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The HMG-I/Y gene encodes the HMG-I and HMG-Y proteins, which function as architectural chromatin
binding proteins important in the transcriptional regulation of several genes. Although increased expression
of the HMG-I/Y proteins is associated with cellular proliferation, neoplastic transformation, and several
human cancers, the role of these proteins in the pathogenesis of malignancy remains unclear. To better
understand the role of these proteins in cell growth and transformation, we have been studying the regulation
and function of HMG-I/Y. The HMG-I/Y promoter was cloned, sequenced, and subjected to mutagenesis
analysis. A c-Myc–Max consensus DNA binding site was identified as an element important in the serum
stimulation of HMG-I/Y. The oncoprotein c-Myc and its protein partner Max bind to this site in vitro and
activate transcription in transfection experiments. HMG-I/Y expression is stimulated by c-Myc in a Myc-
estradiol receptor cell line in the presence of the protein synthesis inhibitor cycloheximide, indicating that
HMG-I/Y is a direct c-Myc target gene. HMG-I/Y induction is decreased in Myc-deficient fibroblasts. HMG-I/Y
protein expression is also increased in Burkitt’s lymphoma cell lines, which are known to have increased c-Myc
protein. Like Myc, increased expression of HMG-I protein leads to the neoplastic transformation of both Rat
1a fibroblasts and CB33 cells. In addition, Rat 1a cells overexpressing HMG-I protein form tumors in nude
mice. Decreasing HMG-I/Y proteins using an antisense construct abrogates transformation in Burkitt’s
lymphoma cells. These findings indicate that HMG-I/Y is a c-Myc target gene involved in neoplastic transfor-
mation and a member of a new class of potential oncogenes.

The myc family of oncogenes include c-myc, N-myc, and
l-myc (17, 18, 20, 22, 23, 29, 65, 72, 83). The first identified
member of the family, v-myc, has been shown to be sufficient
for the induction of avian myelocytomatosis, a syndrome that
includes leukemias and sarcomas (96). c-myc is the best char-
acterized of the myc genes and has been implicated in the
control of normal cell growth, neoplastic transformation, and
apoptosis (17, 18, 20, 22, 23, 29, 65, 72, 83). Aberrant expres-
sion of c-myc appears to play an important role in the patho-
genesis of several human malignancies, most notably Burkitt’s
lymphoma, in which a translocation event causes deregulated,
constitutive c-myc expression (17, 18, 22, 23, 72, 81). Increased
c-myc expression has also been identified in numerous other
malignancies, including renal cell, colon, ovarian, lung, and
breast carcinoma (20, 22, 72). In addition, Rat 1a fibroblasts
(56, 84, 86) and CB33 cells (46, 63) are transformed by stable
transfection with a plasmid expressing c-myc alone. Because of
its prominent role in neoplasia, the c-Myc oncoprotein has
been extensively studied, although the precise molecular basis
for c-Myc activity remains unclear.

The c-Myc protein functions as a transcription factor that
acts in conjunction with its protein partner, Max (2, 11, 12, 21,
54, 55). After dimerization with Max, Myc-Max heterodimers
bind with high affinity to the E-box motif CACGTG, presum-

ably in cis-acting elements of genes involved in regulating cell
growth (48, 57, 76). To date, few transcriptional targets of
c-Myc have been identified (18, 20, 29, 45). Among the puta-
tive c-Myc target genes are those encoding ornithine decarbox-
ylase (ODC) (7, 74, 75), carbamoyl-phosphate synthase–aspar-
tate carbamoyltransferase-dihydroorotase (CAD) (13, 69),
prothymosin a (26, 27, 35), cdc25A (32), eukaryotic translation
initiation factor 4E (eIF-4E) (53, 78), eIF-2a (78), ECA39 (9,
80), LDH-A (82), Rcl (60), MrDb (44), telomerase (97), H-
ferritin (100), IRP2 (100), and tumor-associated membrane
protein (Tmp) (8). Some of these genes appear to be required
for cellular proliferation, such as ODC (4, 5, 74), which en-
codes an essential enzyme involved in polyamine biosynthesis.
ODC also appears to be essential for Myc-mediated apoptosis
and displays oncogenic properties (4, 5, 7, 74, 75). The telom-
erase gene (97), rcl (60), LDH-A (82), cdc25A (32, 33), and
Tmp (8) appear to participate in transformation. The cad prod-
uct is required for DNA synthesis, although no oncogenic
properties have been described (13, 69). cad gene expression
also decreases in myc-null cells (68). Downregulation of the
H-ferritin gene appears to be necessary for Myc-mediated
transformation (100). The precise role of these and other pu-
tative Myc target genes in mediating Myc function is only
beginning to emerge. Thus, the identification and character-
ization of c-Myc targets should provide insight into c-Myc
function in both normal and neoplastic cell growth.

The HMG-I/Y proteins were originally identified as basic,
nonhistone, chromosome binding proteins that are encoded by
alternately spliced products of the HMG-I/Y gene (31, 50, 51).
Recent studies indicate an important role for HMG-I/Y pro-
teins in regulating gene expression (25, 30, 66, 87, 91, 92, 93,
101). HMG-I/Y relieves histone H1-mediated repression of
transcription (87, 101). Moreover, HMG-I/Y has been found
to be essential for the viral induction of the beta interferon
gene (25, 91, 92, 93). Although the HMG-I/Y proteins do not
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have transcriptional activity alone, through protein-protein
and protein-DNA interactions, they organize the framework of
a nuclear protein-DNA transcriptional complex. Because these
proteins alter the conformation of DNA, they have been
termed architectural transcription factors.

Like c-myc, expression of HMG-I/Y also correlates with rap-
idly proliferating mammalian tissues as well as neoplastic
transformation (15, 16, 38, 39, 40, 41, 42, 59, 64, 77, 89, 90, 95).
In fibroblasts stimulated by serum or growth factors, HMG-I/Y
is a delayed-early gene whose expression follows that of c-myc,
with peak expression at 7.5 to 20 h (59, 99). Elevated expres-
sion of HMG-I/Y proteins has been observed in several mam-
malian cancers, including high-grade human prostatic cancer
(14, 89, 90) and malignant thyroid cancer in rats and humans
(10, 15, 38, 39, 40). Elevated HMG-I/Y expression is also as-
sociated with the ability of rat prostatic cell lines to metastasize
and has been proposed as a possible diagnostic marker for the
metastatic potential of prostatic cancer cells in humans (14). A
correlation between expression of HMG-I/Y and progressive
transformation in mouse mammary epithelial cells has also
been reported (77). Interestingly, HMG-I/Y has been localized
to the short arm of chromosome 6 in a region known to be
involved in rearrangements, translocations, and other abnor-
malities correlated with human cancer (31, 50, 51). Although
previous studies have shown that HMG-I/Y expression is cor-
related with neoplastic transformation, the basis for the ele-
vated expression and the biologic consequences of the en-
hanced expression has been unknown.

To better understand the potential role of the HMG-I/Y
gene products in cell growth and neoplasia, we have been
studying the transcriptional regulation of HMG-I/Y. In this
paper, we show that HMG-I/Y is a direct c-Myc target gene.
Like c-Myc, HMG-I/Y proteins are also increased in Burkitt’s
lymphoma. Serum induction of HMG-I/Y mRNA is blunted in
myc null fibroblasts. Ectopic expression of HMG-I leads to the
neoplastic transformation of Rat 1a fibroblasts and CB33 cell
lines in a manner indistinguishable from that of c-Myc. In
addition, fibroblasts with increased HMG-I form tumors in
nude mice. Decreasing HMG-I/Y proteins using an antisense
approach abrogates transformation in Burkitt’s lymphoma
cells. Our findings suggest that HMG-I/Y is an important c-Myc
target gene involved in neoplastic transformation and a poten-
tial human oncogene.

MATERIALS AND METHODS

Cell culture and transfection. NIH 3T3 cells were maintained as described
before (69). NIH 3T3 cells were used for transfection experiments because
HMG-I/Y was cloned from BALB/c3T3 fibroblasts as a delayed-early gene; NIH
3T3 cells are similar to BALB/c3T3 cells, with the advantage that they can be
transfected with higher efficiency. In addition, previous studies evaluating Myc-
responsive genes have used these cells (44, 69). For initial transfection experi-
ments evaluating the stimulation of the HMG-I/Y reporter constructs by basic
fibroblast growth factor (bFGF), platelet-derived growth factor (PDGF), and
serum, 10 mg of reporter plasmid and 10 mg of YNLacZ, a plasmid expressing
b-galactosidase to control for transfection efficiency, were transfected as previ-
ously described (3, 79, 94). Calcium phosphate-DNA precipitates were incubated
overnight, after which cells were washed and placed in 0.5% fetal bovine serum
(FBS) for 48 h. Cells were then washed and stimulated with 20% FBS, 100 ng of
BB-PDGF (human recombinant; Collaborative Research) per ml, or 80 ng of
recombinant, basic human FGF (Collaborative Research) per ml in Dulbecco’s
modified Eagle’s medium (DMEM). Duplicate 100-ml aliquots of medium were
then assayed for growth hormone (GH) at the indicated times according to the
manufacturer’s instructions (Nichols Institute). At 25 to 30 h, cells were har-
vested for b-galactosidase assays as described before (3, 79); b-galactosidase
activity was used to normalize all GH results for transfection efficiency. Relative
induction was determined by dividing the quantity of GH at 25 to 30 h by the
quantity of GH at the time of stimulation (0 h).

For transfections comparing the relative activities of each HMG-I/Y reporter
plasmid, 5 mg of the HMG-I/Y reporter plasmid and 5 mg of control plasmid
expressing b-galactosidase were transfected into NIH 3T3 cells (5 3 105) in 5-cm

dishes in quadruplicate as described above. After transfection, cells were placed
in Eagle’s minimal essential medium (MEM) containing 0.1% FBS for 25 to 30 h.
Cells were subsequently washed, and duplicate dishes were stimulated with 20%
FBS in DMEM; the remaining duplicate dishes were maintained in 0.1% FBS in
DMEM. At 25 to 30 h, the medium was assayed for GH, and cells were harvested
for b-galactosidase activity as described before (3, 79). The GH activity in cells
maintained in 0.1% FBS was subtracted from the GH activity of cells stimulated
with 20% FBS.

For experiments determining the transactivation potential of c-Myc and Max,
3 mg of the reporter constructs, 5 mg of control plasmid expressing b-galactosi-
dase, and various amounts of plasmids expressing Myc, Max, or vector alone
(Rous Sarcoma virus [RSV]) were cotransfected, with the total quantity of DNA
kept constant at 18 mg. After transfection, cells were placed in 10% FBS in
DMEM for 24 to 26 h. The medium was then assayed for GH, and cells were
harvested for b-galactosidase activity.

To determine if the HMG-I/Y gene is transcriptionally activated by c-Myc, we
used a previously described Rat 1a cell line expressing a Myc-estradiol receptor
fusion protein (Myc-ER) that is activated by the addition of hydroxytamoxifen to
the growth medium (26, 27, 43, 62). Rat 1a-Myc-ER cells lines were grown to
confluency in DMEM with 10% FBS. Cells were made quiescent by growing
them to confluency and maintaining them at approximately 100% confluency for
48 h in 0.1% FBS. Cells were then stimulated with hydroxytamoxifen at 200 nM
for the indicated time periods. To determine if HMG-I/Y is a direct c-Myc target
gene, these cells were also treated with the protein synthesis inhibitor cyclohex-
imide at 10 mM added 30 min before activation of c-Myc by hydroxytamoxifen.
For Western analysis of the Myc-ER cells, the cells were made quiescent by
starvation in DMEM supplemented with 0.1% FBS for 5 days. The extended
starvation was used because the half-life of the HMG-I/Y mRNA and protein is
estimated to be greater than 30 h (49; L. M. S. Resar, unpublished data). Cells
were then stimulated with hydroxytamoxifen as described above. We also used
two Rat-1-ER cell lines (a generous gift from L. Penn) expressing either wild-
type Myc or a mutated c-Myc protein that lacks transcriptional, oncogenic, and
apoptotic activity (MycD105-143-ER) (19). The wild-type and mutated Myc
proteins are activated by the addition of b-estradiol or hydroxytamoxifen. The
Rat-1 cells were made quiescent by growing cells to confluency and subsequent
incubation in MEM without phenol red in 2% charcoal-treated FBS for 48 h.
Cells were induced as described above. The Myc-deficient fibroblasts were main-
tained and serum stimulated as previously described (68).

The Rat 1a cells used for stable cell lines were maintained as previously
described (47, 84). Cells were transfected with a plasmid expressing HMG-I
(pSG5-HMG-I; 5 mg) and pBABE-puro (1 mg) for puromycin resistance (60)
using lipofectin as described by the manufacturer (Gibco-BRL). Pooled resistant
cell lines were selected in medium containing puromycin (0.75 mg/ml).

Burkitt’s lymphoma and CB33 cells were grown and transfected as previously
described (46, 63, 82).

Screening of murine genomic library. A genomic library made from BALB/
c3T3 cells was screened with probes derived from the murine HMG-I/Y cDNA as
well as intronic sequences identified from the 59 untranslated region. One pos-
itive clone that contained sequences corresponding to the coding region of
HMG-I/Y as well as the published 59 untranslated cDNA region was isolated.
Additional sequences were identified and found to represent intronic sequences
in the 59 untranslated region. Given the existence of HMG-I/Y pseudogenes in
human genomic DNA (31, 50, 51), the intronic sequences were also used as
probes in order to distinguish the authentic murine HMG-I/Y promoter region
from the intronless pseudogenes. A genomic Southern blot was performed using
the genomic isolate to confirm the presence of a 7.8-kb BamHI fragment in the
authentic murine clone as previously described (50). Phagemid DNA was pre-
pared from genomic phage isolates and subjected to Southern blot analysis using
either a carboxyl-terminal HMG-I/Y cDNA probe or a probe derived from an
intron in the HMG-I/Y promoter region in order to establish a restriction map.

Cloning the HMG-I/Y promoter region. A bacteriophage containing the HMG-
I/Y cDNA sequences and genomic flanking sequences on the 59 side was isolated
from a BALB/c embryonic genomic DNA library using a cDNA probe and
Southern blot analysis (59). A HindIII fragment of approximately 3.5 kb con-
taining the 59 end of the cDNA approximately 2 kb upstream from the transcrip-
tion start and 1.5 kb downstream from the transcription start site was isolated
and cloned into pBluescript II KS(2) phagemid (Stratagene). An additional
400-bp HindIII-Xho fragment, downstream of the transcription start, was cloned
into the HMG-I/Y-pBluescript II KS(2) construct. The remaining 1-kb fragment
from the Xho site up to but not including the translation start was obtained by
PCR from a murine genomic library and cloned into pBluescript II KS(2). The
following primers were used: sense primer, TCTGACCGAGTACTCGAGT
TTGAAATCTCGTAA; antisense primer, AGTACGGTACCGTCGACTCT
CCTTCTCTATGTGGGG. This 1-kb fragment was joined to the remaining
HMG-I/Y promoter region fragment in pBluescript II KS(2) from the 4.6-kb
HMG-I/Y-Bluescript II KS(2).

Plasmids. The 4.6-kb HindIII-Kpn fragment from 4.6-kb HMG-I/Y-Bluescript
II KS(2) containing approximately 2 kb upstream from the transcription start
and 2.6 kb downstream from the transcription start site was cloned into the
pOGH reporter plasmid (Nichols Institute) at the HindIII and Kpn sites and
designated 4.6-kb HMG-I/Y-GH. The 4.6-kb HMG-I/Y-GH plasmid was mod-
ified by deleting a 2.6-kb BamHI fragment 76 bp downstream from the major
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transcription start. 59 deletion mutations were generated using the following
restriction sites: SacI (21635), Pflm (21476), BsaA1 or Pml (21377). Additional
59 deletions were made using exonuclease III (Erase-A-Base; Promega) as de-
scribed in the kit directions.

The plasmid containing a mutated E-box (21895 MT Myc-GH) was made
using PCR and recombination site-specific mutagenesis as described before (52).
The primers specific to pBluescript II KS(2) have been described (88). The
primers used to mutate the c-Myc–Max site from CACGTG to CAGCTG
(shown in boldface) were as follows: sense, ACCCCCACCGAGCAGCTGCTG
CCCTGCGCCCA, and antisense, TGGGCGCAGGGCACCAGCTGCTCGGT
GGGGGT. The mutated site was confirmed by sequencing, and the HMG-I/Y
promoter fragment was shuttled into pBluescript II KS(2) plasmids and ulti-
mately cloned into pOGH to yield 21895 MT Myc-GH. The 21895 MT
Myc-GH construct was also sequenced in the region of the E-box to confirm the
presence of the mutated site.

pMax, which carries human Max cDNA, and pMyc, which carries human
c-Myc cDNA, have been described (6). The RSV vector was made by deleting the
c-Myc coding sequences from pMyc by restriction digestion with SacI and
HindIII. The remaining vector was treated with Klenow, and the resulting blunt
ends were ligated.

pSG5-HMG-I was made by excision from pBS-HMG-I (66) using HincII and
BamHI restriction and ligation to pSG5. Prior to ligation, pSG5 (Stratagene)
underwent restriction digestion with EcoRI, Klenow treatment, and subsequent
restriction with BamHI.

The HMG-I/Y antisense construct was made using the vector pU1/RIBO-
ZYME (70), which incorporates an autocatalytic hammerhead ribozyme struc-
ture within the complementary sequence. The regions of complementarity are
predicted to align the autocatalytic ribozyme structure with the consensus se-
quence (GUC) for ribozyme cleavage within the targeted HMG-I message. The
HMG-I sense oligonucleotide sequence 59 to the ribozyme structure was TGCT
CCTCCTCCGAG; the HMG-I sense sequence 39 to the ribozyme structure was
TCCTGCGAGATGCCC. The parent vector pU1/RIBOZYME was used as a
control vector.

For transfection of the CB33 cells, the pHEBoCMV vector was used as a
control vector as previously described (82). pHEBoCMV-HMG-I was made by
cleaving pBS-HMG-I (66) with HindIII and Not1 to release the HMG-I cDNA,
which was then cloned into pHEBoCMV at the same restriction sites.

Primer extension and S1 nuclease assay. The extension and assay were carried
out as previously described (3, 81). The primer, a [g-32P]ATP-labeled oligonu-
cleotide complementary to the 24 nucleotides of the HMG-I/Y RNA in the 59
untranslated region, 156 to 133 bp from the translation start had the sequence
CGGTCGCAAATGCGGATCTGAAAC.

Protein preparation. Plasmids expressing a polyhistidine-containing, truncated
c-Myc expression vector, c-Myc340–439 (tMyc) and Max were expressed in Esch-
erichia coli and purified as previously described (1, 55, 98). All proteins were
stored in 10 mM Tris (pH 7.5)–100 mM NaCl–1 nM EDTA–1 mM dithiothre-
itol–20% glycerol. Protein purity was assessed by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) as described before (55, 98). Pro-
tein quantities were estimated using the Bio-Rad protein assay (Bio-Rad
Laboratories) according to the manufacturer’s directions.

DNA probes. To determine if c-Myc and Max bind to the HMG-I/Y promoter
E-box, a probe containing the HMG-I/Y E-box and flanking sequences was
generated by annealing equimolar amounts of two 21-nucleotide complementary
oligonucleotides, ACCGAGCACGTGCTGCCCTGC and GCAGGGCAGCAC
GTGCTCGGT, and designated the wild type (WT). Sequences shown in bold-
face are the consensus sequences for the E-box. The probe containing the
mutated site (MT) has the sequence ACCGAGCAGCTGCTGCCCTGC; the
mutated site is in boldface. A control probe containing the ornithine decarbox-
ylase promoter E-box (ODC), which has previously been shown to bind c-Myc
and Max, was also used (7). A 120-ng aliquot of double-stranded probe was
59-end labeled with T4 polynucleotide kinase (New England Biolabs) in the
presence of [g-32P]ATP. Labeled probes were separated from unincorporated
nucleotides using NICK columns (Pharmacia Biotech) according to the manu-
facturer’s instructions.

For Northern analysis, blots were probed with a carboxyl-terminal HMG-I/Y
cDNA probe. cDNA from the human acidic ribosomal phosphoprotein PO (PO)
(58, 67) was used as a control probe for sample loading.

Electrophoretic mobility shift assay. Heterodimers of truncated Myc (tMyc)
and Max were formed by incubating 3 mg of tMyc and 1 ng of Max at 43°C for
15 min (55, 98). The reaction conditions for complex formation, in a final volume
of 30 ml, were 10 mM Tris-HCl (pH 7.4), 50 mM NaCl, 1 nM dithiothreitol, 1
mM EDTA, 12.5% glycerol, and 1 mg of sheared salmon sperm DNA, and 0.4 to
2 ng of labeled probe was added and allowed to incubate at room temperature
for 20 min (61, 98). For competition experiments, unlabeled, double-stranded
competitors and 1 mg of sheared salmon sperm DNA were added to give 2-fold,
10-fold, 50-fold, and 100-fold molar excesses of unlabeled competitor over la-
beled probe. Incubation with the sheared salmon sperm DNA and competitors
was allowed to proceed at room temperature for 20 min. Labeled probe (0.4 to
2 ng) was then added and allowed to incubate for an additional 15 min at room
temperature. Samples were analyzed as described before (98).

Northern analysis. For Northern blot analysis, total RNA from the Myc-ER
(19, 26, 27, 43, 62) or MycD105-143-ER (19) cell line was isolated using the

guanidinium-phenol-chloroform extraction method (Trizol; Gibco-BRL). RNA
samples (10 to 20 mg) were analyzed by electrophoresis through a 0.8% agarose
gel. RNA was transferred and probed as previously described (3, 79). A Phos-
phorImager (Molecular Dynamics) was used to compare the radiolabeled sig-
nals. HMG-I/Y mRNA was normalized to expression of the control ribosomal
protein PO mRNA (58, 67).

Western analysis. For Western blot analysis of HMG-I/Y, total cell lysates
collected from plates of exponentially growing cells were boiled in 23 Laemmli
buffer, analyzed by SDS–15% PAGE, and subjected to Western analysis (3, 79)
using a chicken polyclonal antibody raised against the amino terminus of HMG-
I/Y (described below) diluted 1:200. For analysis of HMG-C, a rabbit polyclonal
antibody raised against the amino terminus of HMG-C (described below) was
diluted 1:500. The actin monoclonal antibody AC15 (Sigma Immunochemicals)
was diluted 1:2,500 and used to control sample loading. An antibody to the Ki-67
antigen (DAKO Corporation), which labels proliferating cells, was diluted 1:50
and used as a control for cellular proliferation in the Western analysis of the
Burkitt’s cells and normal lymphocytes (36, 37, 85). Reactive proteins were
detected by enhanced chemiluminescence (Amersham).

HMG-I/Y and HMG-C antibody preparation. The amino-terminal 22-amino-
acid coding sequence of HMG-I/Y was generated by PCR from BALB/c3T3
mouse cDNA libraries. The primers for HMG-I/Y were 59-GCTCGGGATCCC
CATGAGCGAGTCGGGCTCAAAGTCCA and 39-GAGCCGGATCCTCAA
GTCCCATCCTTTTCCTGTTTGGA. The amino-terminal 24-amino-acid cod-
ing sequence of HMG-C was also generated by PCR from BALB/c3T3 mouse
cDNA libraries. The primers for HMG-C were 59-GCTCGGGATCCCCATGA
GCGCACGCGGTGAGGGCGCCG and 39-GAGCCGGATCCTCATGGCAC
CGGGGCGGCAGGTTGTCC. The PCR products were cut with BamHI and
cloned into the carboxyl-terminal region of glutathione-S-transferase (GST) via
the BamHI site of vector pGEX-3X (Pharmacia). The orientation and sequence
were confirmed by sequencing. The resultant fusion proteins were expressed in
the bacterial strain BL-21(DE3) and purified by glutathione-Sepharose 4B chro-
matography (Pharmacia). The purified GST-HMG-I/Y protein was used to im-
munize chickens (HRP, Inc.). Chicken immunoglobulin Y (IgY) antibody was
purified from egg yolk with the EGGstract kit (Promega). The purified GST-
HMG-C(N) protein was used to immunize rabbits (HRP, Inc.).

DNA sequencing. HMG-I/Y genomic isolates were cloned into pBluescript II
KS(2), and both strands were sequenced by the dideoxynucleotide chain termi-
nation method (3, 79) and by automated sequencing. Sequence of GC-rich
regions was confirmed using the chemical sequencing method of Maxam and
Gilbert (3, 79).

Soft agar assay. The soft agar assay was performed as previously described
(82) except that 5 3 104 Rat 1a cells were suspended in 8 ml of 0.3% agarose and
poured onto a 10-ml 0.7% agarose bed in 100-mm tissue culture dishes. Rat 1a
colonies greater than 100 mm were counted after 3 to 4 weeks. For the Burkitt’s
and CB33 cells, the soft agar assay was performed as described (82) except that
105 cells were suspended in 8 ml of 0.3% agarose. Colonies greater than 1 mm
were counted after 3 to 4 weeks. Burkitt’s cells transfected with antisense con-
structs were incubated for 2 to 4 months and counted at 3 to 4 weeks as well as
after 2 to 4 months.

Cellular growth rates. The growth rates of the Rat 1a cells were determined
as previously described (82). Cells were seeded at 104 into six separate 10-cm
tissue culture dishes. Duplicate dishes were harvested every 24 h for 3 days, and
the cells were counted. The growth rates of the Burkitt’s cells were determined
as described above except that cells were seeded at 105 in 1-cm tissue culture
dishes and counted daily for 3 days. Growth rates of the CB33 cells were
determined as described above except that cells were seeded at 5 3 105 in 2.5-cm
tissue culture dishes and counted daily for 3 days.

Cell cycle analysis. The cell cycle profiles of the various Rat 1a cell lines
growing on top of soft agar were analyzed using bromodeoxyuridine-propidium
iodine staining as previously described (60).

Tumorigenicity assays. Tumorigenicity assays were performed as previously
described (56) but with the following modifications. Rat 1a cells (107) were
suspended in 200 ml of serum-free DMEM and injected subcutaneously into 6-
to 8-week-old athymic nude mice (Ncr-nu mice; National Cancer Institute).
Animals were monitored at periodic intervals for the appearance of tumors up to
50 to 55 days following injection.

Tumor pathologic examination. Pathologic examination of the tumors was
performed after tumors were fixed by immersion in Bouin’s fixative. Tissues were
routinely processed for paraffin embedment, sectioned at 5.0 mm, and stained
with hematoxylin and eosin (H & E).

RESULTS

Isolation, mapping, and sequence analysis of the HMG-I/Y
promoter region. Since previous work had documented the
existence of several HMG-I/Y pseudogenes in the human ge-
nome (31, 50, 51), our efforts to clone the authentic murine
HMG-I/Y promoter region included screening with a genomic
isolate that contained introns in the 59 untranslated region as
well as the 39 region. A single isolate that contained over 10 kb
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of sequence, including the coding region, the 59 region up-
stream of the first exon, and the 39 untranslated regions, was
identified from a murine embryonic library (59). The murine
HMG-I/Y promoter region was mapped using Southern anal-
ysis and ultimately sequenced. By primer extension and S1
nuclease analysis (data not shown), a major transcription start

site and three minor transcription start sites were identified
(Fig. 1A). Of note, multiple transcription start sites were also
identified in the human HMG-I/Y promoter region in K562
cells (73). The murine start sites that we identified, however,
differ slightly from the start sites identified in the human pro-
moter sequences (73). These differences may be related to
species-specific or cell type-specific differences.

Serum- and growth factor-dependent responsiveness of the
HMG-I/Y promoter sequences. Because HMG-I/Y is a delayed-
early gene whose expression peaks about 15 h after serum or
growth factor stimulation, we sought to identify the cis-acting
elements that are required for this stimulation. To determine
whether nucleotide sequences upstream of the HMG-I/Y gene
confer serum and growth factor responsiveness, a cloned frag-
ment of the murine HMG-I/Y genomic DNA containing start
site 1 (21,895 bp from the major transcription start site) up to
the translation start site (approximately 12,600 bp) was ligated
upstream of a reporter gene (HMG-I/Y–GH) expressing hu-
man GH and transfected into NIH 3T3 cells. The time course
of reporter gene activation was measured after stimulation of
serum-deprived cells with 20% FBS, PDGF, or bFGF. We
found that the 4.6-kb HMG-I/Y promoter region was signifi-

FIG. 1. c-Myc–Max consensus DNA binding site is an important serum- or
growth factor-responsive element in the HMG-I/Y promoter. (A) Restriction
map of the 59 noncoding region of the murine HMG-I/Y gene. The transcription
start sites, E-box, and AP2 site are indicated. (B) Stimulation of HMG-I/Y
promoter sequences by serum, FGF, and PDGF. NIH 3T3 cells were cotrans-
fected with HMG-I/Y-GH- and b-galactosidase-expressing plasmids. Each time
point represents the average for four samples; dishes were transfected in dupli-
cate, and two aliquots of medium were taken from each dish at each time point.
Error bars indicate standard deviations. Experiments were repeated three to five
times with similar results. The GH concentration is expressed in micrograms per
milliliter. (C) HMG-I/Y promoter mutational analysis. Progressive 59 deletion
mutations of the HMG-I/Y promoter construct are depicted on the left, and the
relative GH activities are shown on the right. The full-length, wild-type promoter
construct was assigned an activity of 100%; the activities of the deletion con-
structs are expressed as a percentage of the wild-type promoter construct activity.
Transfections were performed in quadruplicate and repeated three to five times.
The solid bar represents the average for three to five experiments; error bars
indicate standard deviations. Restriction enzyme site abbreviations: H, HindIII;
Sc, SacI; Pf, Pflm; Pm, Pml; Ps, PstI; Bm, BamHI. Ex, site of exonuclease
digestion; the numbers are the original clone numbers. Note the significant drop
(78%) in relative GH activity between constructs 21476 and 21337. A second
decrease in activity is observed between 21308 and 21237. (D) Decreased serum
stimulation (60%) of the HMG-I/Y promoter with the E-box mutation (21896
MT Myc-GH) relative to the wild-type HMG-I/Y promoter (21896 HMG-I/Y–
GH). A control plasmid expressing b-galactosidase and plasmids expressing
either 21895 HMG-I/Y–GH or 21896 MT Myc-GH were cotransfected into
NIH 3T3 cells. Cells were made quiescent by starvation in 0.1% MEM for 25 to
30 h and subsequently stimulated with 20% FBS for 25 to 30 h. Transfections
were performed in quadruplicate, and experiments were repeated five times. The
solid bars show the mean values from five different experiments; error bars show
the standard deviations. As before, the wild-type promoter construct was as-
signed an activity of 100%. Note that the E-box mutation decreases the serum
responsiveness of the HMG-I/Y promoter by 60%.
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cantly induced by serum (Fig. 1B). There was 2-fold-higher
induction at 5 h, 5-fold-higher induction at 10 h, and about
50-fold-higher induction at 24 h. Of note, induction of HMG-
I/Y mRNA begins at 2.5 to 5 h following serum or growth
factor stimulation, and HMG-I/Y mRNA levels remain ele-
vated for at least 15 to 36 h (59, 99). In addition, the half-life
of HMG-I/Y mRNA is believed to be greater than 30 h (49).
Thus, the increase in secreted GH protein would be expected
to follow the HMG-I/Y mRNA induction as observed here. The
HMG-I/Y promoter construct was also induced by PDGF and
bFGF. Neither the GH vector alone after stimulation with
serum nor the 4.6-kb HMG-I/Y-GH construct in the absence
of serum showed significantly enhanced GH secretion. We
conclude that the region between 21895 and 12600 from the
predominant transcription start site (start site 1) contains se-
quences responsible for the serum or growth factor induction
of the HMG-I/Y promoter.

Identification of a serum growth factor-responsive element
in the HMG-I/Y promoter. To identify the elements mediating
the serum- or growth factor-dependent stimulation of the
HMG-I/Y promoter, deletional analysis was undertaken (Fig.
1C). First, most of the 59 untranslated region 76 bp down-
stream from the transcription start at the BamHI site up to the
translation start was deleted, creating 21896 HMG-I/Y–GH,
and found to have no impact on the serum responsiveness of
the remaining sequences. We therefore used this plasmid to
generate subsequent HMG-I/Y promoter constructs with dele-
tion mutations. Progressive 59 deletions showed that there is a
significant decrease (78%) in the serum stimulation of the
HMG-I/Y–GH construct after deletion of the region between
bp 21475 and 21337. This region contains putative sites for
known transcription factors, including an E-box at bp 21337
that represents a consensus DNA binding site for the c-Myc
transcription factor and its protein partner Max (Fig. 1A) (11,
12, 48, 57).

Since c-Myc is a transcription factor whose gene expression
is known to precede that of HMG-I/Y (59, 71, 99), the contri-
bution of this E-box to the serum induction of the HMG-I/Y
promoter was further investigated. First, this site was mutated
from CACGTG to CAGCTG, a mutation that has been shown
to abrogate c-Myc and Max binding (55). A construct analo-
gous to 21895 HMG-I/Y–GH with the mutated c-Myc site
(21895 MT Myc-GH) was tested for serum responsiveness in
transfection experiments. Serum responsiveness decreased
60% in the 21895 MT Myc-GH construct compared to the
wild-type 21895 HMG-I/Y–GH (Fig. 1D), suggesting that this
E-box is involved in the serum-dependent stimulation of the
HMG-I/Y promoter.

c-Myc and Max recombinant proteins bind to the E-box in
the HMG-I/Y promoter. To determine if c-Myc and Max can
bind to the E-box at position 21337 in the HMG-I/Y promoter
region, electrophoretic mobility shift assay reactions were per-
formed with an oligonucleotide containing the HMG-I/Y E-box
(WT) and flanking sequences in the presence of recombinant
Myc and Max proteins. Truncated c-Myc (c-Myc340–439 or
tMyc) and Max were prepared as previously described (55, 98).
These proteins have been shown to bind oligonucleotides con-
taining the consensus Myc-Max site as tMyc and Max ho-
modimers or tMyc-Max heterodimers. tMyc alone, Max alone,
and tMyc-Max heterodimers bind to the WT HMG-I/Y E-box
but not to the analogous nucleotide with the mutated E-box
(MT oligonucleotide) (Fig. 2A). To prove that binding by tMyc
and Max to the HMG-I/Y E-box was specific, competition elec-
trophoretic mobility shift experiments were performed using
unlabeled WT HMG-I/Y E-box probe or unlabeled MT E-box
probe as competitors. The WT probe competes for binding of

tMyc and Max to the HMG-I/Y E-box at a 2- and 10-fold molar
excess over the probe, although the MT probe shows no com-
petitive binding except when present at a 50- to 100-fold molar
excess over the WT probe, indicating that tMyc and Max bind
to the HMG-I/Y E-box specifically (Fig. 2B).

Activation of the HMG-I/Y promoter by c-Myc and Max. To
test whether c-Myc and Max can stimulate the expression of
the HMG-I/Y promoter, cotransfection experiments with plas-
mids expressing c-Myc and Max were performed. Cotransfec-
tion of plasmids expressing c-Myc and Max resulted in trans-
activation of the wild-type HMG-I/Y promoter expression by
over 10-fold (Fig. 2C). In contrast, cotransfection of plasmids
expressing c-Myc and Max had no effect on the activity of
HMG-I/Y promoter constructs with a mutated E-box, including
21895 MT Myc-GH (Fig. 2C) and 21337 HMG-I/Y–GH
(data not shown), suggesting that transactivation of the HMG-
I/Y promoter by c-Myc and Max is dependent upon c-Myc and
Max binding to the E-box at position 21337. Of note, trans-
fection of c-Myc alone was also able to transactivate expression
of the HMG-I/Y promoter, presumably due to dimerization
with endogenous Max in NIH 3T3 cells.

HMG-I/Y expression is stimulated by c-Myc. To explore
further whether the HMG-I/Y gene is transcriptionally acti-
vated by c-Myc, we used a previously described cell line ex-
pressing a Myc-estradiol receptor fusion protein (Myc-ER)
(26, 27, 43, 62) that is activated by the addition of the estrogen
analogue hydroxytamoxifen to the growth medium. Activation
of Myc-ER in growing cells causes induction of HMG-I/Y ex-
pression (Fig. 3A and B). An increase in HMG-I/Y mRNA was
detected 4 h after the addition of hydroxytamoxifen, peaking at
10 to 12 h at a level about 30 times higher than that found in
uninduced cells (Fig. 3A and B). The same blot was probed
with ribosomal protein PO (58, 67) to control for RNA loading
in each lane (Fig. 3A and B). HMG-I/Y mRNA was also in-
duced over 30-fold following exposure to hydroxytamoxifen in
the presence of the protein synthesis inhibitor cycloheximide,
indicating that HMG-I/Y is directly stimulated by c-Myc in
these cells (Fig. 3A and B). HMG-I/Y mRNA increased mini-
mally (1.6- to 2.8-fold) after incubation with cycloheximide
alone (Fig. 3A and B). This pattern of induction following
stimulation by hydroxytamoxifen and cycloheximide is similar
to that observed for other putative direct c-Myc target genes,
including ODC (7, 74, 75), the eIF-2a gene (78), the eIF-4E
gene (78), the prothymosin a gene (26, 27), cdc25A (32), rcl
(60), MrDb (44), IRP2 (100), and Tmp (8). The HMG-I/Y
proteins also increased in the Myc-ER cells after activation of
c-Myc (Fig. 3C).

To further investigate the specificity of stimulation of HMG-
I/Y expression by c-Myc, we determined whether HMG-I/Y
expression could be induced by a mutated c-Myc protein that
behaves in a dominant-negative fashion (MycD105–143) (19).
This Myc mutant is nononcogenic (86) and lacks both tran-
scriptional (54) and apoptotic (28) activity. We compared
HMG-I/Y expression in Rat-1 cells expressing Myc-ER to that
in Rat-1 cells expressing MycD105–143-ER after stimulation with
hydroxytamoxifen. Our results show that HMG-I/Y expression
increased only in the cells with wild-type c-Myc (Fig. 3D).

HMG-I/Y proteins are increased in Burkitt’s lymphoma
cells compared to normal lymphocytes. Since HMG-I/Y is a
direct c-Myc target gene, we examined Burkitt’s lymphoma cell
lines, which are known to have increased c-Myc protein (81,
82), to determine if HMG-I/Y proteins are also increased. As
predicted, HMG-I/Y proteins are increased in all three Bur-
kitt’s lymphoma cell lines examined compared to Epstein-Barr
virus (EBV)-transformed B lymphocytes from a normal indi-
vidual, consistent with our finding that HMG-I/Y expression is
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stimulated by c-Myc (Fig. 3E). HMG-I/Y proteins are in-
creased 5- to 10-fold in the Burkitt’s cells compared to normal
B lymphocytes using the proliferation-responsive antigen Ki-67
(36, 37, 85) to control for loading and 5- to 20-fold using b-actin
to control for loading. Thus, HMG-I/Y proteins are significantly
elevated in Burkitt’s lymphoma cells, and this increase is not a
result of increased cellular proliferation in these cells.

Serum induction of HMG-I/Y is decreased in Myc-deficient
fibroblasts. We also explored HMG-I/Y expression in Myc-
deficient fibroblasts stimulated with serum compared to wild-
type fibroblasts stimulated with serum (68). We observed that
HMG-I/Y is induced 8.9- to 11.4-fold in wild-type (Myc1/1)
fibroblasts 10 to 12 h after serum stimulation (Fig. 3F and G).
In contrast, HMG-I/Y induction is significantly reduced to only
1.6- to 2.7-fold in Myc-deficient (Myc2/2) fibroblasts (Fig. 3F
and G), providing additional evidence that HMG-I/Y is a direct
c-Myc target gene.

Cells with increased HMG-I expression form transformed
colonies in soft agar and tumors in athymic nude mice. Be-
cause expression of both c-myc and HMG-I/Y is correlated with
cell growth and neoplastic transformation, we hypothesized
that HMG-I/Y may participate in c-Myc-mediated neoplastic

transformation. To explore the potential role of HMG-I in
neoplastic transformation, we constructed three different poly-
clonal Rat 1a cell lines overexpressing HMG-I to determine if
ectopic expression of the HMG-I protein leads to transforma-
tion in Rat 1a cells. All three polyclonal Rat 1a cell lines
overexpressing HMG-I formed colonies in soft agar in a man-
ner analogous to Rat 1a-myc cells, a previously described poly-
clonal Rat 1a cell line overexpressing c-Myc (Fig. 4A and C)
(47, 84, 86). Rat 1a cells that overexpress a mutated HMG-I
protein that no longer binds DNA are not transforming
(L. M. S. Resar, unpublished data). Cell cycle distribution and
DNA-synthetic capability (bromodeoxyuridine incorporation)
of Rat 1a-HMG-I, Rat 1a-myc, and control Rat 1a-pSG5 cells
cultured adherently or nonadherently on top of soft agar were
determined. We observed that all Rat 1a cell lines grew simi-
larly when cultured adherently (data not shown). When cells
were cultured nonadherently on top of soft agar for 48 h, the
cell cycle profiles of the Rat 1a-myc and Rat 1a-HMG-I cells
were similar (Fig. 4B). Both Rat 1a-myc and Rat 1a-HMG-I
cells exhibited an increased percentage of cells in the S phase
of the cell cycle (35 and 28%, respectively) compared to the
control Rat 1a-pSG5 cells (5%), indicating that both Rat 1a-

FIG. 2. c-Myc and Max proteins bind specifically to the E-box in the HMG-
I/Y promoter and activate transcription. (A) Binding of tMyc, Max, and het-
erodimers of tMyc and Max to the wild-type probe (WT) containing the core
binding sequence CACGTG but not to the mutated E-box probe (MT) contain-
ing a double point mutation in the core sequence (CAGCTG). The first four
lanes contain WT probe as follows: probe alone or with tMyc, Max, or tMyc and
Max, respectively. The next four lanes contain the MT probe as follows: probe
alone or with tMyc, Max, or tMyc and Max, respectively. (B) Specificity of
binding of tMyc-Max to the WT probe. DNA sequence specificity was tested by
comparative competitions with the indicated molar excess of unlabeled WT
probe versus MT probe. Lanes contain labeled WT probe and heterodimers of
tMyc and Max with no competitor or an increasing molar excess of the unlabeled
WT or MT probe. Note that the WT but not the MT probe competes effectively
at 2- and 10-fold molar excesses. (C) Plasmids expressing the control vector
alone, c-Myc alone, or c-Myc and Max were cotransfected with the HMG-I/
Y–GH promoter constructs containing the wild-type but not the mutated E-box
HMG-I/Y promoter sequences by over 10-fold. Each bar shows the mean relative
GH activity from four samples; error bars indicate the standard deviation. Trans-
fections were performed in growing cells in duplicate, and two aliquots of me-
dium were taken from each dish. Transfections were repeated three times with
similar results. Note that c-Myc and Max transactivate the wild-type but not the
mutated E-box HMG-I/Y promoter sequences by over 10-fold.
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myc and Rat 1a-HMG-I cells grow in a transformed fashion on
top of soft agar (Fig. 4B).

Western analysis of the Rat 1a cell lines transfected with a
plasmid expressing HMG-I compared to the Rat 1a cells trans-
fected with pSG5 control vector alone show that the Rat 1a-
HMG-I cells overexpress the HMG-I protein (Fig. 4D). In
addition, the Rat 1a-myc cells also exhibit increased HMG-I/Y

protein expression, further substantiating our finding that
HMG-I/Y expression is stimulated by c-Myc (Fig. 4D). To de-
termine if all the Rat 1a cell lines grow similarly in tissue
culture, we performed growth curves for all the stable cell
lines. All cell lines grew at a similar rate, indicating that the
transformed phenotype of the Rat 1a cells overexpressing
HMG-I was not a result of an increased growth rate (Fig. 4E).

FIG. 3. Direct stimulation of HMG-I/Y expression by c-Myc. (A) Northern blot analysis showing HMG-I/Y expression in a cell line expressing Myc-estradiol receptor
fusion protein (Myc-ER) following incubation with the estrogen analogue hydroxytamoxifen (HT), HT and the protein synthesis inhibitor cycloheximide (CHX), or
CHX alone. The ribosomal protein PO mRNA was used to control for sample loading. PO and the ethidium bromide-stained gel with the 28S and 18S rRNA bands
are shown. Note the 30-fold induction of HMG-I/Y expression by 10 to 12 h after incubation in hydroxytamoxifen and activation of c-Myc. HMG-I/Y expression is also
stimulated over 30-fold by c-Myc after incubation with HT and CHX for 10 to 12 h, indicating that HMG-I/Y is directly activated by c-Myc in these cells. HMG-I/Y
expression changes minimally (1.6- to 2.8-fold) after incubation with cycloheximide alone. (B) Graphic representation of HMG-I/Y induction in Myc-ER cells following
incubation with hydroxytamoxifen and cycloheximide. Experiments were repeated three to four times with similar results. The solid bars show the mean values from
these experiments; error bars denote the standard deviations. Note that HMG-I/Y increases by over 30-fold after c-Myc activation in the presence of CHX, indicating
that HMG-I/Y is a direct c-Myc target gene. (C) Western analysis showing induction of the HMG-I/Y protein after activation of Myc by incubation in hydroxytamoxifen
for 8 h in the Myc-ER cells. b-Actin was used as a control for sample loading. (D) Northern analysis showing that HMG-I/Y expression is stimulated threefold following
activation of wild-type c-Myc (Myc-ER), but not by a mutated c-Myc (DMyc-ER) that lacks transcriptional, transforming, and apoptotic activity in Rat-1 cells expressing
the wild-type or mutated Myc-ER proteins. Cells were incubated with hydroxytamoxifen for the indicated time periods (in hours). PO was used to control for sample
loading; the positions of human (Hu) PO, 28S, and 18S RNA are shown. (E) HMG-I/Y proteins are increased in Burkitt’s lymphoma cells compared to EBV-
transformed lymphocytes from healthy individuals. Western blot analysis of HMG-I/Y protein and controls Ki-67 and b-actin in Burkitt’s lymphoma cell lines and
EBV-transformed B lymphocytes from a healthy individual. Lanes: 1, healthy; 2 to 4, Burkitt’s lymphoma cell lines: ST486, Ramos, and DW6, respectively. Note the
marked increase in HMG-I/Y proteins in all Burkitt’s lymphoma cell lines. (F) HMG-I/Y induction by serum is reduced in myc-null (Myc2/2) fibroblasts (68). Northern
analysis showing that HMG-I/Y is stimulated 8.9- to 11.4-fold in wild-type (Myc1/1) fibroblasts, but only 1.6- to 2.7-fold in the Myc-deficient (Myc2/2) cells. (G) Graphic
representation of the decreased HMG-I/Y induction in Myc-deficient cells. This experiment was repeated four times with similar results. The solid bars show the mean
values from these experiments; error bars denote the standard deviations. These results are consistent with our findings that HMG-I/Y is a direct c-Myc target gene.
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To further explore the oncogenic properties of HMG-I,
CB33 cells were also transfected with a plasmid expressing
HMG-I. CB33-HMG-I cells formed transformed foci like
CB33-Myc cells in the soft agar assay (46, 63). CB33-Myc cells
are a previously described c-Myc-transformed human lympho-
blastoid cell line (46, 63) (Fig. 5A and B). Western analysis
shows that HMG-I is overexpressed in the CB33-HMG-I cells
as well as in the C33-Myc cells; the latter result again supports
our finding that HMG-I/Y is stimulated by c-Myc (Fig. 5C). All
CB33 cell lines also grow at a similar rate, indicating that the
transformed phenotype observed in the CB33-HMG-I cells
was not a result of an increased growth rate (Fig. 5D). Thus,
our results show that HMG-I has transforming activity similar

to c-Myc in two different experimental cell lines, including Rat
1a and CB33 cells.

To verify the tumorigenic potential of the Rat 1a cells over-
expressing HMG-I, we introduced these cells into athymic
nude mice. Tumors were visible in four of five mice injected
with Rat 1a-HMG-I cells (Fig. 6A). No tumors formed in the
mice injected with Rat 1a cells transfected with vector alone.
The tumors were visible by day 30, and the average size of the
tumors was 10 mm by day 50 (Fig. 6D). The pathology results
show that the tumors are fibrosarcomas (Fig. 6B and C), which
is identical to tumors formed by Rat 1a-myc cells.

Decreasing HMG-I/Y inhibits Myc-mediated transforma-
tion in Burkitt’s lymphoma cells. To determine if HMG-I/Y is

FIG. 4. Rat 1a cells overexpressing HMG-I form colonies in the soft agar assay. (A) Rat 1a cells overexpressing HMG-I (Rat 1a-HMG-I) or c-Myc (Rat 1a-myc)
or control Rat 1a cells transfected with the vector alone (Rat 1a pSG5) were subjected to analysis in the soft agar assay. Both Rat 1a-HMG-I and Rat 1a-myc cells
formed colonies capable of anchorage-independent growth in the soft agar assay. Bar, 100 mm. (B) Rat 1a-HMG-I and Rat 1a-myc cells exhibit similar cell cycle profiles
when grown on top of soft agar. This experiment was repeated three times with similar results. (C) The number of colonies formed by Rat 1a-HMG-I and Rat 1a-myc
cells was similar. Assays were performed in duplicate, and the results are taken from two separate experiments. The solid bar represents the mean from two different
experiments; the error bars indicate the standard deviation. (D) Rat 1a-HMG-I and Rat 1a-myc cells overexpress HMG-I protein. Western analysis shows that both
Rat 1a-HMG-I and Rat 1a-myc cells overexpress HMG-I compared to control Rat 1a cells transfected with pSG5 vector alone. The lanes were blotted with the
HMG-I/Y antibody as well as a b-actin antibody to control for sample loading. (E) Cell growth rates of Rat 1a cell lines. This experiment was performed with duplicate
plates and repeated twice. The data points represent the average counts from duplicate plates; the error bars depict the standard deviations from a representative
experiment. Note that all Rat 1a cell lines grow at similar rates.
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involved in Myc-mediated transformation, an HMG-I antisense
construct was made using a ribozyme expression vector (70).
The antisense construct was transfected into Burkitt’s lym-
phoma cells and resulted in a significant, specific decrease in
HMG-I/Y protein expression (Fig. 7A). HMG-C protein, an
HMG-I/Y family member encoded by a separate gene, was
unaffected. Transformation was almost completely abrogated
in these cells, suggesting that HMG-I/Y is important for trans-
formation in these cells (Fig. 7B). The Burkitt’s lymphoma
cells with decreased HMG-I/Y also grow at a slower rate,
which suggests an important role for HMG-I/Y in regulating
cell growth (Fig. 7C). A similar diminution in growth rate has
been reported for Myc-deficient fibroblasts (68). Because the
Burkitt’s lymphoma cells with decreased HMG-I/Y grow more
slowly than control Burkitt’s cells, it is possible that transfor-
mation was inhibited by a decrease in the growth rate. Of note,
these cells failed to exhibit colony formation after incubation
for several months. Transformation could also be inhibited
through another transformation-specific mechanism indepen-
dent of the decreased growth rate, although this experimental
approach does not distinguish between these two possible
mechanisms.

DISCUSSION

Although the c-Myc oncoprotein appears to be an important
regulator of cell growth, the identification of relevant target
genes is limited. The putative c-Myc target gene encoding

CAD is required for DNA synthesis (13, 69). ODC (7, 74, 75),
cdc25A (32, 33), rcl (60), LDH-A (82), Tmp (8), the H-ferritin
gene (100), and the telomerase gene (97) are additional puta-
tive effector genes that appear to be involved in neoplastic
transformation, although their precise roles in Myc function
are only beginning to emerge. We observed that HMG-I/Y is a
c-Myc target gene that is sufficient for transformation in both
Rat 1a and CB33 cells. In addition, HMG-I is tumorigenic in
nude mice. In fact, the oncogenic properties of HMG-I/Y and
c-myc in these two cell lines are highly similar. Moreover,
decreasing the level of HMG-I/Y proteins in Burkitt’s lym-
phoma cells inhibits transformation in the soft agar assay,
suggesting that HMG-I/Y may be important for Myc-mediated
neoplastic transformation in these cells.

Several observations led us to suggest that HMG-I/Y is a
relevant c-Myc target gene. First, previously published North-
ern analyses of murine fibroblasts stimulated by serum or
growth factors have shown that HMG-I/Y expression follows
that of c-myc (59, 99). HMG-I/Y proteins are also known to be
increased in PC-13 cells cotransformed by c-Myc and polyoma
leukemia virus carrying the polyoma leukemia virus middle T
gene (42). Moreover, expression of both c-myc and HMG-I/Y
has been shown to correlate with cell growth and neoplastic
transformation. Our studies identified a c-Myc/Max consensus
DNA binding site as an important serum- or growth factor-
dependent regulatory element in the HMG-I/Y promoter. We
also show that c-Myc and Max proteins bind to the HMG-I/Y
E-box and transactivate the HMG-I/Y promoter. An E-box has

FIG. 5. CB33 cells overexpressing HMG-I form colonies in the soft agar assay. (A) CB33 cells overexpressing HMG-I (CB33-HMG-I) or c-Myc (CB33-Myc) or
control CB33 cells transfected with the vector alone (CB33-Control) were subjected to analysis in the soft agar assay. Both CB33-HMG-I and CB33-Myc cells formed
colonies capable of anchorage-independent growth in the soft agar assay. (B) The number of colonies formed by the CB33-HMG-I and CB33-Myc cells was similar.
Assays were performed in duplicate, and the results are taken from two or three separate experiments. The solid bar represents the mean from two or three different
experiments; the error bars indicate the standard deviation. (C) CB33-HMG-I and CB33-Myc cells overexpress HMG-I protein. Western analysis shows that both
CB33-HMG-I and CB33-Myc cells overexpress HMG-I compared to control CB33 cells transfected with vector alone. The lanes were blotted with the HMG-I/Y
antibody as well as a b-actin antibody to control for sample loading. (D) Growth rates of the CB33 cell lines. This experiment was performed with quadruplicate cell
counts taken per time period. The data points represent the average counts from two separate experiments; the error bars depict the standard deviations. Note that
all CB33 cell lines grow at similar rates.
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also been identified in the human HMG-I/Y promoter se-
quences at a similar site (R. Reeves, personal communication),
and the conservation of this site in the human and murine
genes suggests that this element is important in regulating
HMG-I/Y expression. In addition, HMG-I/Y mRNA increases
following activation of Myc in a pattern similar to that reported
for other putative c-Myc target genes. Increased HMG-I/Y
expression occurred in the presence of the protein synthesis
inhibitor cycloheximide, indicating that HMG-I/Y is a direct
c-Myc target gene. HMG-I/Y induction is blunted in Myc-de-
ficient fibroblasts. In addition, HMG-I/Y proteins are in-
creased in Burkitt’s lymphoma cell lines, and decreasing
HMG-I/Y protein levels in these cells inhibits transformation.
Finally, like c-Myc, HMG-I transforms both Rat 1a fibroblasts
and CB33 cells. Moreover, the Rat 1a cells with increased
HMG-I protein are tumorigenic in nude mice.

We initially observed that the region of the HMG-I/Y pro-
moter between bp 21895 and 175 from the major transcrip-
tion start site was required for the stimulation of HMG-I/Y
after exposure to serum or individual growth factors. Our stud-
ies do not exclude the possibility that additional upstream

sequences, intronic sequences, or downstream sequences play
a role in regulating HMG-I/Y expression. Previous investiga-
tors have reported induction of the human HMG-I/Y promoter
sequence between 222 and 1222 from the major transcription
start site following stimulation with a phorbol ester (tetrade-
canoyl phorbol acetate [TPA]) (73). The analogous region in
the murine promoter did not mediate significant induction
following exposure to serum or TPA (Resar, unpublished data)
in NIH 3T3 cells. Since our studies examined additional 59
sequences in the promoter and stimulation by serum and
growth factors, the results obtained using the human promoter
are difficult to compare with our own (73). The E-box within
the HMG-I/Y promoter sequence is located in a far upstream
position from the transcription start site, which is distinct from
the arrangement of other putative Myc target genes. Although
some putative Myc target genes have binding sites within in-
tronic sequences, recent studies suggest that distal enhancer
positions may favor activation by Myc and Max over USF (24).
Thus, the HMG-I/Y E-box, which is located over 1,000 bp from
the transcription start site, would be predicted to favor regu-
lation by Myc and Max over USF.

FIG. 6. Rat 1a-HMG-I cells form tumors in nude mice. (A) Rat 1a-HMG-I, Rat 1a-myc, and control Rat 1a-pSG5 cells were injected into nude mice. Only mice
injected with Rat 1a cells overexpressing HMG-I or c-Myc formed tumors. This photograph shows a representative mouse injected with Rat 1a-HMG-I cells. (B)
Pathologic evaluation of the tumors showed that all tumors formed from Rat 1a-HMG-I or Rat 1a-myc cells were fibrosarcomas. This photograph shows a 123
magnification of the large subcutaneous tumor in a mouse injected with Rat 1a-HMG-I cells (H & E). (C) Tumor at 3003 magnification. Note the bundles of
spindle-shaped cells (H & E). (D) Characteristics of tumors from nude mice injected with Rat 1a-HMG-I and Rat 1a-myc cells.
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Our results also show that the HMG-I/Y gene is regulated by
additional factors. Mutation of the E-box abolished 60% but
not 100% of the serum stimulation of the HMG-I/Y gene.
Thus, additional proteins which may cooperate or act indepen-
dently of c-Myc and Max are likely to contribute to HMG-I/Y
regulation. Further deletional analysis, however, has not re-
vealed additional cis-acting elements that contribute more
than the E-box to the serum induction of HMG-I/Y (Resar,
unpublished data). Of note, an AP2 consensus site is located
downstream of the E-box in the ODC and a-prothymosin pro-
moters, and evidence suggests that AP2 may serve to down-
regulate ODC and a-prothymosin expression (34). An AP2
consensus site is likewise located downstream of the HMG-I/Y
E-box and may contribute to the downregulation of HMG-I/Y
(Fig. 1A).

In summary, we have identified a new c-Myc target gene that
is sufficient for transformation in Rat 1a and CB33 cells. More-
over, Rat 1a cells with increased expression of HMG-I protein
are tumorigenic in nude mice. HMG-I/Y proteins are also
increased in several human cancers. These findings suggest
that HMG-I/Y is a relevant c-Myc target gene and represents a
new class of potential oncogenes.
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