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[CANCER RESEARCH 61, 4583–4590, June 1, 2001]
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in Normal Rat Thyroid Cells 1
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ABSTRACT

The high mobility group (HMG) proteins (HMGA1a, HMGA1b, and
HMGA2) bind to DNA and interact with various transcriptional factors.
Therefore, they play an important role in chromatin organization. HMGA
protein expression is low in normal adult tissues, but abundant during
embryonic development and in several experimental and human tumors.
Blockage of HMGA expression inhibits the transformation of rat thyroid PC
Cl 3 cells treated with oncogene-carrying retroviruses, thus implicating
HMGA in rat thyroid transformation. To better understand the role of
HMGA and to establish whether its up-regulated expression is sufficient to
induce the transformed phenotype, we generated PC Cl 3 cells that overex-
press the protein. We demonstrate that HMGA1b protein overexpression
does not transform normal rat thyroid PC Cl 3 cells, but it deregulates their
cell cycle: cells enter S-phase earlier and the G2-M transition is delayed.
HMGA1-overexpressing cells undergo apoptosis through a pathway involv-
ing caspase-3 activation, probably consequent to the conflict between mito-
genic pressure and the inability to proceed through the cell cycle. Using
various HMGA1b gene mutations, we found that the third AT-hook domain
and the acetylation site K60 are the protein regions required for induction of
apoptosis in PC Cl 3 cells. In conclusion, although HMGA1 protein overex-
pression is associated with the malignant phenotype of rat and human thyroid
cells, it does not transform normal thyroid cells in culture but leads them to
programmed cell death.

INTRODUCTION

The HMG3 proteins HMGA1a and HMGA1b are nonhistone nu-
clear proteins encoded by the same gene,i.e., HMGA1, through
alternative splicing (1). They belong to the HMGA protein family,
which includes HMGA2, a protein closely related to HMGA1, but
which is encoded by another gene (2). The NH2 terminus of all
HMGA proteins carries three basic DNA-binding domains that bind
AT-rich sequences in the minor groove of DNA, and a highly acidic
COOH-terminal domain of 15 aa (3). Although not exerting transcrip-
tional activity, HMGA proteins are considered architectural transcrip-
tion factors because they are involved in organizing chromatin into the
architecture required for the basal transcription machinery (4–9).

Disruption of theHMGA2 gene results in a mouse pygmy pheno-
type and a decreased growth rate of embryonic fibroblasts (10), which

suggests that protein HMGA2 plays a role in cell proliferation. In-
deed, HMGA proteins have been immunolocalizedin vivo to the
AT-rich G/Q and C bands of mammalian metaphase chromosomes.
Therefore, they could be involved in the changes in chromosome
structure that occur during the cell cycle. In addition, HMGA proteins
are efficient substrates for cdc2 kinase phosphorylation that alters HMGA
DNA-binding affinity in a cell cycle-dependent fashion (11–13).

HMGA protein concentrations are high during embryogenesis (10,
14) and low in normal adult tissues. Increased expression of HMGA
proteins is associated with the transformation of rat thyroid cells
(15–17), andHMGA genes play a pivotal role in thyroid cell trans-
formation (18). In fact, thyroid cells infected by oncogenic retrovi-
ruses failed to exhibit phenotypic markers of neoplastic transforma-
tion when HMGA protein synthesis was specifically inhibited by
antisense constructs.HMGA1 gene overexpression is a constant fea-
ture of human malignant neoplasias (19–21), and blockage of
HMGA1expression in human thyroid anaplastic carcinoma cell lines
results in apoptotic cell death (22).

Rearrangements of theHMGA2gene are frequent in human benign
tumors of mesenchymal origin. They consist in the loss of the COOH-
terminal tail and the fusion with ectopic sequences. Alterations of the
HMGA1 gene also occur in several benign tumors, but they often
result in gene overexpression rather than truncation (23–26). In fact,
we recently described a case of thyroid microfollicular adenoma with
an extragenic translocation in theHMGA1 locus that caused overex-
pression of the gene (27).

Because HMGA proteins are necessary for the induction of the
transformed phenotype in rat thyroid cells (18), we investigated
whether overexpression of the HMGA1b protein is sufficient to in-
duce cellular transformation. To this purpose, we transfected the PC
Cl 3 cell line (28), a normal rat thyroid cell line expressing all of the
typical markers of thyroid differentiation, with the HMGA1b cDNA
under the transcriptional control of the cytomegalovirus promoter.
Although the transfected cells entered the S phase earlier than normal
cells, they stopped replicating at G2-M phase and underwent pro-
grammed cell death. The third AT-hook domain and the acetylation
site K60 are required for HMGA1b-induced apoptosis. The HMGA1a
isoform exerts similar biological effects. Taken together, these data
demonstrate that HMGA1b alone does not transform normal rat
thyroid cells and implicate HMGA1 proteins in the regulation of cell
cycle and apoptosis.

MATERIALS AND METHODS

Plasmids. To construct the HMGA1b expression plasmid the full-length
HMGA1b cDNA was subcloned into theHindIII site of the expression vector
pRc/CMV (Invitrogen) containing the gene for resistance to G418. HA-tagged
HMGA1b expression plasmids containing the entire and various separate
portions of the HMGA1b coding sequence were obtained by PCR amplifica-
tion and subcloned into the pCEFL-HA expression vector (gift of Dr. Sievio
Gutkind, NIH, Bethesda, MD): pHA-Y (aa 1–96) contains the entire coding
sequence; pHA-Y/T (aa 1–79) contains the first 79 aa, including the three
AT-hook domains; pHA-Y1–63 (aa 1–63) contains the first 63 aa, including
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the first two AT-hook domains and both the acetylation sites; pHA-Y1–53 (aa
1–53) contains the first 53 aa, including the first two AT-hooks and lacks both
the acetylation sites K54 and K60; pHA-YmutA contains the entire coding
sequence (aa 1–96) with a substitution of aa 53–60, which includes acetylation
sites K54 and K60, with the AAIESDPE sequence (29); pHA-YK54 contains
the entire coding sequence (aa 1–96) with a mutation on the first acetylation
site (K54¡A); pHA-YK60 contains the entire coding sequence (1–96) with a
mutation on the second acetylation domain (K60¡E); pHA-YK54,K60 con-
tains the entire coding sequence (aa 1–96) with mutations on both acetylation
sites (K543A, K603E). pHA-I (aa 1–107) contains the entire coding se-
quence of the HMGA1a isoform.

Cell Culture and Transfection Experiments. PC Cl 3 cells are described
elsewhere (28). They were grown in Ham’s F-12 medium, Coon’s modifica-
tion (Sigma Chemical Co.) supplemented with 5% calf serum (Life Technol-
ogies, Inc., Paisley, PA) in the presence of a mix containing six growth factors
(6H: 10 nM thyrotropic hormone, 10 nM hydrocortisone, 100 nM insulin, 5
mg/ml transferrin, 5 nM somatostatin, and 20mg/ml glycyl-histidyl-lysine). The
calcium phosphate procedure was used for transfections (30). PC Cl 3 cells
were transfected with the above-described plasmids or with the backbone
vector. Stable transfectants PC/Y were selected for neomycin resistance in 400
mg/ml G418.

RNA Isolation and Northern Blot Analysis. Total RNA was extracted
from the G418-selected cell clones with the RNAfast Isolation System
(Molecular System, San Diego, CA). Northern blot hybridization was
performed as described previously (31) using Hybond-N membranes (Am-
ersham Pharmacia BioTech Italia) according to the manufacturer’s instruc-
tions. All cDNA probes were radiolabeled with a random prime synthesis
kit (Amersham Pharmacia BioTech Italia). Hybridization reactions were
performed at 42°C with 23 106 cpm/ml of hybridization solution. After
washes, filters were air-dried and exposed to autoradiographic film for 1–7
days. The entire HMGA1b cDNA was used as a molecular probe for the
HMGA1gene. A mouse glyceraldehyde-3-phosphate dehydrogenase cDNA
probe was used to equalize RNA loading.

Protein Extraction, Western Blotting, and Antibodies. Cells were
washed once in cold PBS and lysed in a buffer containing 50 mM N-2-
hydroxyethylpiperazine-N9-2-ethanesulfonic acid (HEPES; pH 7.5), 1% (v/v)
Triton X-100; 50 mM NaCl; 5 mM EGTA, 50 mM NaF; 20 mM Na PPi; 1 mM

sodium vanadate, 2 mM phenylmethylsulfonyl fluoride, and 0.2 mg/ml each of
aprotinin and leupeptin. Lysates were clarified by centrifugation at 10,0003 g
for 15 min, and the supernatant was stored at270°C. Protein concentration
was estimated by a modified Bradford assay (Bio-Rad). Total proteins were
separated by SDS-PAGE and transferred to membranes (Immobilon-P Milli-
pore Corp., Bedford, MA). Membranes were blocked with 5% nonfat milk
proteins and incubated with the appropriate antibodies. Anti-HMGA1 are
polyclonal antibodies raised against a synthetic peptide located in the NH2-
terminal region of the HMGA1 proteins (32) at a dilution of 1:1,000; antibod-
ies against various cyclins, CDK, and CDKIs were from Santa Cruz Biotech-
nology (anti-cyclin D3 C-16, anti-CDK7, C-19, and anti-cyclin B1 GNS1),
Oncogene Science (anti-cyclin A AB-2), PharMingen (anti-cyclin E HE12,
anti-CDK2, and anti-CDK4), and Calbiochem (anti-cdc2 Ab-1). Antig-tubulin
(Santa Cruz Biotechnology) was used to equalize the amount of proteins
loaded. Bound antibodies were detected by the appropriate secondary antibod-
ies and revealed with the Amersham enhanced chemiluminescence system.

Growth Rate and [3H]thymidine Incorporation. The cells (105/dish)
were plated in 60-mm plates and cultured in complete medium. They were
counted every day for 10 consecutive days to extrapolate the growth curves.
The doubling time was measured when the cells were in the logarithmic phase
of growth.

To evaluate [3H]thymidine incorporation,the cells were plated as above and
allowed to adhere for 12 h in serum-containing medium. They were then
washed three times in PBS and left for 3 days in serum-free medium. After 3
days of starvation, the cells were allowed to grow in serum-containing medium
and harvested after 0, 12, 24, 48, and 72 h of incubation with pulses of 4
mCi/ml of [3H]thymidine (Amersham Pharmacia BioTech Italia) added to each
plate 3 h before each harvesting. The plates were then washed three times with
PBS, and the cells were fixed in 5% trichloroacetic acid at 4°C for 20 min,
washed three times in trichloroacetic acid and solubilized in 0.5N NaOH (0.3
ml). This solution was neutralized with 0.5N HCl (0.3 ml), and radioactivity
was measured by liquid scintillation counting. Two plates for each time point

were used to analyze growth rate and [3H]thymidine incorporation, and the
experiments were performed in triplicate.

Flow-Cytometry. PC Cl 3 and PC/Y cells were analyzed for DNA content
as described previously (33). Cells were collected and washed in PBS. DNA
was stained with propidium iodide (50mg/ml) and analyzed with a FACScan
flow cytometer (Becton Dickinson, San Jose, CA) that was interfaced with a
Hewlett-Packard computer (Palo Alto, CA). Cell cycle data were analyzed
with the CELL-FIT program (Becton Dickinson).

Immunoprecipitation Analysis and Kinase Assay.PC and PC/Y cells,
starved or treated for 12, 24, and 36 h with complete medium, were lysed
in NP40 lysis buffer [50 mM HEPES (pH 7); 250 mM NaCl, 5 mM EDTA,
50 mM NaF, 0.5 mM Na3VO4, and 1 mM DTT supplemented with Na4P2O7,
aprotinin, leupeptin, pepstatin, and benzamidine]. Four hundredmg of
extract were incubated with 1mg of anti-cdc2 Ab-1 (Calbiochem) rabbit
polyclonal antiserum or with 1mg of anti-Cyclin B1 GNS1 (Santa Cruz
Biotechnology) mouse monoclonal antibodies for 1 h at 4°C. A/G Sepha-
rose protein (Santa Cruz Biotechnology) was then added, and lysates were
incubated for 15 h at 4°C. Immunocomplexes were collected by centrifu-
gation at 10,000 rpm for 1 min at 4°C and washed four times in NP40 lysis
buffer. After two additional washes in 10 mM Tris-HCl (pH 6.8), 20 mM

MgCl2, one-tenth of the immunoprecipitates was used for kinase assay and
nine-tenths were resolved on polyacrylamide gels and probed with anti-
cyclin B or anti-cdc-2 antibodies. Forin vitro kinase assay, immunopre-
cipitates were resuspended in cdc-2 kinase assay buffer (Upstate Biotech-
nology) for 20 min in the presence of 2mg of histone H1 (Upstate
Biotechnology) as substrate and 0.5mCi of [g-32P] ATP (3,000 Ci/mmol;
Amersham Pharmacia Biotech) in a final volume of 25ml. Samples were
incubated for 20 min at 30°C, and the reaction was stopped by adding 25
ml of 2 3 Laemmli loading dye. Phosphorylated histone H1 was visualized
by autoradiography and quantified with the GS-525 Molecular Imager
(Bio-Rad) interfaced with an Hewlett-Packard computer.

Cell Viability, DNA Laddering, and TUNEL Assay. To assess cell
viability, nonadherent and adherent cells were collected, and aliquots were
mixed with an equal volume of 0.4% trypan blue (Life Technologies, Inc.).
The percentage of cells that picked up the dye (dead cells) was determined. The
data are representative of at least three independent culture dishes per time point.

For the DNA laddering assay, adherent and nonadherent cells from a
100-mm Petri dish were collected, washed in PBS, and resuspended gently in
0.4 ml of lysis buffer [0.5% Triton X-100, 5 mM Tris-HCl (pH 7.4), 20 mM

EDTA]. After a 20-min incubation on ice, the samples were centrifuged at
12,000 rpm for 30 min. The supernatants were extracted with phenol-chloro-
form and precipitated in ethanol. The pellets were washed in 70% ethanol and
resuspended in TE buffer [10 mM Tris (pH 8)-1 mM EDTA] containing 0.4
mg/ml RNaseA. Extracted nucleic acids were treated with RNaseA at 37°C for
30 min and then analyzed on 1.2% agarose gels stained with ethidium bromide.

The TUNEL assay was performed with theIn SituCell Death Detection Kit
(Boehringer, Mannheim) following the manufacturer’s instructions. Briefly,
the air-dried cells were fixed with a freshly prepared paraformaldehyde solu-
tion [4% in PBS (pH 7.4)] for 30 min at room temperature. The slides were
rinsed with PBS and incubated in permeabilization solution (0.1% Triton
X-100 and 0.1% sodium citrate) for 2 min on ice. Then the slides were rinsed
twice with PBS, and 50ml of TUNEL reaction mixture was added. After 30
min incubation at 37°C, substrate solution was added. After 10 min incubation
at room temperature the slides were mounted and analyzed under the light
microscope.

Inhibition of Cell Death. Cells (43 105 ) were plated in six multiwells
and allowed to grow for 4 days before a treatment with 10 and 100mM

of z-VAD-fmk, z-DEVD-cho, Ac-YVAD-cho, and z-FA-cho (Calbiochem)
for 72 h. Death was assessed by measuring the percentage of stained cells
with trypan blue as described above.

RESULTS

Generation of PC/Y Cells. PC Cl 3 cells were transfected with
full-length HMGA1 cDNA or the backbone vector and selected in a
medium containing Geneticin. Several clones and a mass population
were isolated for each transfection and analyzed by Northern and
Western blot (Fig. 1) for the expression of the transfected gene.
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Northern blot analysis showed that PC/Y cells express a specific
HMGA1 transcript (Fig. 1A). Conversely, noHMGA1expression was
found in the untransfected (PC Cl 3) or in the backbone vector-
transfected PC Cl 3 cells (PC/V;panel A). The PC Cl 3 cells trans-
formed with the myeloproliferative sarcoma virus (PC MPSV; 28)
expressed the endogenous HMGA1-specific transcript of about 1.8

kb. Western blot analysis with anti-HMGA1 antibody (32) showed an
immunoreactive protein in the PC/Y and PC MPSV cells, but not in
the parental PC Cl 3 or PC/V cells (Fig. 1B). We selected six PC/Y
and two PC/V cell clones for additional analyses. All of the clones
showed the same biological behavior. Therefore, the data shown here
refer to one or two representative clones.

The PC/Y cells showed modest morphological changes with several
apoptotic bodies and many dead cells floating in the culture medium
(Fig. 1C). They retained a differentiated phenotype and were not
tumorigenic (data not shown).

Growth of PC/Y Cells. The growth potential of the PC/Y cells
was evaluated from growth rate and [3H]thymidine incorporation. As
shown in Fig. 2A, the growth rate of PC/Y cells was reduced com-
pared with PC/V cells. In fact, the doubling time of PC/Y cells
(25 6 3h) was significantly higher than that of PC/V cells (186 3h),
suggesting that HMGA1b may inhibit thyroid cell growth. These
differences were significant (P, 0.01).

To investigate whether the reduced growth rate of PC/Y cells
resulted from inhibition of DNA synthesis, [3H]thymidine incorpora-
tion was assayed. Cells were synchronized by starvation in serum-free
medium for 3 days and subsequently stimulated to reenter the cell
cycle by the addition of 6H in the presence of 5% calf serum. Cells
were labeled with a 3-h [3H]thymidine pulse and collected every 12 h
for 3 days. Surprisingly, PC/Y cells started to incorporate [3H]thymi-
dine at least 12 h before PC/V cells. In fact, after 24 h of treatment,

Fig. 1. Isolation of HMGA1b-expressing PC Cl 3 cells and their morphology.A,
Northern blot of three clones transfected with HMGA1b (PC/Y1–3) or the empty vector
(PC/V1–3). A specific transcript corresponding to the transfectedHMGA1 gene appears
in all three PC/Y clones. PC/V clones were devoid of HMGA1 expression. Positive
control, HMGA1 expression in PC Cl 3 cells infected with the MPSV virus (15).B,
Western blot of the three clones showed inA. C, morphology of normal and HMGA1b-
transfected PC Cl 3 cells;3150. Top, left: PC Cl 3 cells;top, right: empty vector
transfectant (PC/V) clone 1;bottom,left: HMGA1b transfectant (PC/Y) clone 1;bottom,
right: HMGA1b transfectant clone 3.Arrows, apoptotic cells.

Fig. 2. Growth of HMGA1b-expressing PC Cl 3 cells.A, growth curves of PC/V and
two representative PC/Y clone cells. Cells were plated as described in “Materials and
Methods” and counted daily for 10 days.B, [3H]thymidine incorporation in PC/V and two
representative PC/Y clone cells. Cells were pulsed with [3H]thymidine as described in
“Materials and Methods” and monitored for [3H]thymidine incorporation every 12 h for
72 h. The results are the media of three independent experiments.
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the percentage of PC/Y cells that incorporated [3H]thymidine was
2.5-fold higher than PC/V cells (Fig. 2B). However, the rate of
thymidine incorporation of PC/Y cells remained stable, and started to
decrease at 48 h. Conversely, the rate of [3H]thymidine incorporation
of PC/V cells continued to increase steadily (Fig. 2B). These results
demonstrate that PC/Y cells enter the cell cycle from serum depriva-
tion-induced G0 more rapidly than parental PC Cl 3 cells. However,
the finding that, at later times, the [3H]thymidine incorporation rate of
PC/Y cells is not maintained at levels comparable with those observed
in PC/V cells and that the growth rate of PC/Y cells is lowerversus
parental cells, suggests that the constitutive expression of HMGA1b
may interfere with the correct completion of the cell cycle, at least in
thyroid cells.

Cell Cycle Profile of PC/Y Cells. To verify the results of the
[3H]thymidine incorporation assay, the cell cycle distribution of PC Cl
3, PC/V, and PC/Y cells was analyzed. When PC/V cells are starved
of serum and hormones for 3 days, they become quiescent (G0), and
can be stimulated to enter the S-phase by 24 h of serum and 6H
administration. To determine whether PC/Y cells had a reduced G1

phase and synthesized DNA earlier than PC/V cells, PC/V and PC/Y
cells were starved as described, stimulated to reenter the cycle with
serum and 6H, and analyzed by flow cytometry at 0, 12, 24, and 36 h
after treatment. The percentage of PC/Y cells in the S-phase compart-
ment increased significantly 12 h after treatment, reaching a peak at
24 h (Fig. 3B). Conversely, most PC Cl 3 and PC/V cells were still in
G0/G1 phase 12 h after treatment (Fig. 3A) but entered S-phase 24 h
after treatment (Fig. 3B). Furthermore, as shown in Fig. 3C, the
fraction of PC/Y cells in the G2-M compartment 24 h posttreatment
was increased by about 2-fold with respect to PC/V cells (22.9%
versus12.3%, respectively). The difference between PC/V and PC/Y
cells in the G2-M compartment was reduced 36 h after treatment.
Overall, there were two types of cell cycle profile alterations in PC/Y
cells compared with PC/V cells: early entry into S-phase and accu-
mulation of cells in G2-M phase after 24–36 h of hormone and serum
treatment.

Cyclin and CDK Expression in PC/Y Cells. Progression through
the cell cycle requires the coordinated activation of a family of protein
kinases called CDKs (34). Activation of each kinase is a highly
regulated process beginning with: (a) the association of a CDK with
a positive regulatory subunit called “cyclin”; (b) phosphorylation of a
conserved threonine residue by a CDK-activating kinase; and/or (c)
binding of inhibitory molecules,i.e., CDK inhibitors (35–37). G1
progression is controlled by sequential activation of cyclin
D/CDK4–6 and cyclin E/CDK2 complexes, whereas entry into S-
phase is mainly regulated by cyclin A/cdk2. Progression of cells
through G2 into mitosis is controlled by sequential activation of cyclin
A/Cdk2 and cyclin B/cdc2 complexes.

To investigate the effects exerted by HMG-Y on PC Cl 3 cells, we
determined the expression of cyclins, CDK, and CDK-inhibitor pro-
teins in PC/V and PC/Y cells. Cells were starved of 6H and serum as
described, stimulated to reenter the cycle after 3 days, and then lysed
at 6, 12, 18, 24, and 36 h. Subsequently, the expression of cyclins,
CDK and CDK inhibitor proteins was detected by Western blot.
Cyclin D3 was the only D-type cyclin detected in PC Cl 3 cells.
Cyclin D3 was not expressed in starved PC/V cells, but it was induced
after 6 h of stimulation, with a peak at 18–24 h (Fig. 4). Conversely,
cyclin D3 expression was elevated in PC/Y cells even when the cells
were deprived of growth factors and hormones. Furthermore, cyclin
D3 induction in PC/Y cells occurred earlier and peaked at 12 h of
treatment. Similarly, the basal level of cyclin E protein was increased
in starved PC/Y cells and increased even more after 6 h of treatment,
i.e., 12 h earlier than in PC/V cells. This pattern of G1 cyclin
expression coincides with the finding that PC/Y cells enter the cell

cycle 12 h earlier than do PC/V cells. CDK2 expression was increased
after 18–24 h of treatment in PC/V cells and after 12 h in PC/Y cells.
Conversely, CDK4/6 and CDK7 expression was not altered in quies-
cent or proliferating PC/V or PC/Y cells. These findings coincide with
the observation that PC/Y cells failed to arrest growth completely in
G1 upon starvation, and that they enter S-phase 6–12 h earlier than do
PC/V cells.

In PC/V cells cyclin A was increased after 12–18 h of treatment and
decreased abruptly at 36 h, whereas in PC/Y cells its expression
remained elevated at 36 h. Cyclin B was induced after 18 h in both
PC/V and PC/Y cells, but the level of cyclin B was much higher in
PC/Y cells compared with PC/V cells, and its expression was still
detectable at 36 h in PC/Y cells. Cdc2 expression was induced by
serum and hormones in PC/V cells at 18–24 h and was completely
down-regulated at 36 h, whereas it was induced at 12 h in PC/Y cells,
and its expression was increased at 36 h. Instead, no differences in the
expression levels of CDK inhibitors p21, p27, and p57 were detected
between PC/V and PC/Y cells (data not shown). These findings are in
agreement with the observation that an increased fraction of PC/Y
cells are in the G2-M compartment at 24–36 h of treatment.

cdc2 Activity in PC/Y Cells. A major difference between PC/V
and PC/Y cells occurred in the expression of the G2-M associated

Fig. 3. Flow cytometry of the PC/V and PC/Y cell cycles at various times of serum and
hormone stimulation after starvation. Percentages of the cell cycle phase distribution were
determined for each cell clone without or with hormones and serum refed for 12, 24, and
36 h.Whiteandblack bars, PC/V and PC/Y cells, respectively.
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proteins, cdc-2 and cyclin B. Because activation of cyclin B/cdc-2
complexes regulates G2-M transition, and its inactivation is a prereq-
uisite for correct completion of the M phase, we compared the activity
of cyclin B/cdc-2 complexes in PC/Y cellsversusPC/V cells. To this
aim, PC/V and PC/Y cells were starved for 72 h and then cultured
with growth factors and serum for 24 or 36 h. The lysates obtained
were analyzed for cyclin B- and cdc-2-associated kinase activity.
cdc-2 activity was very low in starved PC/V cells, but was increased
24 h after treatment (Fig. 5,top, Lanes 1–3). This is consistent with
the FACScan result that PC/V cells start to enter G2-M at 24 h.
Differently, the activity of cyclin B/cdc-2 complexes appeared in
PC/Y cells at 24 h (like in the PC/V cells), but was increased further
at 36 h (Fig. 5,top, Lanes 4–6). Similar results emerged from the
analysis of cyclin B-associated activity (Fig. 5,bottom). These data
suggest that in PC Cl 3 cells, HMGI-Y protein may interfere with the
activity of cyclin B/cdc-2 complexes.

HMGA1b Overexpression Results in Apoptosis of Thyroid
Cells. In parallel with the cell cycle analysis, we investigated
whether HMGA1b overexpression in PC Cl 3 cells induced cell
death. A cell viability analysis (the trypan blue exclusion tech-
nique) revealed a striking loss of viable PC/Y cells from 6 days
after plating. In contrast, the PC/V cells did not show a significant
rate of nonphysiological cell death (Fig. 6A). To investigate the
mechanisms of PC/Y cell death, we performed three apoptotic
assays: DNA laddering, flow-cytometric analysis, and TUNEL
assay. As shown in Fig. 6B, the PC/Y cells underwent massive
DNA fragmentation after 7 days in culture. Conversely, no DNA
laddering was observed in PC/V cells.

FACS analyses of PC/V and PC/Y cells at 7 days after plating
showed that a consistent fraction (32.1%; 2-fold more than PC Cl 3
and PC/V cells) were in the sub-G1 compartment (Fig. 5C). Similarly,
PC/Y but not PC/V cells stained positive at the TUNEL assay (data not
shown). These results demonstrate that PC/Y cells undergo apoptosis.

Mechanisms Underlying HMGA1b-induced Apoptosis.Ini-
tially, to gain insights into the signaling pathway implicated in
HMGA1b-mediated apoptosis, we monitored activation of caspase-3,
an interleukin 1b converting enzyme-like cysteine protease that is
central to many apoptosis systems (38–41). Total cell extracts were
blotted with an antibody raised against PARP, a substrate for active
caspase-3 (39, 41), which recognizes the full-lengthMr 112,000
PARP and theMr 85,000 cleaved product observed after apoptotic
stimuli (42). The cleavage of PARP in PC/Y cells (Fig. 7A) suggests
that the caspase-3 pathway is involved in induction of HMGA1b-
dependent apoptosis. In contrast, no PARP cleavage was observed in
PC/V cells.

We next examined the requirement of caspase activities for
HMGA1b-mediated apoptosis by examining the effect of three
caspase inhibitors (z-VAD-fmk, Ac-YVAD-cho, and z-DEVD-
cho) on PC/Y apoptosis. z-VAD-fmk inhibits almost all caspases
examined to date. It blocks or delays cellular apoptosis caused by
diverse sets of signals (43) and is not effective on caspase 9 (44).
Conversely, Ac-YVAD-cho and z-DEVD-cho are specific inhibi-
tors of the substrates of caspase 1 and caspase 3, respectively. As
shown in Fig. 7B, z-DEVD-cho prevented HMGA1b-induced
apoptosis in a dose-dependent manner, a weak preventive effect
was obtained with z-VAD-fmk, and there was no effect with either
Ac-YVAD-cho or z-FA-cho. These results indicate that the apo-
ptotic effect associated with the overexpression of the HMGA1b
protein in PC Cl 3 cells is caspase-dependent and is mediated by
caspase-3.

Subsequently, we analyzed the expression of several genes known
to be involved in apoptosis. No differences inBcl-2, Bax, Bcl-X,and
c-mycgene expression were observed between PC/V and PC/Y cells
(data not shown).

Mapping of the HMGA1b Region Responsible for Induction of
Apoptosis. To map the HMGA1b regions required for the induction
of apoptotic cell death in PC Cl 3 cells, we used a series of COOH-
terminal deletions of the gene (29, 45). These HMGA1b derivatives
were transiently transfected on the PC Cl 3 cells, and an apoptotic
assay (TUNEL assay) was performed 3 days after. Fig. 8 shows that
deletion of the COOH-terminal tail (pHA-Y/T) did not significantly
impair HMGA1b-induced apoptosis in PC Cl 3 cells. Conversely,
deletion of the last AT-hook domain (pHA-Y1–63) and of the last
AT-hook domain plus the region between the middle and the last basic
domain (pHA-Y1–53), and also replacement of the region spanning aa

Fig. 5. Cdc-2 and cyclin B1 activity in PC/V and PC/Y cells starved (0) and stimulated
with serum and hormones for 24 and 36 h. Endogenous cdc-2 (top) and cyclin B1 (bottom)
were immunoprecipitated from cell lysates and assayed by phosphorylation of histone H1
as described in “Materials and Methods.”

Fig. 4. Expression of cell-cycle regulators in PC/V and PC/Y cells starved (0) and
stimulated with serum and hormones for 6, 12, 18, 24, and 36 h. The expression of each
cell-cycle regulator was determined by Western blot analyses as described in “Materials
and Methods.”
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54–63 with an oligonucleotide coding for different aa (pHA-YmutA),
drastically reduced the apoptotic effect. This region carries two acety-
lation sites: lysine 54, which is preferentially acetylated by CBP, and
lysine 60, which is preferentially acetylated by P/CAF (29). To
determine whether the acetylation sites are important in the apoptotic
process, we examined the apoptotic ability of constructs with specific
mutations in lysines 54 and 60. The single mutant K54A (pHA-YK54)
did not impair apoptosis. Conversely, both the single mutant K60E
(pHA-YK60) and the double mutant K54A-K60E (pHA-YK54,K60)
inhibited the apoptotic effect. These findings suggest that the third
AT-hook domain and/or the P/CAF mediated acetylation of the
HMGA1b protein are involved in the induction of apoptosis in PC Cl 3
cells. Finally, we transiently overexpressed in PC Cl 3 the long HMGA1a
isoform, which has an extra stretch of 11 aa between the first and second
AT-hook domains. As shown in Fig. 8A, HMGA1a exerts similar effects
on the apoptotic phenotype, suggesting that the mechanisms underlying
cell cycle deregulation and apoptosis are the same for both HMGA1
isoforms. A Western blot showing the protein levels of the various
transfected genes and mutants is represented in Fig. 8B.

DISCUSSION

HMGA1 protein overexpression has been detected in neoplastically
transformed cell lines and in human cancer cells originating from a
variety of tissues (15–17, 20, 21, 32, 46). This overexpression is
directly correlated with the cancer stage (23, 47) and plays a key role
in neoplastic transformation (18).

To assess whether theHMGA1 gene exerts a transforming effect,
we transfected the HMGA1b cDNA under the transcriptional control
of the cytomegalovirus promoter in normal rat thyroid cells. Surpris-
ingly, HMGA1b overexpression did not induce thyroid cell transfor-
mation; instead, it deregulated cell growth and induced apoptosis.

Fig. 6. Cell death and apoptosis.A, cell viability
measured by trypan blue exclusion assay. The per-
centage of cell death was calculated as the number
of blue cells/number of total cells3 100.B, DNA
fragmentation in PC/V (Lane 1) and PC/Y cells
(Lanes 2and 3) 7 days after plating.C, flow cy-
tometry of PC/V and PC/Y cells. Thehorizontal
line delimits the sub-G1 cell fraction, which is
representative of apoptotic cells. The percentage of
cells present in this fraction is reported within each
frame.

Fig. 7. Apoptotic mechanisms.A, specific proteolytic cleavage of PARP by activation
of caspase-3 in ectopic HMGA1b-expressing PC Cl 3 cells. Samples (50mg) of cell
lysates were analyzed by Western blot using a specific anti-PARP polyclonal antibody
(Santa Cruz Biotechnology).Lanes 1and2, cell lysates from two PC/V clones;Lanes 3
and 4, cell lysates from two PC/Y clones.g-tubulin expression was also measured to
normalize the amount of protein loaded.B, effect of four caspase inhibitors on HMGA1b-
mediated apoptosis in PC Cl 3 cells. Cells were treated with the specific inhibitor as
described in “Materials and Methods.” Cell viability, evaluated with trypan blue dyeing,
was used to measure the apoptotic effect. z-FA-cho (ZFA) served as a negative control.
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[3H]thymidine incorporation and flow-cytometric analysis demon-
strated that HMGA1b-transfected cells (PC/Y) enter the S-phase com-
partment significantly earlier than untransfected cells, but they have
an abnormally extended G2-M phase. Expression analysis of cyclins
and CDK confirmed these data: the cyclins and CDK involved in the
G1-S transition were expressed earlier, and the expression of the cy-
clinB1/cdc2 complex involved in exit from G2-M was more prolonged in
PC/Y cells than in vector-transfected cells (PC/V). Moreover, cdc-2- and
cyclin B-associated kinase activities peaked 12 h later in PC/Y cells
compared with PC/V cells. Because inactivation of cyclin B/cdc-2 is
necessary for completion of the M phase, these results suggest that PC/Y
cells exit mitosis later than parental PC Cl 3 cells.

Despite the early entry into S-phase, but in agreement with the
prolonged G2-M phase, PC/Y cells grow more slowly than either
PC/V or PC Cl3 cells. We found that apoptotic cell death, assessed
by three techniques, largely accounts for the reduced cell growth
rate of PC/Y cells. In addition, we demonstrate that HMGA1b-
induced apoptosis is associated with PARP cleavage and inhibited
by the cysteine protease inhibitor z-DEVD-cho in a dose-depen-
dent manner, but not inhibited or partially inhibited by Ac-YVAD-
cho and z-VAD-fmk, respectively. The caspase inhibitor z-VAD-
fmk does not inhibit caspase 9, whereas it is very effective in
inhibiting caspase 3 activity (44). Conversely, the z-YVAD-cho
inhibitor is virtually specific in suppressing caspase 1 activity.
Consequently, it appears that the caspase 3 rather than the caspase
1 pathway is involved in the programmed cell death caused by
HMGA1b gene overexpression.

Using deletion mutants, we mapped the regions required for the
apoptotic effect in the third DNA-binding domain and in a region

spanning from aa 54 to aa 63. The latest region carries two
acetylation sites: lysine 54, which is preferentially acetylated by
CBP, and lysine 60, which is preferentially acetylated by P/CAF
(29). Lysine 60 is involved in the induction of apoptosis because
mutation of this lysine impaired HMGA1b-induced apoptosis. In
the context of the humanb-IFN enhanceosome, acetylation of
HMGA1 by CBP, but not by P/CAF, leads to enhanceosome
destabilization and disassembly, turning offIFNb gene expression
(29). It is intriguing to speculate that acetylation of HMGA1b may
modulate the protein’s apoptotic potential, because acetylation of
HMGA1b lysine 60 by P/CAF, similar to acetylation of HMGA1b
lysine 54 by CBP on theb-IFN promoter, might affect its DNA-
binding activity on other promoters or its association with other
transcriptional factors involved in apoptosis. Moreover, we show
that the HMGA1a isoform has a similar apoptotic effect, suggest-
ing that it plays the same role as HMGA1b in cell cycle deregu-
lation and apoptosis in normal rat thyroid cells.

We show that HMGA1 overexpression exerts an opposite effect
on the growth of neoplasticversusnormal cells: it is required for
neoplastic transformation, whereas it induces G2-M delay and
apoptosis in normal cells. This suggests that the cell context plays
an important role in determining whether HMGA overexpression
causes cell proliferation or cell death. In the presence of such
genetic alterations as active oncogene expression or inactivation of
tumor suppressor genes, HMGA1b overexpression may protect
neoplastic cells from apoptosis while exerting the opposite effect
on normal cells. Similar results are reported for other genes,e.g., myc
(48). In serum-deprived cells, myc overexpression induces apoptosis, but

Fig. 8. Mapping of the HMGA1b region in-
volved in apoptosis.A, scheme of HMGA1b mu-
tants used in this study and their respective apo-
ptotic potential in PC Cl 3 cells, indicated by the
percentage of apoptotic cells measured by TUNEL
assay.B, Western blot showing protein expression
levels of the various mutants.
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myc-expressing p532/2, casp92/2, and Apaf-12/2 cells were resist-
ant to apoptosis after growth factor depletion (44).

Apoptosis is thought to be a default pathway in cells receiving
conflicting cell proliferation signals (9, 48). Within this framework,
we speculate that the proliferative input of HMGA1b overexpression,
which allows cells to enter S-phase rapidly, and growth inhibitory
signals from normal cells, which prevent completion of the G2-M
phase, can cause apoptosis.
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