower panel. B: Western blot showing the level of HMGA2 and HMGAT
protein in samples 1 to 3, in which perchloric acid extracts of the samples were prepared and the amount of HMGA proteins equalized by histone H1.
Anti-HMGA2 and A1 polyclonal antibodies were used to detect HMGA?2 (upper panel) and A1 protein (lower panel). WERI-Rb1 cells infected with the
recombinant adenovirus carrying an anfisense of HMGA2 demonstrate a reduced HMGA2 protein but HMGAT level remained unchanged.
C: Fluorescent micrographs reveal the comparable green fluorescence between cells infected with recombinant GFP (panel 1) and GFP/antisense
HMGA2 (panel 2) adenovirus, for 3 fo 4 d, indicating similar degree of infection. No GFP fluorescence is observed in uninfected cells (panel 3).

Identical sensitivity and exposure time were used.

used previously to successfully block HMGA?2 expression (46).
Adenoviral-mediated expression was used, in which an MOI of
300 is optimal for Y79 cells transduction (47); in our study, an
MOI of 1000 appeared to be the most efficient to infect WERI-Rb1
by recombinant adenovirus. This resulted in some cytotoxicity,
but a specific antisense effect was achieved (with respect to both
HMGA2 expression and cell numbers). WERI-Rb1 cells were
infected separately with the replication-deficient recombinant
adenovirus expressing green fluorescent protein (GFP) as control,
and the same recombinant carrying the HMGA2 gene in an anti-
sense orientation (created by Fusco’s group). A comparable MOI
of infections was confirmed by fluorescent microscopy on both
infected cells 3 to 4 d after adenovirus exposure (Figure 4C). The
WERI-Rb1 cells were harvested 7 d after exposure to the recombi-
nant viruses; cell counts were determined and expressed as a per-
centage of the number of the uninfected cells (see Figure 4A,
upper panel). Proliferation of the same number of infected cells
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were assayed by measuring the ATP content of lysed cells (that
are metabolically active) (see Figure 4A, lower panel). We note
that ATP levels drop to 44%, indicative of a drop in cell prolifera-
tion. A significant reduction in the mean cell number and prolif-
eration of WERI-Rb1 cells transduced with GFP/antisense
HMGA2 adenovirus was observed when compared with unin-
fected cells or cells transduced with adenovirus-expressing GFP.
The fact that a high MOI results in cell death could explain the
baseline decrease in cell number when WERI-Rb1 was infected by
adenovirus-expressing GFP. Our results suggest that change of
cell number is not linearly related to change of cell proliferation,
which could be explained by the ATP measurement rather than
tritiated thymidine uptake as readouts for proliferation assays.
To confirm that expression of antisense HMGA2 RNA resulted
in the suppression of HMGA?2 protein in WERI-Rb1 cells, per-
chloric acid extracts were prepared from infected and uninfected
cells; the protein content of the individual cell lysate was
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normalized by histone H1 on a separate gel stained with
Coomassie blue (data not shown), for Western blot analysis of
level of HMGA2 and HMGA1 proteins. The results of a represen-
tative blot, shown in the upper panel of Figure 4B, indicate a
strong suppression of HMGA2 protein expression in WERI-Rb1
cells infected with the GFP/antisense HMGA?2 adenovirus, and
the HMGA2 protein level appears unchanged by infecting with
adenovirus expression GFP only. Unaltered HMGAT1 protein level
was seen in the lower panel, suggesting the event leading to a
reduction in cell number is independent to HMGAL.

Similar results were obtained from using Y79 cells for this
experiment (data not shown).

Expression of HMGA2 Gene Driven by 2 Promoters
Coupled with Distinct Transcription Start Sites

After determining the expression pattern of HMGA proteins, in par-
ticular HMGAZ2, in retinoblastoma, the next goal was to understand
the mechanism of derepression of HMGA?2 gene expression. The 1st
step we took was to identify regulatory regions necessary for
HMGA? gene expression in retinoblastoma. To accomplish this,
luciferase reporter constructs harboring various regions of the
HMGA2 gene 5' UTR (48) in the forward orientation were generated
and then transiently transfected into WERI-Rb1 and OSH50T cells.
The results are summarized in Figure 5. The nucleotide immediately
upstream from the methionine containing ATG was numbered
as -1. Sequences flanking nt -27 to -476 and nt -871 to -1128 each
possess strong promoter activity in WERI-Rb1 cells (82% and 86%
compared with the SV40 promoter), whereas such activity was sub-
stantially less in OSH50T cells (26% and 37%, respectively). There-
fore, these 2 regions function as proximal and distal promoters of
the HMGA2 gene in retinoblastoma cells. Their similar positive pro-
moter strength matched the comparative level of the 2 HMGA2
transcripts detected in these cells. Regions covering nt -476 to -2939
and nt -1128 to -2939 contribute minimal promoter activity in
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WERI-Rb1 cells (23% and 18% of that of the SV40 promoter), sug-
gesting the presence of negative regulatory activity between region
nt -1128 to -2939 and/ or region nt -476 to -871. These results indi-
cate that expression of the HMGA2 gene involves utilization of alter-
native transcription start sites. We are investigating whether the
2 transcript species utilize identical polyadenylation signals.

Subsequently, the transcription start sites associated with
the 2 promoters of HMGA2 gene were mapped, by performing
primer extension on the RNA prepared from WERI-Rb1 and Y79
cells. Because HMGA? transcripts were not detected in OSH50T
cells, RNA from this cell type served as HMGAZ2 negative control
in the experiment. Several oligonucleotides were made within the
promoter regions to test for the presence of extended products
only from retinoblastoma RNA. As shown in Figures 6A and 7A,
1 primer each from the extension reactions produced retinoblas-
toma-specific bands; their size predicts the proximal and distal
HMGA? transcription start sites to be located at nt -154 and
nt -979 5' to the translational start, respectively. The results also
support our promoter mapping data generated via transfections.

The genomic DNA sequences of the proximal and distal pro-
moter regions of the human HMGA? are shown in Figures 6B and
7B accordingly. Comparative analysis of the sequences with a data-
base containing known binding sites for transcription factors and
regulatory regions of other genes revealed several homologies (49).
They are the Sp1 (CCCGCC or GGGCGG), AP-2 (CCMNSSS or
YCSCCMNSSS), GCF (SCGSSSC) and S1_HS (TCCTCCTCC) sites.
GCF and S1_HS both represent regulatory motifs of the epidermal
growth factor receptor gene (50). Neither promoter harbors a TATA
box, as also occurs in the human HMGA1 gene 5" UTR (51).

DISCUSSION

The results of this study suggest that expression of the HMGA2
gene is derepressed in human retinoblastoma, and that this con-
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tributes to the proliferation of retinoblastoma cells. HMGA?2 is
abundantly expressed in embryonic tissue, including the retina,
but its expression is repressed in virtually all adult tissues, also
including the retina (13-17). Our evidence of derepression of
HMGA?2 expression stems from the analysis of 3 established
retinoblastoma cell lines, namely Y79, WERI-Rb1, and TOTL-1
(grown in culture or in nude mice), and in 3 of a panel of 4 pri-
mary tumor specimens. In contrast to HMGA1, whose expression
is generally induced in neoplastic cells as well as in many acti-
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vated and proliferating cells (5-8), HMGA2 gene expression is
more tightly regulated. HMGA2 expression is observed in cells of
ectodermal origin such as in thyroid, breast, and lung cancers
(18-25). Chimeric transcripts are also detected in several tumors
of mesenchymal origin (29-34). Full-length HMGA?2 proteins
were observed in the 3 retinoblastoma cell lines examined, and in
2 of them, genetic translocation of the HMGA2 locus was not
detected (data not shown), suggesting genetic alteration is not the
cause of inducing HMGA?2 expression. Our characterization on
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HMGA?2 (and HMGA1) expression pattern provides the 1st evi-
dence that aberrant HMGA2 expression correlates with and per-
haps contributes to the pathogenesis of retinal tumor. In addition,
specific blockade of HMGA2 (in which HMGAI remained
unchanged) gene expression, with an antisense adenoviral-medi-
ated approach, resulted in a decrease in cell number/ proliferation
of retinoblastoma cells. Finally, we isolated 2 regions on the
HMGA?2 promoter in retinoblastoma cells responsible for such
gene reactivation and specifically mapped their corresponding
transcription initiation sites. This is the 1st step to assess the
mechanisms controlling HMGA2 gene derepression.

The 1st evidence implicating HMGA?2 in the pathogenesis of
thyroid tumors came from antisense experiments (46). However,
HMGAZ2 protein did not appear to behave as a classical oncogene
because ectopic expression did not by itself transform thyroid
cells and NIH3T3 fibroblasts (46,35). Instead, it behaves as an
oncogene in a subset of tumors, in particular those composed of
undifferentiated or dedifferentiated cells and some other highly
transformed cells (5-8). Therefore it appears that HMGA?2 is nec-
essary but not sufficient for cell transformation in selected cell
types.

Although the results of our antisense experiments support a
role of HMGAZ2 in the growth of cultured retinoblastoma cells, we
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have yet to demonstrate a general requirement in vivo of HMGA2
in retinoblastoma development. The 3 classical retinoblastoma
cell lines used in this study, namely WERI-Rb1, Y79, and TOTL-1,
are spontaneously transformed cells lacking an Rb signal. Rb inac-
tivation, however, does not seem to directly activate HMGA2 gene
expression. The OSH50T cell line established from a patient with
bilateral retinoblastoma and a homozygous deletion in the Rb
gene (4) did not express HMGA?2. Rather, the undifferentiated/
dedifferentiated character of retinoblastoma cells appears to per-
mit HMGA?2 gene expression. The possibility that HMGA2 expres-
sion may be required to maintain the undifferentiated/ dediffer-
entiated nature of this “embryonic” tumor is ruled out by the
general observation that HMGA?2 is expressed in “differentiated”
transformed cells as well, such as malignant PLC/PRF/ 5
hepatoma cells (22). Indeed, retinoblastoma cells transduced with
the recombinant adenovirus to suppress HMGA?2 expression did
not become differentiated, indicating that HMGA2 level does not
control such differentiation.

To investigate the mechanism of HMGA?2 gene expression in
retinoblastoma, which may allow us in the future to inhibit the
derepression process of HMGA?2 gene expression, we demon-
strated the presence of 2 distinct promoter regions in WERI-Rb1
cells used for transcription, each with its own start sites. This was
163
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shown by transfection studies using luciferase reporter constructs
carrying various regions of the 5' flanking sequence of the
HMGA2 gene, and by primer extension analysis performed on
RNA prepared from the 2 retinoblastoma cells compared with
that from the osteosarcoma cells OSH50T that do not express
HMGAZ2. Together, our results demonstrate that the 2 transcrip-
tional start sites are located at nt 154 and 979 5" upstream from the
translational start codon, and they are associated with putative
transcriptional elements like AP-2, Sp1, and selected regulatory
elements in the epidermal growth factor receptor gene promoter
(50). Because 2 different sized transcripts were identified from
Northern blot analysis (3.9 and 4.6 kb), these results suggest that
expression of HMGA2 gene in retinoblastoma utilizes alternative
transcription starts and may have a common terminus.

Understanding the role that HMGA2 plays in pathobiology
and molecular mechanisms of retinoblastoma occurrence is bio-
logically and clinically significant, and HMGA2 may become a
therapeutic target. One approach would be to block HMGA2 pro-
tein expression in retinoblastoma cells, hopefully leading to inhi-
bition of cell proliferation. Another approach is to inhibit HMGA2
gene expression by targeting its promoters.

Our future experiments will determine (1) whether HMGA2
expression is required for, and collaborates with other factors in,
retinoblastoma formation by modifying expression of HMGA2
protein and relevant factors (such as p107, Rb) in retinal cells by
mouse modeling; and (2) to further identify and characterize
functional cis- and trans-factors associated with the HMGA2 pro-
moter, leading to the derepression of HMGA2 gene expression in
retinoblastoma, as was performed in PLC/PRF/5 cells (45).
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