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ABSTRACT

HMGI-C and HMGI(Y) are architectural DNA-binding proteins that
participate in the conformational regulation of active chromatin. Their
pattern of expression in embryonal and adult tissues, the analysis of the
“pygmy” phenotype induced by the inactivation of theHMGI-C gene, and
their frequent qualitative or quantitative alteration in experimental and
human tumors indicate their pivotal role in the control of cell growth,
differentiation, and tumorigenesis in several tissues representative of the
epithelial, mesenchymal, and hematopoietic lineages. In contrast, very
little information is available on their expression and function in neural
cells. Here, we investigated the expression of theHMGI(Y) and HMGI-C
genes in neuroblastoma (NB), a tumor arising from an alteration of the
normal differentiation of neural crest-derived cells and in embryonal and
adult adrenal tissue. AlthoughHMGI(Y) is constitutively expressed in the
embryonal and adult adrenal gland and in all of the NB cell lines andex
vivo tumors examined, its regulation appears to be associated to growth
inhibition and differentiation because we observed thatHMGI(Y) expres-
sion is reduced by retinoic acid (RA) in several NB cell lines that are
induced to differentiate into postmitotic neurons, whereas it is up-regu-
lated by RA in cells that fail to differentiate. Furthermore, the decrease of
HMGI(Y) expression observed in RA-induced growth arrest and differen-
tiation is abrogated in cells that have been made insensitive to this drug by
NMYC overexpression. In contrast, HMGI-C expression is down-regu-
lated during the development of the adrenal gland, completely absent in
the adult individual, and only detectable in a subset ofex vivoNB tumors
and in RA-resistant NB cell lines. We provide evidence of a causal link
between HMGI-C expression and resistance to the growth arrest induced
by RA in NB cell lines because exogenous HMGI-C expression in HMGI-
C-negative and RA-sensitive cells is sufficient to convert them into RA-
resistant cells. Therefore, we suggest that HMGI-C and HMGI(Y) may
participate in growth- and differentiation-related tumor progression
events of neuroectodermal derivatives.

INTRODUCTION

The HMG3 proteins are a heterogeneous group of nonhistone
DNA-binding factors that play important architectural roles in the
organization of active chromatin (1). The HMGI subfamily is com-
posed of at least three members: HMGI, HMGY, and HMGI-C. The
first two are transcribed from the same gene on chromosome 6p21,
differ by the presence of an alternatively spliced exon (2, 3), and are
often indicated as HMGI(Y). TheHMGI-C gene is located on a

separate locus on chromosome 12q13–15 (4, 5). An important struc-
tural feature shared by the proteins of this family is the presence of
three AT-hooks, through which they bind to A1T-rich sequences in
the minor groove of the DNA helix, where they are thought to work
as ancillary transcription factors (6). Indeed, HMGI(Y) participates in
the transcriptional regulation of genes such as IFN-b, tumor necrosis
factor-b, rRNA, interleukin 4, and IGF-binding protein-1 (7–12).
HMGI-C expression is essentially absent in adult tissues (13–17),
whereas it is highly expressed in most tissues of the developing mouse
embryo (13). HMGI-C is thought to play important functions in the
control of cell growth and differentiation. In fact, an inactivating
mutation of theHMGI-C gene is responsible for the “pygmy” pheno-
type in the mouse, which is characterized by reduced size and weight
of most body organs, reduced body fat, and a cell-autonomous defect
in cell growth (13). BothHMGI-C and HMGI(Y) are delayed early
response genes (18) with increased expression in cells transformed by
oncogenes (19). The inhibition of HMGI-C protein synthesis prevents
the retrovirally induced neoplastic transformation of thyroid cells
(20), indicating that the anomalous HMGI-C expression may contrib-
ute to transformation. TheHMGI-C gene is frequently expressed in
chimeric proteins arising from chromosomal rearrangements in a
number of benign mesenchymal tumors, including leiomyomata, li-
poma, pulmonary chondroid hamartomas, fibroadenoma, and endo-
metrial polyps (4, 21–27). However, it is also amplified or rearranged
in malignant neoplasias such as human sarcomas (28), and exog-
enously expressed chimeric or truncated HMGI-C transforms NIH3T3
fibroblasts (29).

High expression during development and low or absent expression
in adult differentiated tissues is also described for HMGI(Y). How-
ever, its augmented expression is associated with high-grade prostate
and mammary cancer (30, 31) and correlates with the malignant
phenotype in human thyroid and colorectal neoplasias (32–34). Re-
arrangements at theHMGI(Y) locus were observed in uterine leiomy-
omata (35) and pulmonary and breast hamartomas (36–38).HMGI(Y)
expression and its functional activity were also reported in hemato-
poietic cells (7, 9, 11, 17), and the misexpression of alternative
HMGI-C transcripts was recently described in leukemia samples (39).
All this evidence points to a possible role for HMGI(Y) and HMGI-C
proteins in the development and differentiation of several tissues and
suggests that their deregulated expression may participate to the
tumorigenic process in epithelia, mesenchyme, and hematological
lineages. In contrast, little information is as yet available on their
expression in neural cells or their relationship to events related to
neuronal differentiation. By differential display analysis, we have
recently found that theHMGI-C gene is expressed and regulated by
EGF during the neurotypic differentiation of the neural crest derived
TC-1S cell line,4 previously established in our laboratory (40, 41).
This observation raised the possibility that, in addition to their func-
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tion in mesenchyme, epithelia, and the hematopoietic system (42),
HMGI proteins might also play a role in controlling cell growth and
differentiation in neural cells. Here, we focused on the expression of
theHMGI genes in normal adrenal gland and in NB, one of the most
common malignancies in children. NB is a tumor of the peripheral
nervous system thought to arise from an anomalous arrest in the
differentiation of the multipotent embryonal cells of the neural crest
into normal adrenal medulla and postganglionic sympathetic neurons
(43). Supporting this hypothesis, NB has an high rate of spontaneous
regression by differentiation (44), most often observed in tumors with
a systemic presentation (stage IVS). In addition, several agents can
induce NB cell differentiationin vitro (45). RA is a quite potent
inducer of NB cell differentiation, and it is currently being used in
clinical trials for differentiation therapy of NBin vivo. However, a
number of NB cell lines appear to be scarcely sensitive to the growth-
inhibitory and differentiative properties of RA, and preliminary stud-
ies on the efficacy of RA in clinical trials have not yielded the
expected results (46).

Here, we report of a diverging behavior ofHMGI(Y) andHMGI-C
gene products in NB.HMGI(Y) expression is readily detectable in all
NB cell lines and tumors and also in normal embryonal and adult
adrenal glands. However, its constitutive expression is decreased by
RA in cells that undergo RA-induced growth inhibition and neuronal
differentiation, but it is increased by RA in resistant NB cells.
HMGI-C is, instead, expressed only in a subset ofex vivoNB tumors,
RA-resistant cell lines, and embryonic adrenal gland, but it is unde-
tectable in adult adrenal gland, suggesting that its anomalous expres-
sion might be associated with NB tumorigenesis and/or tumor pro-
gression. Indeed, the exogenous expression HMGI-C is sufficient to
convert RA-sensitive NB cells into RA-resistant cells, thus indicating
that its misexpression reduces NB cell response to growth-inhibitory
stimuli.

MATERIALS AND METHODS

Cell Culture Conditions. The human NB cell lines SK-N-AS, SH-EP,
KCNR, and SY5Y were cultured in RPMI 1640 supplemented with 10% fetal
bovine serum, 2 mM glutamine, 50 units/ml penicillin, and 50mg/ml strepto-
mycin at 37°C with 5% C02, whereas SK-N-SH required Eagle’s MEM and 0.1
mg/ml sodium pyruvate. Parental SK-N-BE and the two clones 2N and 9N
were cultured in RPMI supplemented with 15% fetal bovine serum and 200
mg/ml geneticin, as described previously (47). For stimulation experiments,
cells were seeded at low density. all-trans-RA (Sigma Chemicals Co., St.
Louis, MO; 1 mM) and/or cycloheximide (Sigma; 10mg/ml) was added 24 h
after seeding.

Cell Cycle Analysis. Cell cycle analysis was performed as reported previ-
ously (48). Briefly, appropriately treated cells were washed in cold PBS,
treated with RNase (0.5mg/ml), and stained with 40mg/ml propidium iodide.
Cells were then incubated in the dark at 4°C for at least 4 h and analyzed by
an Epics cytofluorometer (Coulter) using the automated computer program
Mcycle (Coulter) and computer-assisted manual analysis.

RNA Preparation and Northern Blot Analysis. Total RNA was isolated
according to the guanidine isothiocyanate/cesium chloride method. For North-
ern blot analysis, RNAs (10–20mg) were electrophoresed on a denaturing
formaldehyde-agarose gel and transferred to Gene Screen Plus hybridization
membranes (NEN Life Science Product, Boston, MA) by overnight blotting.
Filters were hybridized overnight using 33 106 cpm/ml 32P-labeled probes,
washed to a final concentration of 0.13 SSC-0.1% SDS, and autoradiographed
at 270°C with intensifying screens.

RT-PCR and Analysis of HMGI-C and HMGI(Y) Expression in NB
Tumors. The cDNA probes forHMGI-C and HMGI(Y) were obtained by
performing RT-PCR on RNA extracted from Hep 3B cells. The RT reaction
was performed on total RNA (1mg) using the Moloney murine leukemia virus
reverse transcriptase kit, according to the manufacturer’s instructions (Life
Technologies, Inc., Paisley, United Kingdom) in a final volume of 20ml for 45

min at 42°C. An aliquot (2ml) of the RT reaction was subjected to 35 cycles
(1 min at 94°C, 1 min at 55°C, and 2 min at 72°C) of PCR amplification with
HMGI-C- and HMGI(Y)-specific primers as follows: HMGI-C-1, 59-AG-
GAAGCAGCAGCAAGAACC-39; HMGI-C-2, 59-AGATCCAACTGCT-
GCTGAGG-39; HMGI(Y)-1, 59-CCTGGACAAGGCTAACATCC-39; and
HMGI(Y)-2, 59-GTGACTGCATCTCCATCACC-39. Amplified cDNA frag-
ments were cloned into the TA Cloning Vector (Invitrogen, San Diego, CA),
and their identity was confirmed by sequencing analysis. For the analysis of
HMGI-C andHMGI(Y) expression in NB tumors, total RNA (1mg), obtained
from the tissue bank of the Italian Association of Hematology and Pediatric
Oncology, was reverse transcribed as indicated above. An aliquot (5ml) of the
RT reaction was subjected to PCR amplification as indicated above with the
following HMGI-C-specific primers: HMGI-C-PR, 59-GTTCAGAAGAAGC-
CTGCTC-39; and HMGI-C-13, 59-GTTACACACCGCGTTCTTCC-39. PCR
products were electrophoresed on 1.5% agarose gel, blotted on hybridization
membranes, and hybridized to the end-labeled internal primer HMGI-C-2. An
aliquot (2ml) of the same RT reaction was subjected to a semiquantitative PCR
(1 min at 94°C, 1 min at 58°C, and 2 min at 72°C for 20, 25, or 30 cycles) for
HMGI(Y) amplification with the specific primers HMGI(Y)-1 and
HMGI(Y)-2. PCR products were electrophoresed on 1.5% agarose gel and
blotted on hybridization membranes. A second PCR-amplified fragment, ob-
tained by means of primer HMGI(Y)-PR (59-CCTCCTTCACTGTTCCCTCT-
39) and primer HMGI(Y)-3 (59-TACGGGGACTAGGGAAGTTG-39), was
cloned, labeled with32P, and subsequently used as internal probe for the
hybridization of NB tumor samples. A fraction (1/40) of the same RT reaction
was subjected to a semiquantitative PCR (1 min at 94°C, 1 min at 58°C, and
2 min at 72°C for 20, 25, or 30 cycles) to quantitatively amplify theb-actin
cDNA as a control using the following specific primers:b-act-3, 59-CTA-
CAATGAGCTGCGTGTGG-39; and b-act-4, 59-CGGTGAGGATCTTCAT-
GAGG-39. Amplicons were electrophoresed, blotted on nylon membranes, and
hybridized to ab-actin-specific probe.

Construction of HMGI and HMGI-C Gene Expression Vectors and
Cell Transfections. The entire coding sequences of the humanHMGI and
HMGI-C genes were cloned in frame 59 to the GFP into the pEGFP-N1 vector
(Clontech, Palo Alto, CA). The pEGFP, pHMGI-GFP, and pHMGI-C-GFP
plasmids were transfected into the SY5Y cells using the Lipofectamine Plus
Kit (Life Technologies, Inc.) according to the manufacturer’s instructions. Two
days after transfection, cells were transferred in RPMI containing G418 (350
mg/ml), and the transfected pools were selected over a period of 1 month.

[3H]dThd Incorporation. For [3H]dThd incorporation experiments the
parental SY5Y cells or the transfected pools were seeded at 104 cells per well
in a 96-well plate. After 24 h, RA or solvent control was added to quadrupli-
cate wells, and the plates were incubated for 4 days under standard conditions.
Sixteen to 20 h prior to harvest, cells were labeled with 1mCi of [3H]dThd
(ICN, Costa Mesa, CA) per well. Cells were harvested using an Inotech
harvester (Inotech, Lansing, MI) and counted in a Top Count NST scintillation
counter (Packard Instruments Company, Downers Grove, IL).

RESULTS

HMGI(Y) and HMGI-C mRNA Expression in Normal Adrenal
Gland and in NB Cell Lines and Tumor Specimens.HMGI-C and
HMGI(Y)genes are expressed at very low levels in adult differentiated
tissues of mouse and human origin (14, 15). In contrast, their expres-
sion is readily detectable in embryonal and neoplastic tissues as well
as in many proliferating cellsin vitro (17, 19, 49, 50). Because
HMGI-C is expressed and regulated by EGF during the neurotypic
differentiation it induces in the neural crest-derived TC-1S cell line
(40),4 we reasoned that theHMGI family members could be also
expressed in other neural crest derivatives and possibly be involved in
controlling their cell growth and differentiation. To test this hypoth-
esis, we first investigatedHMGI(Y) andHMGI-C expression in em-
bryonal and adult adrenal glands as well as in NB cell lines and
tumors. Using a RT-PCR approach, we found thatHMGI(Y)mRNA is
equally expressed in the adrenal glands of 8- and 10-week old human
fetuses as well as in the adrenal gland of an adult individual (Fig. 1A).
In contrast,HMGI-C expression was high in the adrenals of the
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8-week fetuses, lower in the 10-week fetuses, and completely unde-
tectable in the adult adrenal gland (Fig. 1A). We next investigated the
expression of theHMGI genes in NB cell lines by using RT-PCR-
amplified fragments to probe Northern blots containing total RNA
extracted from several NB cell lines and from the Hep 3B cells as
positive control (49). All of the cell lines expressed readily detectable
levels of theHMGI(Y) transcript (Fig. 1B). On the contrary,HMGI-C
was highly expressed only in a subset of NB cell lines (SK-N-AS,
SH-EP, and SK-N-SH) in which two distinct transcripts of;3.3 and
;3.8 kb were identified. Although the smallestHMGI-C transcript
appeared to be common to all of the cell lines used, the higher
molecular weight band observed in NB cells was clearly smaller than
that expressed in Hep 3B cells (Fig. 1B). This was more clear after a
longer electrophoretic run of the RNA samples extracted from the Hep
3B and SK-N-AS cells (Fig. 1C). Although the presence of two
HMGI-C transcripts was previously noted in the Hep 3B (4) and the
PLC/PRF/5 (51) human hepatoma cell lines, their precise origin and
functional significance remain to be elucidated. Scant expression of
the sameHMGI-C transcripts was detectable in the SY5Y cells (Fig.
1B), whereas noHMGI-C mRNA expression was revealed in KCNR
and SK-N-BE cells, even after long exposure of the blot. The analysis
of the corresponding proteins, performed by Western blot using poly-
clonal antibodies developed against HMGI and HMGI-C (32) to probe
properly prepared cell extracts, revealed the expression ofHMGI-C in
the SK-N-AS and SK-N-SH cell lines but not in the KCNR and SY5Y
cell lines, whereas both HMGI and HMGY proteins were expressed in
all examined cells (data not shown).

The expression ofHMGI(Y) andHMGI-C in cultured NB cell lines
could reflect a feature of the tumors from which they originated, or it
could be derived from the adaptation of the tumor cells to the culture
conditions. To distinguish between these possibilities, we analyzed
the expression ofHMGI(Y) and HMGI-C genes by RT-PCR in a
heterogeneous group of tumor samples. The amplification of a frag-
ment of theb-actin cDNA from the same samples was used as a
control. With this analysis, we detectedHMGI(Y) expression in 100%
of the amplifiable samples (Fig. 1D). Once the PCR results for
HMGI(Y) were normalized for theb-actin amplification (data not
shown), no significant quantitative differences were observed among

the different samples. On the contrary,HMGI-C expression was
restricted to 5 of 18 tumors, accounting for 25% of the analyzed
samples (Fig. 1E). Altogether, these results indicate thatHMGI(Y)
mRNA is constitutively expressed in the adrenal gland as well as in
NB tumors and cell lines. In contrast,HMGI-C mRNA expression is
down-regulated during adrenal gland development, totally absent in
the adult adrenal gland, and restricted to a limited number of NB
tumor specimens and NB cell lines.

Differential Regulation of HMGI(Y) Expression in RA-sensitive
and -resistant NB Cell Lines. RA is known to arrest growth and
induce differentiation in some but not all NB cell lines (52). Because
the expression ofHMGI genes is regulated in different cells by
growth-promoting factors and in a number of tissues in association
with their normal differentiation, we evaluated the expression of
HMGI(Y) andHMGI-C in five different NB cell lines in response to
RA. SK-N-AS (Fig. 2, A and B), SH-EP (Fig. 2,C and D), and
SK-N-SH (Fig. 2,E and F) are substrate adherent (S-type) NB cell
lines that did not show any major morphological change when ex-
posed to RA up to 6 days and also failed to accumulate in the G1 phase
of the cell cycle (Fig. 2,A9–F9); these lines, therefore, represent
RA-resistant cell lines. In these cells, a 48-h treatment with RA
strongly increasedHMGI(Y) expression, as detected by Northern blot
analysis (Fig. 3A). In agreement with previously reported data (48,
53), RA treatment of the neuroblast-like (N-type) and RA-sensitive
SY5Y and KCNR cell lines caused a marked morphological differ-
entiation characterized by the extension of neurites exceeding at least
twice the length of the cell soma clearly detectable after 4 days (Fig.
2, G—L). The flow cytofluorometric analysis revealed that RA treat-
ment of KCNR (Fig. 2,G9 andH9) and SY5Y cells (Fig. 2,I9 andL9)
led to an increase in the number of cells in the G0/G1 phase of the cell
cycle after 4 days of treatment, indicative of its strong antiproliferative
effect. An additional consequence of RA treatment in these cell lines
was the reduction of the steady-state level of theHMGI(Y) mRNA
expression detectable after 48 h of treatment (Fig. 3B). On the con-
trary, we did not detect any effect of RA onHMGI-C gene expression
in any of the cell lines analyzed (data not shown). In summary, these
data suggest that RA-resistant NB cells express bothHMGI genes and
up-regulateHMGI(Y) gene expression in response to RA, whereas

Fig. 1. Expression ofHMGI(Y) and HMGI-C
genes in the adrenal gland, NB cell lines, and NB
tumor specimens.A, the expression ofHMGI(Y)
and HMGI-C was studied by RT-PCR in normal
adrenal gland obtained from 8- and 10-week-old
fetuses and an adult individual and compared to that
of hepatoma cell line Hep 3B and NB cell lines
SK-N-AS and SK-N-SH. The amplification reac-
tion for HMGI(Y) andb-actin were stopped within
the exponential phase (20 cycles), and the samples
were blotted and hybridized to specificHMGI(Y)
and b-actin probes;HMGI-C expression was ana-
lyzed by hybridization to a specific probe after 35
PCR cycles.B, total RNA (20 mg) was extracted
from the indicated NB cell lines, and the expression
of HMGI(Y) and HMGI-C genes was analyzed by
Northern blot. The Hep 3B hepatoma cell line was
included as a positive control forHMGI(Y) and
HMGI-C expression.C, the different sizes of the
HMGI-C transcripts expressed in Hep 3B and SK-
N-AS are better appreciated after a longer electro-
phoretic run.D, RNA from NB tumor samples was
analyzed forHMGI(Y) (D) and HMGI-C (E) ex-
pression by RT-PCR as described above.8w, 8
weeks;10w, 10 weeks;Ad, adult;PC, Hep 3B RNA
used as positive control;NC, template-free RT-
PCR.
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RA-sensitive cell lines do not expressHMGI-C gene and down-
regulateHMGI(Y) gene expression in response to RA.

RA Stimulates HMGI(Y) Expression Independent of Ongoing
Protein Synthesis.It has been proposed that the autocrine secretion
of IGF-I and IGF-II induced by RA in several NB cell lines may
provide an explanation for the resistance to RA antiproliferative
effects (54–56). Because a number of growth factors, including IGFs,
can promote HMGI(Y) expression (18), we sought to determine
whether the accumulation of theHMGI(Y) mRNA in selected NB cell
lines is directly controlled by RA or mediated by the secretion of
newly synthesized growth factors. To this end, we studied the time
course of induction ofHMGI(Y) by RA in SK-N-AS cells in the

presence or absence of cycloheximide, a commonly used inhibitor of
protein synthesis. RA induced a 1.5-fold increase of theHMGI(Y)
mRNA expression by 6 h (Fig. 4A, Lane 5, andB) and a maximum
increase of 3-fold by 24 h (Fig. 4A, Lane 12). The addition of
cycloheximide for up to 12 h also induced an increase in the steady-
state level ofHMGI(Y) mRNA (Fig. 4,A andB), but its effect after
24 h could not be evaluated because of its toxicity. In the same time
interval, cycloheximide did not prevent RA induction ofHMGI(Y)
mRNA, and the effect of the two drugs appeared to be at least partially
additive (Fig. 4,A andB). Similar experiments were also performed
on SK-N-SH cells. Also in this case, cycloheximide did not prevent
HMGI(Y) induction by RA. Addition of the RNA polymerase inhibitor

Fig. 2. RA affects differentiation and proliferation of a subset of NB cell lines. SK-N-AS (A andB), SK-N-SH (C andD), SH-EP (E andF), KCNR (G andH), and SY5Y (I and
L) cell lines were treated either with RA (B, D, F, H, andL) or with solvent (A, C, E, G, andI) for 6 (SK-N-AS, SK-N-SH, and SH-EP) and 4 days (KCNR and SY5Y) and photographed
to record morphological differentiation. Then cells were detached from the dish by mild trypsin digestion, washed, and processed for propidium iodide staining and cytofluorometric
analysis of the DNA content (A9–I9 andL9). Curves, percentages of cells in the different phases of the cell cycle.
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DRB to RA treatment partially inhibited its effect (Fig. 4,C, Lane 6,
and D, column 6), suggesting that the increase in the steady-state
levels ofHMGI(Y) mRNA is at least in part due to a transcriptional
activation. These results indicate thatde novoprotein synthesis is not
necessary for induction ofHMGI(Y) expression by RA and make the
possibility that HMGI(Y) mRNA induction by RA is a secondary
event dependent on the secretion of IGFs in RA-resistant cells un-
likely.

HMGI(Y) Down-Regulation by RA in NB Cells Is Associated
with Growth Inhibition and Differentiation. In NB cell lines bear-
ing NMYC genomic amplification, the morphological differentiation
(47, 57) and growth inhibition (47) induced by RA are dependent on
the down-regulation of NMYC and are prevented by exogenous
constitutive NMYC expression (47, 57). A time course analysis of
NMYC and HMGI(Y) mRNAs after RA treatment of the NMYC-

amplified KCNR cells showed thatNMYC mRNA was strongly re-
duced after 24 h, whereasHMGI(Y) maximum decrease occurred at
48 h (Fig. 5,A andB). This indicated thatNMYCdown-regulation by
RA precedesHMGI(Y) modulation as well as growth inhibition and
differentiation in NMYC-amplified cell lines. In several model sys-
tems, the steady-state levels ofHMGI(Y) mRNA parallel the growth
and differentiation status of the cell (18, 50). In fact, HMGI(Y)
expression is low in quiescent cells and increases during the G1-S
transition induced by serum or distinct growth factors (18, 50). There-
fore, we used exogenous NMYC expression as a tool to uncouple RA
treatment from growth inhibition and differentiation and asked
whetherHMGI(Y)can still be repressed by RA under these conditions.
To this end, we analyzedHMGI(Y) expression in the previously
characterized NMYC-transfected SK-N-BE clones 2N and 9N (47), as
compared to the parental SK-N-BE cells. Consistent with a previous
report (47), a prolonged exposure (8–15 days) to RA induced mor-
phological differentiation of SK-N-BE parental cells (data not shown).
RA also induced differentiation in clone 2N (Fig. 6A, a andb), which
fails to express the exogenousNMYC transcript because of a rear-
rangement in the promoter of the unique integrated copy of the gene
(47). The morphological differentiation of both parental SK-N-BE and
clone 2N was associated with a decrease in the steady state level of
HMGI(Y) and endogenousNMYC mRNAs (Fig. 6, B and C). In
contrast, clone 9N, which constitutively expressed the exogenous
NMYC (Ref. 47; Fig. 6,B andC), did not morphologically differen-
tiate in response to RA (Fig. 6A, c and d). In this clone,HMGI(Y)
mRNA expression was not repressed by RA; on the contrary, it was
slightly stimulated (Fig. 6C), which is analogous to the results ob-
tained in spontaneously RA-resistant cell lines (Fig. 3A). These results
confirm that the reduction ofHMGI(Y) expression is linked to the
growth inhibition and morphological differentiation induced by RA
and also indicate thatNMYC down-regulation is required for both
HMGI(Y) repression and for differentiation and growth inhibition in
NMYC-amplified cells.

Effects of the Exogenous Expression of HMGI(Y) and HMGI-C
Proteins in NB Cells. The strong correlation between the expression
of HMGI-C gene, the positive regulation ofHMGI(Y) by RA, and the
resistance of certain NB cell lines to the antiproliferative effects of
this agent suggested to us that a causal link could exist between the
expression and regulation ofHMGI-C andHMGI(Y) and resistance to
RA. To test this hypothesis, we constructed expression vectors con-
taining the entire coding sequences of the humanHMGI andHMGI-C

Fig. 3. Differential regulation of HMGI(Y) expression by RA in resistant or sensitive
NB cell lines. RNA (15mg) extracted from the indicated NB cell lines was analyzed by
Northern blot for the expression ofHMGI(Y) gene after 48 h of RA treatment.A,
SK-N-AS, SH-EP, and SK-N-SH, RA-resistant cell lines;B, KCNR and SY5Y, RA-
sensitive cell lines. Glyceraldehyde 3-phosphate-dehydrogenase (GAPDH) hybridization
to the same blots is shown as a loading control.

Fig. 4. HMGI(Y) expression is directly induced
by RA in resistant cell lines.A, SK-N-AS cells
were treated with control solvent, RA (1mM), or
cycloheximide (CHX, 10 mg/ml) for the indicated
time. RNA was subsequently extracted and pro-
cessed for the expression ofHMGI(Y) gene by
Northern blot. Glyceraldehyde 3-phosphate-dehy-
drogenase (GAPDH) hybridization of the same blot
is shown as a loading control.B, the relative ex-
pression ofHMGI(Y) at the different time points in
three different experiments was normalized for
glyceraldehyde 3-phosphate-dehydrogenase ex-
pression after densitometric analysis of the films,
and the values are reported as fold induction com-
pared to control levels.F, RA; M, cycloheximide;
‚, RA plus cycloheximide.C, SK-N-SH cells were
treated with control solvent, RA (1mM), cyclohex-
imide (CHX, 10 mg/ml), or DRB (1mg/ml) for the
indicated time. RNA was subsequently extracted
and processed as indicated above.D, the relative
expression ofHMGI(Y) was normalized for glyc-
eraldehyde 3-phosphate-dehydrogenase expression
after densitometric analysis of the films, and the
values are reported as arbitrary units.
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genes in-frame with the GFP DNA sequence and transfected those
constructs into the SY5Y cells. Through a period of selection with
G418, we established pools of stable transfectants expressing the
HMGI-GFP or HMGI-C-GFP chimeric proteins or the GFP protein

alone. Exogenous HMGI-GFP or HMGI-C-GFP chimeric transcript
could easily be distinguished by the endogenousHMGI(Y) and
HMGI-C because of their smaller sizes, as measured in a Northern
blot (Fig. 7A). As expected, no endogenousHMGI-C transcript was
found in parental and transfected cell lines, whereas the HMGI-C-
GFP exogenous chimeric transcript was easily detectable in the cor-
responding pool (Fig. 7A). Similarly, the HMGI-GFP chimeric tran-
script was revealed in HMGI-GFP-transfected pools below the
endogenousHMGI(Y), which was expressed in both parental and
transfected cells (Fig. 7A). At the protein level, the expression of the
chimeras was detectable as a fluorescent signal at the observation of
living cells at the fluorescent microscope. Although the GFP protein
spread diffusely into the cells, the HMGI-GFP and HMGI-C-GFP
chimeric proteins properly localized to the nucleus as expected for the
HMGI proteins (Fig. 7B). Therefore, we examined the effects of RA
on the different pools by [3H]dThd incorporation and cell cycle
fluorescence-activated cell sorting analysis. As expected, SY5Y cells
showed a strong reduction in the incorporation of [3H]dThd in the
presence of increasing concentration of RA (ranging from 1029 to
5 3 1026

M), which accounted for 30% of the incorporation of control
cells at 53 1026

M RA (Fig. 7C). Under the same conditions, GFP
and HMGI-GFP pools presented a similar response to RA. In contrast,
RA only poorly affected [3H]dThd incorporation in HMGI-C-GFP
pool, which still showed 80 and 75% incorporation at 1026 and
5 3 1026

M RA, respectively (Fig. 7C). We also examined the cell
cycle profile of the different pools and the results of one such
experiments is summarized in Table 1. The three pools showed a
cell cycle profile almost identical to that of wild-type SY5Y cells,
indicating that neither the selection procedure nor the transfected
constructs affected cell growth. As we found previously, under RA
treatment, wild-type SY5Y cells accumulated in the G0/G1 phase
of the cell cycle, determining a profound alteration of the ratio
between the percentage of cells in the growth fraction (S1 G2-M)
compared to the G0/G1 fraction (Table 1). Similar results were
obtained with the GFP pool. Although we observed a slight reduc-
tion in the number of cells that accumulated in G0/G1 in the

Fig. 5. NMYC inhibition by RA precedes HMGI(Y) down-regulation.A, KCNR cells
were treated with control solvent or RA (1mM) for the indicated time. Then RNA was
extracted andHMGI(Y) andNMYCexpression was analyzed by Northern blot. Glyceral-
dehyde 3-phosphate-dehydrogenase (GAPDH) hybridization of the same blot is shown as
a loading control.B, the relative expression ofHMGI(Y)andNMYCgenes was normalized
for glyceraldehyde 3-phosphate-dehydrogenase expression after the densitometric analy-
sis of the films, and the values are reported as arbitrary units.

Fig. 6. Differentiation and HMGI(Y) decrease in-
duced by RA are abrogated in SK-N-BE cells overex-
pressing NMYC.A, SK-N-BE control clone 2N (a and
b) and the NMYC overexpressing clone 9N (c and d)
were treated with control solvent (a and c) or RA (10
mM; b and d) for 15 days and photographed to record
morphological differentiation.B, total RNA was ex-
tracted from parental SK-N-BE and from clones 2N and
9N, andHMGI(Y) andNMYCexpression was assessed
by Northern blot. Glyceraldehyde 3-phosphate-dehydro-
genase hybridization to the same blot is shown as a
loading control.C, the relative expression ofHMGI(Y)
andNMYCgenes in parental SK-N-BE (f), clone 2 (o),
and clone 9 (M) with or without treatment with RA was
normalized for glyceraldehyde 3-phosphate-dehydro-
genase expression after the densitometric analysis of the
films, and the values are expressed in arbitrary units.
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HMGI-GFP pool, this effects was neither significant nor consist-
ent. In contrast, the cell cycle profile of the HMGI-C-GFP pool
was very similar in control and RA-treated cells, indicating that
those cells became resistant to the antiproliferative effects of RA
(Table 1). Interestingly, we did not observe significant alteration of
the morphological response to RA in any cell line (data not
shown). Altogether these results indicate that, although the expres-
sion of exogenous HMGI(Y) does not prevent a full response of
SY5Y cells to RA, the expression of exogenous HMGI-C strongly
reduces its effect on cell growth, thus counteracting at least one of
the major biological effects of RA in sensitive NB cells.

DISCUSSION

The physiological pattern of expression of the ancillary transcrip-
tion factors HMGI-C and HMGI(Y) suggests their possible role in
mammalian development and tissue differentiation (13, 17). HMGI-C
is expressed in most tissues during mouse embryogenesis, and its
expression declines throughout development and essentially disap-
pears before birth (13). HMGI(Y) expression also declines throughout
development, but it remains detectable in several tissues even during
adult life (17). The deregulated expression of HMGI-C and HMGI(Y)
has been recently linked to the development of both benign and
malignant neoplasias of mesenchymal and epithelial origin (4, 21–28,
30–33), raising the possibility that these proteins participate in tumor-
igenesis in several cell contexts. The expression of HMGI(Y) in the
central and peripheral nervous system (17) and our recent observation
that HMGI-C is regulated during the neurotypic differentiation in-
duced by EGF in the neural crest-derived TC-1S cell line4 prompted

us to thoroughly characterize the expression ofHMGI-C and
HMGI(Y)genes in neural cells and tumor tissues. Here, we focused on
the analysis of the expression of theHMGI(Y) and HMGI-C tran-
scripts in a number of NB cell lines and tumor specimens as well as
in normal tissue deriving from embryonal and adult adrenal gland,
from which NB frequently arises.

Among the NB cell lines analyzed, three RA-sensitive cell lines
(KCNR, SY5Y, and SK-N-BE) showed undetectable levels of
HMGI-C mRNA. On the contrary, we detected high levels of two
HMGI-C transcripts in the three RA-resistant cell lines (SH-EP,
SK-N-AS, and SK-N-SH). We revealed that one of these messages
has a different size compared to the two previously described
messages (4), indicating thatHMGI-C gene gives origin to at least
three different transcripts that may display alternative patterns of
expression. TheHMGI-C gene is also expressed in some of theex
vivo NBs, with no significant correlation with tumor grade in this
small series of tumor specimens. Interestingly, although we ob-
servedHMGI-C expression in the embryonal adrenals, we did not
detect it in normal adult adrenal tissue, suggesting thatHMGI-C
expression might be a feature of some neoplastic or undifferenti-
ated rather than normally differentiated neural crest derivatives. In
addition, we found highHMGI-C expression only in some NB cell
lines resistant to RA, which might indicate that its expression is
associated to a biological phenotype that is less prone to differen-
tiation. NB is an aggressive and often lethal neoplasia especially in
children who are$1 year old.NMYC amplification and chromo-
some 1p deletion are genetic lesions that show important prognos-
tic value and may be relevant to the tumor biology (58, 59).
Although thep73 gene, ap53 homologue, was recently mapped at
the 1p region frequently deleted in NB cell lines (60), its role as a
tumor suppressor gene is controversial. In any case, it is possible
that other genetic lesion may contribute to the development and/or
to the progression of NB tumors. Our data indicate that misexpres-
sion of theHMGI-C gene may represent one of such alterations.
Indeed, we have shown that the expression ofHMGI-C in RA-
sensitive SY5Y cells impairs their responsiveness to growth arrest-
inducing agents such as RA, thus suggesting thatHMGI-C express-
ing tumors might be less sensitive to endogenous or therapeutic
growth-inhibitory substances. A growing amount of evidence sup-
ports a role for HMGI-C in tumorigenesis, including its frequent
rearrangement in benign tumors of mesenchymal origin (4, 21–26),
the deregulated expression of a wild-type HMGI-C in benign and

Fig. 7. Expression of the wild-type and GFP
fusion proteins in the transfected pools and their
effects on proliferation.A, total RNA was extracted
from wild-type SY5Y cells, the GFP-transfected
pool (GFP), the HMGI-C-GFP-transfected pool
(I-C-GFP), and the HMGI-GFP-transfected pool
(I-GFP) and analyzed by Northern blot for the
expression of endogenous and exogenous
HMGI(Y) and HMGI-C transcripts.B, fluorescent
microscope microphotographs showing the diffuse
intracellular localization of the GFP protein (a),
compared to the nuclear localization of the HMGI-
GFP (b) and HMGI-C-GFP (c) proteins.C, quad-
ruplicate cultures of parental SY5Y cells, GFP
pool, HMGI-GFP pool, or HMGI-C-GFP pool,
plated at 104 cells/well, were grown for 4 days in
the presence of either solvent or RA (ranging be-
tween 1029 and 5 3 1026 M) in 96-well plates.
After an overnight pulse with [3H]dThd, cells were
harvested and counted for incorporated radioactiv-
ity. Columns, mean percentage (quadruplicate cul-
tures) of [3H]dThd incorporation compared to sol-
vent-treated cells;bars, SD. These results are
representative of at least three separate experi-
ments.

Table 1 Effects of the exogenous expression of HMGI and HMGI-C on the ability of
RA to inhibit cell cycle progression in SY5Y cells

Fluorescence-activated cell sorting analysis of propidium iodide-stained wild-type or
transfectant SY5Y cells, cultured for 4 days in the absence or presence of RA, was
performed as described in “Materials and Methods.” The results are representative of three
different experiments.

Cell lines

CTR RA

%
G1 % S % G2-M ra

%
G1 % S % G2-M ra

SY5Y 50.1 47.7 2.2 1.004 81.7 17.2 1.1 4.4645
GFP pool 47.2 49.4 3.4 0.8939 80.5 16.4 3.1 4.1282
HMGI-GFP pool 54.2 40.3 5.5 1.1834 75.7 20.1 4.1 3.1281
HMGI-C-GFP pool 46.5 47.6 5.9 0.8692 50.3 43.7 6 1.0121

a r 5 % G1/S 1 G2-M.
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malignant neoplasia due to genomic amplification (28) or deletion
of gene expression control regions (42), and the ability of chimeric
and truncated forms of HMGI-C to transform NIH3T3 fibroblasts
(29). A possible mechanism for its activity in cell transformation
comes from the observation that the alteration of the AP-1 com-
plexes induced in oncogene-transformed cells is prevented by
antisense constructs to theHMGI-C (61). This suggests that
HMGI-C is able to induce compositional changes and functional
activation of the AP-1 complex, resulting in an increased growth-
promoting activity (61). It is well known that several members of
the AP-1 complex are able to interfere with the transcriptional and
biological activities of RA receptors (62, 63). Therefore, it is also
possible that the exogenous expression of HMGI-C in NB cells
may induce AP-1 activation and compositional changes responsi-
ble for the antagonistic activity against the RA receptor-mediated
transcriptional response related to growth inhibition. A detailed
characterization of the effects of exogenous HMGI-C expression in
NB cells and the extensive analysis of its expression in larger
series of NB samples will definitely help elucidate the role of
HMGI-C in NB tumor biology.

The other member of the HMGI family, HMGI(Y), contributes to
tumorigenesis in several tissues. In fact, increased expression of
HMGI(Y) correlates with invasiveness, metastatic potential, and stage
progression in several experimental and human tumors of epithelial
origin (30–34, 64). In contrast, the results presented here show that
HMGI(Y) is expressed at comparable levels in all of the NB cell lines
studied. Our RT-PCR analysis confirmed the presence of theHMGI(Y)
transcript in adult and embryonic adrenal tissue as well as in 100% of the
NB specimens. Although the level of this analysis could be improved by
using more quantitative PCR methodologies and by extending the num-
ber of the samples analyzed, our results indicate the absence of significant
variations in the expression of theHMGI(Y) gene among the different
stages of the NB tumors, thus ruling out a primary role of this protein in
NB tumorigenesis. However, despite the widespread expression of
HMGI(Y) in the NB tumorsex vivo, a correlation exists between
HMGI(Y)expression and the biological behavior of NB cells in response
to administration of differentiating drugs. This may be an interesting
finding, in that, although NB cells and RA treatment have been largely
used as a model to study neural cell differentiation, a number of NB cell
lines are only partially sensitive to RA and show limited or no growth
inhibition and differentiation. The reason for this variability is still un-
clear because most NB cell lines express a similar pattern of RA receptors
and are capable of transducing RA-mediated signals. In fact,HMGI(Y)
mRNA expression is inhibited by RA (and also by TPA; data not shown)
in NB cell lines that are sensitive to its growth-inhibitory and differenti-
ating effects. In contrast, the steady-state level ofHMGI(Y) mRNA is
consistently increased in cells that fail to differentiate and growth arrest
upon RA treatment. Because the increase in the steady-state level of
HMGI(Y) in response to RA does not require ongoing protein synthesis
and is reduced by the inhibitor of RNA polymerases DRB, we expect that
RA directly regulatesHMGI(Y) transcription, although, from our exper-
iments, additional effects on mRNA stability cannot be ruled out. The
decrease ofHMGI(Y)message induced by RA is associated with growth
inhibition and neuronal differentiation of NB cells, whereas its up-
regulation is associated with a RA-resistant phenotype. The obser-
vation that SK-N-BE cells, in which growth inhibition and neuro-
nal differentiation are prevented by the expression of the
exogenous NMYC, up-regulateHMGI(Y) gene expression in re-
sponse to RA further supports this hypothesis. However, exoge-
nous expression of HMGI in SY5Y cells did not alter their re-
sponse to RA as far as growth inhibition and differentiation is
concerned. This is consistent with more recent data showing that
there is no significant decrease of the HMGI and HMGY proteins

within the 4 days of RA treatment necessary for the growth
inhibition of KCNR and SY5Y, probably due to the long half-life
of the proteins.5 Therefore, it appears that, although repression of
HMGI(Y) mRNA expression by RA marks RA-sensitive cell lines
and its up-regulation RA-resistant cell lines, its decrease should be
considered more a consequence than a cause of RA-induced
growth arrest. Whether this response has any causal link to addi-
tional long-term responses to RA remains to be investigated.

In conclusion, we have shown that theHMGI-C gene is misexpressed
in a subset of NB tumorsex vivoand in NB cell lines resistant to RA and
is responsible for RA resistance because its exogenous expression con-
verted RA-sensitive into RA-resistant cells. On the other hand, the ex-
pression theHMGI(Y)gene, which is constitutive in all NB cell lines and
tumors, is repressed by RA only in those cells capable of neuronal
differentiation. Therefore, we suggest that the basal level of expression of
theHMGI-C gene andHMGI(Y) responsiveness to RA might predict the
effect of this agent on NB cell lines and possibly also on NB tumorsin
vivo. We also speculate thatHMGI-C andHMGI(Y) genes may partici-
pate in differentiation- and growth-related tumor progression events of
neuroectodermal derivatives.
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