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ABSTRACT

The High Mobility Group A1 proteins (HMGA1) are nonhistone chromatinic proteins with a critical role in
development and cancer. We have recently reported that HMGA1 proteins are able to increase the
expression of spindle assembly checkpoint (SAC) genes, thus impairing SAC function and causing
chromosomal instability in cancer cells. Moreover, we found a significant correlation between HMGA1 and
SAC genes expression in human colon carcinomas. Here, we report that mouse embryonic fibroblasts null
for the Hmgal gene show downregulation of Bub1, Bub1b, Mad2I1 and Ttk SAC genes, and present several

ARTICLE HISTORY
Received 6 July 2015
Revised 5 January 2016
Accepted 20 January 2016

KEYWORDS
Chromosome instability;
HMGA1; SAC

features of chromosomal instability, such as nuclear abnormalities, binucleation, micronuclei and
karyotypic alterations. Interestingky, also MEFs carrying only one impaired Hmgal allele present
karyotypic alterations. These results indicate that HMGA1 proteins regulate SAC genes expression and,

thereby, genomic stability also in embryonic cells.

Introduction

The High Mobility Group A1 (HMGA1) gene codes for 2 pro-
teins, HMGAla and HMGAL1b, through alternative splicing.'
These proteins are nonhistone architectural nuclear factors,
able to bind the minor groove of AT-rich DNA sequences
through 3 “AT-hook” domains. HMGAI1 proteins are abun-
dantly expressed during embryonic development, and at low
levels in normal adult tissues.”> Conversely, HMGA overex-
pression is a feature of malignant neoplasias.*

Impairment of the HMGAI expression causes cardiac
hypertrophy and diabetes, indicating a critical role of these pro-
teins in cardiomyocytic growth regulation® and glucose
metabolism.°

We have recently demonstrated that HMGA1 positively reg-
ulates the transcription of Bubl, Bublb, Mad2ll and Mpsl1/Ttk
genes involved in the spindle assembly checkpoint (SAC) by
binding to their promoters, and that HMGAL1 overexpression
compromises the mitotic checkpoint activity leading to chro-
mosome instability. Moreover, we have reported that human
colon carcinomas and their liver metastasis show high SAC
gene expression that correlates with HMGAL protein levels.”

Here, we have investigated the effects of the lack of HMGAL1
protein on SAC gene expression and genomic stability in
mouse embryonic fibroblasts (MEFs) null for the Hmgal gene.
We found that Hmgal null MEFs present downregulation of
SAC gene expression associated to nuclear abnormalities,
micronuclei, binucleation and aberrant karyotypes.

Results

Bub1, Bub1b, Mad2I1 and Ttk expression is downregulated
in Hmga1~'~ MEFs

We have previously reported that HMGAL proteins bind Bubl,
Bublb, Mad2ll and Ttk promoters and positively regulate their
transcriptional activity in NIH3T3 and colon cancer cells.

Since these genes are involved in the regulation of the cell
cycle8 in MEFs, we have evaluated Bubl, Bublb, Mad2ll and
Ttk expression by QRT-PCR and western blotting in Hmgal™'*
and Hmgal ™'~ MEFs. As shown in Fig. 1A and 1B, all these
genes were significantly downregulated in Hmgal '~ MEFs,
compared to the corresponding wild-type (WT) cells. The res-
toration of Hmgal expression in the Hmgal null MEFs through
the transfection of pcDNA3.1-Hmgalb vector induces a strong
increase in Bubl, Bublb, Mad2ll and Ttk transcript levels, that
was not observed in the same cells transfected with the control
vector (CV) (Fig. 1C).

Therefore, these results indicate that HMGAL1 positively reg-
ulates Bubl, Bublb, Mad2ll and Ttk genes also in MEFs, sug-
gesting that the HMGA1-mediated regulation of these genes
may occur also during embryogenesis.

Hmga1 null MEFs display nuclear abnormalities,
micronuclei and binucleation

It has been previously shown that the deregulation of key SAC
genes, obtained by Mad2ll overexpression or Bublb*'~ mice, is
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Figure 1. HMGA1 modulates Bub1, Bub1b, Mad2!1 and Ttk mRNA expression levels in MEFs. RNA and proteins extracted from Hmgai*’* and Hmgal~'~ MEFs were ana-
lyzed by qRT-PCR for Bub1, Bub1b, Mad2l1 and Ttk expression (A) and by western blotting using the indicated antibodies (B). The actin expression level has been used for
data normalization. gRT-PCR values are mean = SD of a representative experiment performed in triplicate. (C) RNA extracted from Hmga7~'~ MEFs transiently transfected
with empty vector (CV) or pcDNA3.1-Hmga1b expression vector was analyzed by qRT-PCR for Bub1, Bub1b, Mad2I1 and Ttk expression. Values are mean =+ SD of a repre-

sentative experiment performed in triplicate.

often associated with nuclear division or cytokinesis impairment,
resulting in the formation of polyploid cells frequently accompa-
nied by micronuclei.>'° This prompted us to evaluate the presence
of nuclear abnormalities in Hmgal™’~ MEFs examining the
nuclear features of Hmgal™'* and Hmgal '~ MEFs at several cul-
ture passages. At early passage (passage 3; p3), 12.2 £ 2.4 % of the
Hmgal~~ MEFs exhibit binuclear phenotype compared with 2.4
+ 0.56 % of the Hmgal™'" MEFs. These differences were also
observed at later passages (p6) with 13.1 & 2.3% binucleated cells
of the Hmgal™"~ MEFs compared with 4.05 £ 2.73% of the
HmgalI*"™ MEFs (Fig. 2A). In addition, the percentage of cells hav-
ing more than 2 nuclei was elevated in the Hmgal '~ MEFs, with
2.00 &= 0.29% and 4.11 =+ 0.87 at the p3 and p6, respectively, with
respect to the 0.49 + 0.27% and 1.80 & 0.57 % of the Hmgal™'* at
the same passages. Interestingly, we observed also a trend toward a
time-dependent accumulation of cells exhibiting micronucleation
and/or aberrantly-shaped nuclei (ie. bi- and multilobated large
nuclei) that represent typical features of chromosome instability
(indicated as micronucleated and aberrant cells in Fig. 2A). In the
Fig. 2B-C, representative images of Hmgal*'* and Hmgal "~
MEFs at the p3 and p6 are shown. Moreover, as already reported®
and as suggested by the observation of MEFs in culture (Fig. 2C),
we found that the growth rate of Hmgal ™'~ MEFs was much lower
than that of the WT counterpart (Fig. 2D).

To further confirm the correlation between lack of HMGALI
and nuclear abnormalities in MEFs, we examined the nuclear
features of MEFs after HMGAI-silencing. To this aim, MEFs
were transfected with siRNAs targeting the Hmgal gene
(Hmgali cells) or with control siRNA (Ctli cells). Consistently
with the data shown above, HMGA1-silencing reduced SAC
gene expression (Bubl, Bublb, Mad2I1 and Ttk), as shown by
qRT-PCR analysis (Fig. 3A). Then, the immunofluorescence
analysis showed an increased number of binucleated cells
(21%) in the Hmgali in comparison with the Ctli cells (13%)
(Fig. 3B-C).

Overall, these findings strongly support the hypothesis that
the downregulation of key SAC genes observed in HMGAL1
depleted MEFs results in nuclear phenotypes that can be due to
chromosome segregation defects and/or cytokinesis failure
associated to CIN.

Karyotypic alterations in Hmga1~'~ and Hmga ™'~ MEFs

Subsequently, we analyzed the karyotype of Hmgal*'* and
Hmgal™'~ MEFs since the deregulation of one or more SAC
proteins can induce the impairment of checkpoint, thereby
resulting in genomic instability. This analysis has been
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Figure 2. Lack of HMGAT expression induces nuclear abnormalities, micronuclei and binucleation. (A) nga?“'/+ and nga?‘/‘ MEFs were stained with DAPI and anti-
B-tubulin antibody to identify the nuclei and the cytoplasm, respectively. About 1,000 cells per sample were scored for the presence of aberrantly-shaped nuclei, micronu-
clei and for the presence of one or 2 nuclei/cell. The data are represented as mean SD. Differences between Hmga1™'* and Hmga1~/~ are statistically significant: **p <
0.01 for micronucleated, and “p < 0.05 for binucleated cells and aberrant cells, n = 3 independent experiments. (B-C) Representative fields of ngaIJ’/+ and ngal‘/‘
cells at p3 and pé6. Staining with anti-g-tubulin antibody and DAPI (B); brightfield (C). Dashed arrows indicate binucleated cells. Solid arrows indicate micronuclei. Scale
bar, 10 um. (D) Proliferation rate of Hmga1™'* and Hmga1~'~ MEFs at culture passage 3. Cells were plated and counted daily for 7 d. Values represent mean +/— SEM.

conducted on cells at different colture passages since chromo-
somal alterations could accumulate with the round of mitoses.
To analyze the karyotype of the Hmgal™'* and Hmgal '~
MEFs, the cells have been plated on cover-slides, and after
24 hours, they have been incubated with colcemid to arrest
mitosis and then treated as described in Material and methods.
At passage 3 a high percentage (23%) of Hmgal null MEFs

were tetraploid, and a little amount of cells (about 9%) pre-
sented 160 chromosomes, whereas and only 37% showed a nor-
mal karyotype. At p6, we found a higher number of cells (30%)
with 160 chromosomes with respect to p3, whereas the number
of Hmgal~'~ MEFs showing normal karyotype decreased to
25%. Furthermore, about 31% of Hmgal '~ cells shows an
aberrant number of chromosomes not multiple of 40 at
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Figure 3. Down-regulation of HMGA1 by RNAi induces binucleation in MEFs. (A) Control (Ctli) and HMGA1-depleted (HMGA1i) WT MEFs were tested for the expression of
HMGAT1 and SAC genes by gPCR 72 hours post transfection. The actin expression level has been used for data normalization. qRT-PCR values are mean =+ SD of a represen-
tative experiment performed in triplicate. (B) As described in “Materials and Methods” section, after 2 rounds of transfection, Ctli and HMGA1i MEFs were stained with
DAPI and anti-B-tubulin antibody to identify the nuclei and the cytoplasm, respectively. About 1,000 cells per sample were scored for the presence of binucleated cells.
The data are represented as mean =£SD. Differences between Ctli and HMGA1i MEFs are statistically significant for binucleated cells ("p < 0.05). (C) Representative fields
of Ctli and HMGAT1i MEFs, staining with anti-g-tubulin antibody and DAPI. Dashed arrows indicates binucleated cells. Scale bar, 10 um.

passages 3 and 6, with a percentage about 31% at p3 and about
25% at p6. Conversely, WT MEFs showed 8% and 15% of tetra-
ploidy at p3 and p6, respectively, and no cells with aberrant
number of chromosomes (Fig. 4A). Furthermore, we analyzed
the karyotype of the Hmgal*'~ cells, and we observed that 72%
of the heterozygous MEFs showed a normal karyotype, 24% an
aneuploid karyotype and only 4% of these MEFs were tetra-
ploid at p3. At p6, only about 50% of the Hmgal*'~ MEFs pre-
sented normal karyotype, whereas the other cells showed
mostly an aneuploid karyotype (Fig. 4A-B).

In conclusion, Hmgal™'~ and Hmgal*'~ MEFs have a con-
siderable higher percentage of cells with tetraploid and abnor-
mal karyotype compared to Hmgal™'* MEFs, indicating that
HMGA1 complete or partial depletion leads to tetra-/poly-
ploidization and aneuploidization.

Discussion

In this study we report that genetic ablation of Hmgal gene
in MEFs, that physiologically express HMGAI1 protein at
high levels, causes downregulation of Bubl, Bublb, Mad2l1
and Ttk SAC genes. These data are consistent with those

previously published, showing that HMGA1 overexpression
induces SAC gene upregulation in HCT116 and NIH3T3
cells’.

The downregulation of SAC genes observed in HMGA1
null MEFs results in micronucleation and/or aberrantly-
shaped nuclei, that can be due to chromosome segregation
defects and cytokinesis failure, which are common features
of CIN associated to SAC impairment (Fig. 2). These altera-
tions, associated with a considerable higher percentage of
cells with tetraploid and abnormal karyotypes, accumulate
with the round of mitoses, indicating that HMGAI1 deple-
tion induces chromosomal instability (Fig. 4). Interestingly,
karyotypic abnormalities are already present in absence of
only one Hmgal allele. Moreover, in heterozygous MEFs,
these alterations consist mainly in gain or loss of one or
few chromosomes, whereas the homozygous null MEFs
(Hmgal~'~) are characterized by a higher grade of poly-
ploidy. The high percentage of polyploidy in Hmgal '~
MEFs suggests that HMGA1 may play an important role in
the maintainance of genomic stability, not only regulating
SAC genes expression, but also through other mechanisms,
such as the control of cytokinesis.
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Figure 4. Lack of HMGA1 expression induces karyotypic alterations. (A) The graph shows the percentages of Hmga1™'*, Hmga1*'~ and Hmga1~"~ MEFs with the indi-
cated chromosome number at two different culture passages (p3 and p6). The number of analyzed metaphases for each sample has been indicated. (B) Representative

images of karyotypes of indicated MEFs with different chromosome number.

The presence of chromosomal abnormalities in Hmgal null
MEFs could seem in contrast with the viability of the
Hmgal™'~ mice. However, it is likely that the presence of
chromosomal abnormalities becomes more evident in vitro
than in vivo, where they could be compensated by some
unknown mechanisms. Moreover, we can also hypothesize
that Hmgal ™/~ MEFs accumulate less aneuploidy in vivo
because they undergo a lower number of proliferation rounds.

Therefore, these results confirm a critical role of the HMGA1
proteins in regulating the expression of SAC genes, and the role
of these genes in regulating chromosomal stability. Consistently,
it has been reported that mice carrying conditional Bubl muta-
tion develop severe defects ranging from early lethality to tumor-
igenesis."" It has also been demonstrated that the SAC works
only when all its components are expressed at “optimal” levels.
In fact, there are many evidences that either an upregulation or
downregulation of one or more SAC genes, that frequently occur
in cancer cells, may impair the checkpoint and cause CIN, thus
playing an important role in cancer progression.'>'* Moreover,
SAC gene de-regulation has been related also to chemoresistance
to anti-microtubule drugs in several cancer types.”’ >

In conclusion, the results reported here and in our previous
study’ suggest that HMGALI regulating SAC genes expression
contributes to the maintainance of genomic stability in embryonic

cells, whereas its overexpression, a feature of malignant neopla-
sias, contributes to cancer progression, inducing chromosomal
instability that eventually leads to a more advanced cancer status.

Materials and methods
Cell cultures, transfections and plasmids

MEFs were cultured in DMEM with 10% FBS, L-glutamine, and
antibiotics (Invitrogen, Carlsbad, CA). The restoration of
Hmgal expression in the Hmgal '~ MEFs was obtained with
the transfection of pcDNA3.1-Hmgalb vector using the
NeonTM Transfection System. Cells were electroporated under
the following conditions: Pulse voltage (v): 1350, Pulse Width
(ms): 30, Pulse number: 1. RNA interference was obtained by
HMGAI1-specific mix of 3 different siRNAs [Qiagen
Mm_HMGA1_2, Mm_HMGA1_3, Mm_HMGA1_6
(5102672901, SI02693201, SI05380921)] using Lipofectamine
RNAi MAX (Invitrogen), according to manufacturer’s instruc-
tions. Qiagen AllStars control siRNA (SI03650318) was used as
negative control. 72 hours post the first round of transfection,
cells were collected, re-plated and re-transfected as above
described. 48 hours after the second round of transfection, cells
were analyzed by immunofluorescence.



Growth curve

MEFs were plated in triplicate in a series of 6-cm culture dishes
and counted daily with a cell counter for 7 consecutive days to
perform growth curves. The values represent means +/—SEM.

Protein extraction, western blotting, and antibodies

Cells were lysed in lysis buffer containing 1% NP40, 1 mM
EDTA, 50 mM Tris-HCI (pH 7.5) and 150 mM NaCl, supple-
mented with complete protease inhibitors mixture (Roche
Branford, CT, USA). Total proteins were separated by SDS-
polyacrylamide gel electrophoresis and transferred to nitrocel-
lulose membranes (Amersham, Rainham, UK) by elettroblot-
ting.** Membranes were blocked with 5% non-fat dry milk and
incubated with antibodies anti-actin (sc-1616, Santa Cruz Bio-
technology), anti-HMGA1,% anti-BUBRI1 (612503, BD Trans-
duction Laboratories), anti-MAD2 (610678, Transduction
Laboratories).

MEF isolation and genotyping

All mice were maintained under standardized non-barrier con-
ditions in the animal facility of DMMBM, and all studies were
conducted in accordance with Italian regulations for experi-
mentations on animals. MEFs have been isolated from 12.5 d.p.
c. embryos. After head removing, embryos have been washed
with PBS, incubated in trypsin 1% (Sigma) for 10 minutes at
RT, pelletted and then resuspended in DMEM. MEFs have
been genotyped for HMGAL1 by PCR analysis with the follow-
ing primers:

HMGA1-Fw 5'-AGAGACAAGAATGGGAGAGC-3

HMGA1wt-Re 5-TGTTACTAGGACCCTCATGG-3'

HMGA1KO-Re 5-TAAAGCGACTGCTCCAGACT-3'

The wild-type allele is amplified using HMGA1-Fw +
HMGA1wt-Re primers, while the knock-out allele is amplified
using HMGA1-Fw + HMGA1KO-Re primers.

RNA extraction and quantitative Real Time PCR (qQRT-PCR)

Total RNA was isolated using TRI-reagent solution (Sigma, St
Louis, MO, USA) and treated with DNase (Invitrogen). Reverse
transcription was performed according to standard procedures
(Qiagen, Valencia, CA). qRT-PCR analysis for Bubl, Bublb,
Mad2l1, and Ttk was performed using the Power SYBR Green
PCR Master Mix (Applied Biosystems) according to manufac-
ters’s instructions with following primer sequences:
mouseBubl-Fw 5'- CAAGGACCTTCCTGCTTCTG-3'
mouseBubl-Re5'-GACTTGGACCCCTCAATTCC-3’
mouseBublb-Fw5 -GCCAGATTGCAGATTGCTTC-3
mouseBublb-Re 5-GGACAGATGGAACAGGACAG-3'
mouseTtk-Fw 5-ATATGGCCCCAGAAGCAATC-3
mouseTtk-Re 5'-CCCCAAGGACCAGACATCAC-3'
mouseMad2l1-Fw 5-AGAAACTGGTGGTGGTCATC-3'
mouseMad2l1-Re 5-CGAACACCTTCCTCTTTTGC-3'
mouseHmgal-Fw 5'-CAAGACCCGGGAAAGTCA-3
mouseHmgal-Re 5-CAGAGGACTCCTGGGAGATG-3’
mouseActin-Fw 5'-CTAAGGCCAACCGTGAAAAG-3'
mouseActin-Re 5'-ACCAGAGGCATACAGGGACA-3

CELLCYCLE (&) 817

To calculate the relative expression levels we used the 2-
AACT method.*® Primers specific for the actin were used for
normalization of Real-Time quantitative PCR data.

Karyotype analysis

Cells have been plated on cover-slides and, after 24 hours, they
have been treated as previously described.”” Metaphase spreads
have been stained with Giemsa (Sigma) according to standard
procedures. 100 metaphases from wild-type MEFs at passages 3
and 6 were analyzed; 170 metaphases and 40 metaphases from
Hmgal null MEFs were analyzed at passages 3 and 6, respec-
tively; 57 metaphases and 88 metaphases from Hmgal hetero-
zygous MEFs were analyzed at passages 3 and 6, respectively.
Slides were hybridized by spectral karyotyping. Images were
acquired with Mac Ktype 5.6 on Olympus BX61 microscope
with a Zeiss optical filter (magnification 100X).

Immunofluorescence

Cells plated on cover-slides in 12 wells plates were fixed in 4%
formaldehyde in PBS and permeabilized in a solution of 0.25%
Triton X-100 in PBS. To analyze the percentage of mono-, bi-,
multi- and micro-nucleated cells immunofluorescence was per-
formed with anti A—tubulin antibody conjugated to CY3
(Sigma) and stained with DAPI to identify the cytoplasm and
the nuclei, respectively. Cells were observed with a fluorescent
microscope (Zeiss, magnification 63X or 100X).

Statistical analysis

Student’s t-test was used to determine the significance for all
the quantitative experiments. Error bars represent the standard
deviation (SD) of the average.

Abbreviations

Bubl budding uninhibited by benzimidazoles 1
CIN chromosome instability

HMGA1 high mobility group Al

MEF mouse embryo fibroblasts

Mad2ll  mitotic arrest deficient-like 1

SAC spindle assembly checkpoint
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