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Abstract

The HMGA1 architectural transcription factor is an oncogene overexpressed in the vast
majority of human cancers. HMGA1 is a highly connected node in the nuclear molecular
network and the key aspect of HMGA1 involvement in cancer development is that HMGA1
simultaneously confers cells multiple oncogenic hits, ranging from global chromatin struc-
tural and gene expression modifications up to the direct functional alterations of key cellular
proteins. Interestingly, HMGA1 also modulates DNA damage repair pathways. In this work,
we provide evidences linking HMGA1 with Non-Homologous End Joining DNA repair. We
show that HMGA1 is in complex with and is a substrate for DNA-PK. HMGA1 enhances
Ligase IV activity and it counteracts the repressive histone H1 activity towards DNA ends
ligation. Moreover, breast cancer cells overexpressing HMGA1 show a faster recovery
upon induction of DNA double-strand breaks, which is associated with a higher survival.
These data suggest that resistance to DNA-damaging agents in cancer cells could be par-
tially attributed to HMGA1 overexpression thus highlighting the relevance of considering
HMGAT1 expression levels in the selection of valuable and effective pharmacological
regimens.

Introduction

The unrestricted accumulation of DNA damages is one of the major driving causes leading to
genomic instability and, as a direct consequence, to neoplastic transformation and cancer
development. To counteract this, cells have evolved multiple checkpoints and pathways in
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order to rapidly sense DNA damages and provide efficient repair mechanisms [1]. However,
there are several pathological conditions in which key repair system components are impaired
leading to accumulation of DNA damages and cancer predisposition. Examples are the Bloom
and Werner syndromes whose patients are defective in the BLM and WRN helicase genes,
respectively [2].

The High Mobility Group A proteins HMGA1 (with the two splicing variants HMGAla
and HMGA1Db) and the highly related HMGAZ2, are a family of chromatin factors playing
essential physiological functions during embryonic development and, in a restricted manner,
also in some differentiated adult tissues. Indeed, HMGA are highly expressed during embryo-
genesis [3] and the interference with their expression during this process has profound pheno-
typic effects [4, 5]. The expression levels of HMGA proteins in differentiated cells are very low
if not almost undetectable. Nonetheless, they perform essential functions, one of the most strik-
ing examples being their role in the expression of the insulin receptor [6]. In addition to their
physiological role, HMGA are highly expressed when cells undergo neoplastic transformation
and there are several experimental evidences that clearly support a causal role of HMGA in
cancer development [7]. HMGA proteins are architectural chromatin transcription factors
that, through their ability of interacting with both proteins and DNA, can modulate chromatin
structure and organize stereospecific macromolecular complexes having a profound impact on
gene expression [8]. Indeed, many of the HMGA oncogenic activities have been explained
through gene transcription regulatory mechanisms. For example, HMGA proteins bind p53
impairing its transcriptional activity [9], enhance cell cycle progression modulating the tran-
scription of cyclin A [10], increase cell motility regulating the transcription of cyclin E2 [11,
12], and interact with pRB displacing HDACI1 from the pRB/E2F1 complex hence promoting
E2F1 activation [13].

Among their various oncogenic activities, HMGA proteins play a role in DNA repair.
HMGAL1 protein expression level correlates with the onset of chromosomal rearrangements.
Initially, this effect was associated to the peculiar organizing activity of HMGA1 towards chro-
matin structure [14]. However, HMGA1 has recently been shown to interfere with the Nucleo-
tide Excision Repair (NER) pathway. This effect has been partially explained with a direct
interference of DNA-bound HMGA1 with the recruiting of NER repair factors [15, 16] and
with a direct downregulation of the expression of the Xeroderma Pigmentosum Group A pro-
tein, one of the NER DNA damage repair system key factors [17]. In addition, HMGA?2 inter-
feres with the NER pathway, downregulating the expression of the excision repair cross-
complementing rodent repair deficiency, complementation group 1 protein by binding to the
regulatory sequences of this gene [18]. Moreover, HMGA1 was shown to be involved in the
downregulation of the Breast Cancer Gene 1 (BRCA1) adding a further negative hit to the
functionality of the NER pathway [19]. In agreement with its proposed role in DNA repair,
HMGAL1 overexpression leads to a sensitization to DNA damaging drugs, such as cisplatin or
bleomycin [20].

Recent studies point to an additional role of HMGA in double-strand break (DSB) repair.
DSBs are among the most dangerous forms of DNA lesions because they can lead to gross
DNA chromosomal rearrangements with drastic effects on cell phenotype [21]. For this reason,
distinct DNA repair pathways have been evolved to cope with DSBs, including the error-free
homologous recombination (HR) and the error-prone non-homologous end joining (NHE])
pathways [21]. HMGA proteins have been linked with two of the key factors involved in DSBs
surveillance and repair, ATM (Ataxia Telangiectasia Mutated) and DNA-PK (DNA-dependent
Protein Kinase). These two factors belong to the Phosphatidylinositol 3-kinase-related kinases
(PIKKs) family and orchestrate, through their activity, the onset of DSB damage responses
[22]. HMGA1 was found to be in complex with ATM in vivo and to be specifically
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phosphorylated by this kinase [23]. Moreover, HMGA1 overexpressing cells display a
decreased survival following IR treatment, suggesting a negative modulatory role for HMGA1
in DSB repair [23]. In agreement with these data, HMGA?2 overexpressing cells display an
increase in basal level of y-H2AX and they are more sensitive to DSBs damage, such as X-ray
and cisplatin [24]. A clear connection of HMGA?2 with the NHE] comes from the observation
that the presence of HMGA? alters the proper phosphorylation-mediated activation of
DNA-PK, leading to a sustained persistence of DNA-PK at DSB sites [25]. These events have
been linked to an increase of basal phosphorylation of H2AX and a delayed clearance of the
same from DSB sites. Moreover, HMGA?2 overexpression was shown to cause an increased
genomic instability with a more pronounced accumulation of spontaneous chromosome aber-
rations [25]. However, a molecular mechanism involving HMGA proteins in DSBs repair is
still missing.

In this work we show that HMGAL is associated with the macromolecular complex involved
in NHE] that is formed by the key holoenzyme DNA-PK (Ku70/Ku80/DNA-PKcs) and several
associated co-factors, among which Ligase IV and XRCC4. We demonstrate that HMGAla
and HMGAZ2 proteins are in vitro substrates for DNA-PK and identify their phosphorylation
sites. Importantly, we show that HMGA 1a enhances the activity of Ligase IV and that high lev-
els of expression of HMGA1 protects breast cancer cells from a DSB genotoxic insult favouring
the clearance of DSBs and cell survival.

Results

HMGA1a forms a complex with the NHEJ machinery and is a substrate
for DNA-PK

In vitro proteomic screenings, previously performed in our laboratory, brought to light that
HMGA architectural transcription factors are direct molecular partners of Ku80 and Ku70 fac-
tors [26, 27]. In order to deepen these findings we performed co-immunoprecipitations to
assess whether HMGAL interacts with these proteins in vivo as well. Etidium Bromide (EtBr)
was included in order to evaluate whether the interactions were direct or DNA-dependent. Fig
1A shows that HMGAL is able to associate with Ku70 and Ku80 (lane 4) and that the complex
is still present, albeit at lower levels, when EtBr is included in the lysates (lane 5) suggesting
that the association is dependent on protein-protein interaction although the presence of DNA
could increase the amount of the complex formed. We then asked whether HMGA1 could
associate also with other two members of the NHE] machinery, i.e. Ligase IV and DNA-PKcs.
Vectors expressing HMGA 1a in fusion with MBP (Maltose Binding Protein, MBP-Ala) or
MBP alone, as a negative control, were transfected in HEK 293T cells and soluble protein com-
plexes were purified by affinity chromatography using amylose resin (Co-AP). HMGA1la
bound proteins were SDS-PAGE and western blot analyzed using antibodies specific for Ligase
IV and DNA-PKcs together with Ku70 and Ku80 that were included as controls. Fig 1B shows
that all the analyzed proteins were efficiently co-purified together with MBP-HMGA 1a (lane
2) but not with MBP alone (lane 4).

DNA-PK phosphorylates a plethora of substrates, most of which are involved in the DNA
damage response. Thus, in order to provide additional evidence that HMGA1 could associate
with the NHE] complex, we tested whether HMGA 1a could be a DNA-PK substrate. There are
three DNA-PK canonical SQ consensus sites within HMGA 1la sequence (S8Q, S43Q, and
S98Q). We performed in vitro phosphorylation assays using recombinant HMGA 1a, commer-
cially available DNA-PK purified from HeLa cells, and radiolabeled [y->*P] ATP (Fig 1C). The
autoradiography of phosphorylated HMGA la protein separated by SDS-PAGE clearly showed
the incorporation of >*P in HMGA la after 0.5 or 16 hours of phosphorylation (lanes 3 and 4,
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Fig 1. HMGA1a associate with the NHEJ DNA repair protein machinery and is a DNA-PK substrate. A. Co-immunoprecipitation (Co-IP)
assay of endogenous HMGA1, Ku70, and Ku80 proteins on MDA-MB-231 cells in the presence of absence of Ethidium Bromide (EtBr). Cell
lysates were immunoprecipitated with a-HMGA1. The cell lysates (input) and immunoprecipitates were analyzed by immunoblotting with
antibodies as indicated. B. HMGA1a fused to MBP (MBP-A1a) or the MBP alone were produced by transient transfection in HEK 293T cells.
Cellular lysates (input, lanes 1 and 3) were incubated with amylose resin and affinity captured MBP-HMGA1a and MBP proteins recovered.
Bound proteins were eluted by SDS sample buffer, separated by SDS-PAGE (T = 10%), and analyzed by western blot using antibodies specific
for Ku70, Ku80 (after Ku70 recognition), Ligase IV, and the catalytic subunit of DNA-PK, DNA-PKcs. C. Recombinant HMGA1a protein was
subjected to a phosphorylation assay in presence of [y->P] ATP with DNA-PK for 0.5 and 16 h (lanes 3 and 4, respectively) and CK2 for 16 h
(lane 1). D. Recombinant HMGA1a was subjected to a phosphorylation assay for 16 h with a complete DNA-PK reaction mix (lane 1), without
activating DNA (lane 3), or without DNA-PK itself (lane 5). E. Time course phosphorylation assay (0.25, 0.5, 1, and 2 hours) performed with
recombinant HMGA1a in the presence (lanes 1, 3, 5, and 7) or absence (lanes 2, 4, 6, and 8) of a specific DNA-PK inhibitor (NU7441-50 nM).
Phosphorylated proteins were separated by SDS-PAGE (T = 15%) and *2P incorporation visualized by autoradiography. Protein molecular
markers (kDa) are indicated on the right.

doi:10.1371/journal.pone.0164258.9001

respectively). Phosphorylation performed with casein kinase two (CK2, lane 1), whichis a
well-known kinase that phosphorylates HMGA proteins, was used as a positive control [28,
29]. Since DNA-PK activity depends on the presence of DNA, as a control we evaluated
whether DNA-PK was able to phosphorylate HMGA 1a in its absence. Our results showed that
this is not the case as the omission of DNA caused a strong decrease of phosphate incorporation
(Fig 1D, compare lane 3 with lane 1). Moreover, a phosphorylation reaction performed in the
presence of DNA but in the absence of DNA-PK showed that HMGA 1a modifying kinases are
not co-purified with the DNA used to activate DNA-PK (Fig 1D, lane 5). As a further control of
DNA-PK activity towards HMGA 1a we performed a time course phosphorylation experiment
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using NU7441, a potent DNA-PK inhibitor [30]. The inhibitor specifically abrogated HMGA1la
phosphorylation by DNA-PK (Fig 1E, compare lanes 1, 3, 5, and 7 with lanes 2, 4, 6, and 8,
respectively). Collectively, these experiments clearly show that HMGAla is a bona fide DNA-PK
substrate.

Next, we performed LC-MS and LC-MS/MS analyses to obtain more precise information
on the modified sites. HMGA?2 was also previously shown to play a role in modulating the
DNA-PK mediated response following DNA damage [25]; thus we sought to test whether
HMGA?2 is a DNA-PK substrate as well. HMGA1a has three DNA-PK canonical consensus
sites (S8Q, $43Q, and S98Q) and HMGAZ2 has only one, located on its C-terminal tail (S101Q).
We performed phosphorylation assays using full-length and truncated HMGA la and HMGA2
forms, in which single consensus sites for DNA-PK are lacking (Fig 2). In the reconstructed
mass spectra (Molecular Mass vs. Relative Intensity (%)) of Fig 2, panels A-C showed that full-
length HMGA 1a was mainly mono-phosphorylated (1P) and also the other two truncated
forms of HMGA la appear to be in the same phosphorylation status. A minor fraction of
HMGA 1a forms was also bi-phosphorylated (2P). On the other hand, reconstructed mass spec-
tra of HMGA?2 forms (Fig 2D and 2E) showed that full-length HMGA?2 was completely mono-
phosphorylated and its C-terminal truncated form was unmodified. Given that the phosphory-
lation status of all HMGA1a forms is the same, we hypothesized that the major phosphoryla-
tion site was within the 34-89 region. The presence of bi-phosphorylated forms suggests that
HMGA 1a can be phosphorylated at multiple sites, although with a lower efficiency. Data
regarding HMGA?2 unambiguously showed that the phosphorylation site was located on the
acidic C-terminal tail. These conclusions are enforced by LC-MS/MS analyses performed on
tryptic peptides obtained from full-length (FL) and truncated HMGA forms (Fig 2A1-2C1
(HMGA1a) and Fig 2D1 and 2E1 (HMGA?2), and S1 MS Data File). These analyses, which
exploit the phosphorylation site assignment by the Mascot software, strongly suggest that the
major phosphorylation sites on HMGAla is S43Q and that HMGA?2 is phosphorylated at the
level of S101Q. In order to provide additional evidences that the phosphorylation sites are
those indicated by Mascot, we compared mass/charge (m/z) relative intensities of each phos-
phorylated peptide detected in our analyses (red bars) with those of unmodified counterparts
(blue bars) (Fig 2, panels A1-C1 (HMGA1a) and panels D1 and E1 (HMGA2), and S1 MS
Data File). In the case of HMGA1a, only those phosphorylated peptides containing the phos-
phorylated S43Q consensus site have higher m/z intensities with respect to their unphosphory-
lated forms. As concern HMGAZ2, the C-terminal peptide phosphorylated at S101Q is the only
peptide with a higher intensity of the phosphorylated form.

HMGA1a enhances the activity of Ligase IV

Results reported above show that HMGA 1a could be associated with the NHE] complex to
which participates also Ligase IV. Since the final step of NHE] is ligation of the DNA broken
ends by Ligase IV assisted by XRCC4 (usually referred to as LX complex) we tested whether
HMGA 1a could influence LX activity. In vitro end-joining (ligase) assays demonstrated that
when the DNA is pre-incubated with HMGA la and then LX is added, HMGA 1a stimulates the
ligation activity of Ligase IV (Fig 3) especially at lower LX concentrations (compare lanes 2, 3,
and 4 with lanes 7, 8, and 9).

HMGAL1 is known to compete with histone H1 for DNA binding [31] and histone H1
has a dual activity with respect to DNA ligation efficiency. At low concentrations it
enhances Ligase IV activity by aiding in the bridging of DNA ends [32]. Conversely, at
higher concentrations histone H1 acts as an occluding factor promoting the formation of
aggregates and inhibits Ligase IV activity [33]. Thus, we tested whether HMGA 1a/histone
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Fig 2. HMGA1a and HMGA2 are phosphorylated by DNA-PK. Different recombinant HMIGA1a protein forms (full-length (FL),
1-89, and 34-106) and HMGA2 protein forms (full-length (FL) and 1-93) were phosphorylated by DNA-PK for 16 h and analyzed by
LC-MS. Reconstructed mass spectra of the phosphorylated proteins are reported in panels A-E; P indicates the phosphate group.
Each protein form was digested by trypsin and peptides analyzed by LC-MS/MS. For each HMGA form (panels A1-E1), a schematic
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view reports the mass/charge (m/z) relative intensity of phosphorylated peptides (red bars) in comparison with their unmodified
counterparts (blue bars). The identities of these peptides (given by first and last aminoacid residue), together with their modified S/T
residues, are indicated. A schematic representation of the various HMGA1a forms allows to map the phosphorylation sites with
respect to HMGA functional domains (AT-hook: DNA-binding domain; Splicing region: the aminoacid region lacking in HMGA1b
splicing isoform; P/P interaction: protein/protein interaction domain; Acidic tail: acidic C-terminal tail).

doi:10.1371/journal.pone.0164258.9002
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length were separated in an agarose gel. Lanes 1 and 12 show DNA or DNA/HMGA1a alone as controls,
respectively. The figure shows a representative ligation assay. B. Quantification of ligation assay shown in A.
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H1 DNA binding competition could relieve the histone H1 occluding effect. We repro-
duced the experimental conditions adopted to detect an inhibitory role of histone H1 ver-
sus Ligase IV activity [32, 33] and tested the effect of HMGAla under these conditions.
Results showed that HMGA1a was able to relieve the inhibitory effect of histone H1
towards Ligase IV activity (Fig 4).

HMGA1 enhances the recovery from DSB and the survival capacity of
DSB-damaged cells

To test in vivo the effect of HMGA1 on the DSB repair, we used the low HMGA1-expressing
breast cancer MCF?7 cells stably transfected with a plasmid expressing a HA-tagged HMGA la
(MCF7_HMGA 1a) and control cells transfected with the empty vector (MCF7_CTRL) (S1 Fig,
panel A). FACS analyses showed that wild type MCF7, MCF7_CTRL, and MCF7_HMGA1la
cells were mainly present in the G0/G1 phase of the cell cycle (>70%) (S1 Fig, panel B), thus
indicating that when treated with DSB inducing agents, these cells would repair DNA damage
mainly by NHE] and not by HR. The DNA damage response (DDR) kinetics is usually visual-
ized by the appearance of y-H2AX foci and measured by H2AX phosphorylation levels. We
treated MCF7_HMGA 1la and MCF7_CTRL with doxorubicin, ascertained the appearance of
v-H2AX foci (Fig 5A) and semi-quantitatively followed the recovery of y-H2AX in a time
course experiment by western blot analyses (Fig 5B and 5C). The results clearly indicate that
MCF7_CTRL cells had a prolonged presence of y-H2AX while in MCF7_HMGA 1a cells
H2AX phosphorylation was promptly recovered, being the H2AX phosphorylation level of
MCF7_HMGA1a cells at 8 hours significantly lower than that of the MCF7_CTRL cells.

To see whether the HMGA1-linked rapid disappearance of y-H2AX corresponds to a lower
presence of DSBs, we compared the DNA integrity of MCF7_CTRL cells and MCF7_HMGA1a
cells after DNA damage induction by neutral comet assay that allow detection of DSBs. In addi-
tion, to have more robust data, we used also a highly expressing HMGA breast cancer cell
line, MDA-MB-231, that has been silenced for HMGA1 expression through shRNA
(MDA-MB-231_shA1_3; [11] and S1 Fig panel C). Fig 6A shows that at 3 hours after doxoru-
bicin removal, MDA-MB-231 cells silenced for HMGA1 expression (MDA-MB-231_shA1l_3)
recover significantly slower than control cells (MDA-MB-231_shCTRL), as assessed by the
higher mean tail moment measured with the comet assay. Fig 6B shows the mirror experiment
performed with MCF7_CTRL and MCF7_HMGA 1a cells. HMGA1a overexpressing cells
show, at both time points after doxorubicin removal, a lower—albeit not statistically significant
—tail moment with respect to control cells. Altogether these data suggest an increased DSB
repair capability in HMGA1 expressing cells.

The presence of unrepaired DNA is incompatible with cell survival. To evaluate whether
HMGAL expression could provide cells with a survival advantage towards DNA damaging
agents, we treated both MDA-MB-231_shCTRL and MDA-MB-231_shA1_3 cells (HMGAL1
silencing condition) (Fig 7A) and MCF7_CTRL and MCF7_HMGA 1a cells (HMGA 1a overex-
pression condition) (Fig 7B) with doxorubicin and evaluated their survival rate by colony for-
mation assay. In agreement with the comet assay, HMGA1 expression is significantly linked to
a higher rate of cell survival (Fig 7A and 7B).

Discussion

DNA damage routinely occurs within the chromatin context and various repair mechanisms
have to deal with the fact that DNA is not freely accessible. Most of the DNA is tightly wrapped
around core histone octamers forming nucleosomes that are further compacted by histone
H1-mediated higher order structures. Among the various proteins participating in chromatin
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Fig 4. HMGA1a counteracts the repressive role of histone H1 with respect to Ligase IV/XRCC4 activity. A.
DNA ligation was assayed using fixed amount of Ligase IV/XRCC4 (1.2 pmoles) and increasing quantities of
histone H1 (0.1, 0.2, 0.4, 0.8, 1.2, and 2.4 pmoles, lanes 3-8). The unligated DNA substrate is shown in lane 1
and the activity of Ligase IV/XRCC4 alone is shown in lane 10. B. DNA ligation was assayed using fixed amount
of Ligase IV/XRCC4 and histone H1 (1.2 and 2.4 pmoles, respectively) and increasing amounts of HMGA1a (0.2,
0.4,0.6,0.8,1.0,1.2, 2.4, and 4.8 pmoles, lanes 5-12). The unligated DNA substrate is shownin lane 1, the
Ligase IV/XRCC4 activity in the presence of histone H1 (2.4 pmoles) is shown in lane 3, and the Ligase IV/
XRCC4 alone is shown in lane 10. The figure shows representative ligation assays.

doi:10.1371/journal.pone.0164258.9g004

organization, HMGA (High Mobility Group A) proteins play a pivotal role in conferring plas-
ticity to chromatin affecting DNA structure dynamics [34, 35].
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Nikon Eclipse E800 epifluorescence microscope with a 40X objective coupled with a Nikon DXM1200
camera. The mean number of foci/nuclei after doxorubicin tretment is 20.0 and 20.6 for MCF7_CTRL and
MCF7_HMGA1a, respectively. Nuclei were manually counted while foci were counted using ImageJ after
applying the same threshold for all images, then using the Analyze Particles tool. B. Western blot analyses
showing y-H2AX and H2AX expression levels in MCF7_CTRL and MCF7_HMGA1a cells. Cells were treated
with 1 pM doxorubicin for 2 hours and lysates were collected at different time points after treatment removal
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(not treated—NT and 2, 4, and 8 hours after treatment). Actin was used as an internal normalization. Protein
molecular markers (kDa) are shown on the left. C. Graph showing the quantitative evaluation of y-H2AX
induction following the doxorubicin treatment described in B. The reported points are the mean percentage
value of four independent experiments + SD. For each time point, y-H2AX percentage (%) of intensity (based
on densitometric analysis of western blot data) is calculated with the following criteria: (y-H2AX/H2AX / y-
H2AXn1/H2AXNT) X 100, P value: * <0.05.

doi:10.1371/journal.pone.0164258.9g005

HMGA proteins have a plethora of interacting partners and, adopting different protein/
protein interaction discovery approaches, we were able to evidence the interaction of HMGA
with the DNA binding subunits of DNA-PK, i.e. Ku70 and Ku80 [26, 27]. In this work, we
provide evidence that HMGA1 could associate in vivo with the NHE] complex. DNA-PK
assembles onto the DNA ends of double-strand breaks, phosphorylates several factors
involved in the DNA repair process, but the functional consequences of all these phosphory-
lation events are not fully understood [36]. As an additional proof that HMGA1a associates
with the NHE] complex, we were able to show that HMGA proteins (both HMGA1la and
HMGAZ2) are in vitro DNA-PK substrates. Our data are in line with previous work showing
that HMGA1 and HMGA?2 interact with and are substrates for the other two PIKKs involved
in DNA repair, i.e. ATM (HMGA1b: interaction and substrate) and ATR (HMGAZ2: interac-
tion) [23, 37]. Further evidence supporting the idea that HMGA have a functional relation-
ship with the NHE] machinery comes from mass spectrometry analysis of the commercially
available DNA-PK that we used in our experiments. The DNA-PK that we used in our in
vitro phosphorylation assays is purified from HeLa cells by means of several chro-
matographic steps performed in native conditions to preserve the enzymatic activity. We
analyzed DNA-PK by means of mass spectrometry performing a tryptic digestion and LC-
MS/MS analysis (data reported in S1 MS Data File). In addition of identifying DNA-PKcs,
we identified one of its co-factors (i.e. XRCC6 -Ku70) and, very interestingly, we detected
also several members associated with DNA-PK, both as substrates and interactors, i.e. his-
tone H1, heterogeneous nuclear ribonucleoprotein A1, non-POU domain-containing
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Fig 6. HMGA1 expression lowers the presence of DNA double-strands breaks. A. Quantitative evaluation of neutral comet assays
performed on MDA-MB-231_shCTRL and MDA-MB-231_shA1_3 (A) and MCF7_CTRL and MCF7_HMGA1a cells (B) treated with
doxorubicin (Dox) for 2 hours and left recover DNA damage for 3 and 5 hours. Not treated cells (NT). Box plot showed the tail moment. P
value: ** <0.01.

doi:10.1371/journal.pone.0164258.9006
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Fig 7. HMGA1 confers breast cancer cells a survival advantage with respect to DNA damaging agents. A. Colony formation
assay performed on MDA-MB-231_shCTRL and MDA-MB-231_shA1_3 cells (A) and MCF7_CTRL and MCF7_HMGA1a cells (B).
Cells were treated with doxorubicin (Dox) to induce DNA damage (not treated—NT), then left to grow, fixed, stained with 0.5% crystal
violet, and counted. In the upper panel is shown the representative images of the colony assay, in the lower panel is shown the
quantification of the colony formation assay as the mean number of colonies/cm? + SD (n = 4). P value: ** < 0.01; *** < 0.001.

doi:10.1371/journal.pone.0164258.9007

octamer-binding protein, splicing factor, proline- and glutamine-rich and, notably, HMGA2
itself (references reported in S1 MS Data File).

What could be the function of HMGA1 within the DNA-PK complex? We focused on
Ligase IV and investigated whether HMGA 1a could influence Ligase IV activity. Our in vitro
ligation assays suggested that HMGA 1a, when pre-bound to DNA, could enhance Ligase IV
activity. We speculate that the multiple DNA binding domains of HMGA 1a could tether
together AT-rich DNA extremities thus favouring DNA joining. We are aware that this Ligase
IV enhancing activity is similar to that described for HMGB proteins [38-41], with the peculiar
difference that being HMGA proteins expression specifically associated with embryonic devel-
opment and neoplastic transformation their contribution could be specific and relevant in
these phases. It is worthwhile to evidence that our in vitro phosphorylation assays performed
with purified DNA-PK suggest that the HMGA 1a protein could enhance the autophosphoryla-
tion activity of DNA-PK (S2 Fig).

The idea that HMGA1a is involved in modulating the Ligase IV end joining efficiency s fur-
ther corroborated by experiments performed in the presence of histone H1 at concentrations
inhibiting Ligase IV activity. HMGA1 is a well-known and very efficient histone H1 DNA-
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binding competitor [31] and we showed that HMGA 1a efficiently counteracts the repressive
role of H1 with respect to Ligase I'V.

Based on these in vitro observations, we hypothesized that the expression of HMGAla
should provide cells an enhanced DNA DSBs recovery pathway. To this end, we treated two
breast cancer cell models, one that overexpress HMGA1a and the other where the expression
of HMGAL has been silenced, with doxorubicin, a DSB inducer and one of the most effective
agents for the treatment of breast cancer patients whose efficacy, however, is often compro-
mised by resistance development [42, 43]. Accordingly with in vitro data, HMGA1 expressing
cells have a faster DNA damage recovery kinetics, a less extent of DSBs, and more importantly,
their survival rate is enhanced with respect to control cells.

As remarked in the introduction, there are several studies demonstrating a role for HMGA
proteins in the modulation of DNA damage response systems [15-20, 23-25, 37, 44-47] and in
particular as concern DSB repair [23-25, 44, 45]. However, the HMGA role in these pathways
is still unclear. A sensitization linked to HMGA1 expression cells was evidenced in mouse ES
(HMGA1 KO vs. HMGA1 WT) and in MCF7 (HMGA1b forced overexpression) cells follow-
ing cisplatin or bleomycin treatments [20, 23] while a HMGAL protective role with respect to
ionizing radiation (IR) was later shown on mouse ES (HMGA1/2 KO vs. HMGA1/2 WT) and
on cancer thyroid cells (FRO and FRO silenced for HMGA1) [44]. The HMGA?2 protein was
shown to increase the level of basal H2AX phosphorylation thus increasing the threshold for
DNA repair activation and sensitizing cells to DNA damaging agents [24] and later to have an
impairment role with respect to DNA-PK activity [25].

The DSB impairment role for HMGA1 fits well with the oncogenic role of HMGA proteins
that, by impairing the proper recovery from DNA damage, could promote the progressive
accumulation of DNA lesions, which eventually could provide selective advantage to cancer
cells. This activity however is not in accordance with the role of HMGA1 during embryonic
development, a phase that is characterized by a high cell proliferation rate that has to be associ-
ated with a strictly controlled maintenance of genomic integrity. In addition, also cancer cells
must provide themselves with mechanisms enabling them to protect from an over-accumula-
tion of DNA lesions, which if not properly controlled, would ultimately lead cancer cells to
death.

HMGA proteins have been widely linked with stemness maintenance and are recognized as
important players in modulating cancer stem cells (CSCs) properties [11, 48-52]. As a matter
of fact, also CSCs display an unusual resistance to DNA targeting radio- and chemo-therapy
[53, 54], fact that is due to several mechanisms, which ultimately converge in an enhanced
DNA-repair capability [53, 54].

A possible explanation for the contradictory findings reported in literature could reside in
the molecular context. The HMGA proteins mentioned above have a plethora of molecular
partners that could influence their activity, thus shifting HMGA1 function from a pro-DNA
damaging to a DNA-protective role. Another possible explanation, as suggested by Bullerdiek
and Rommel [55], could reside in different HMGA expression levels: depending on their
amount they could exert opposite effects as previously observed for histone H1 [32, 33].
Another intriguing aspect is that HMGA proteins are not fully equivalent [56, 57]. We hypoth-
esize that the functional outcome of DNA-PK phosphorylation would be very different
between HMGA1 and HMGA2. Indeed, HMGA 1a is mainly phosphorylated by DNA-PK at
the level of S43Q, a phosphorylation site that is located between the first and second AT-hook
DNA-binding domain that has a profound impact on the DNA binding ability of HMGAla
[58]. On the contrary, HMGA?2 is phosphorylated at the level of the C-terminal tail (S101Q),
and this phosphorylation has not the same role as that described for HMGA1la [28].
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In summary, we provide additional evidences for an involvement of HMGA proteins in
DNA repair processes and highlight the importance of taking into consideration and further
explore HMGA role in the modulation of DNA damage repair pathways, especially considering
their functional outcome in relationship with pharmacological treatment targeting DNA integ-
rity. Moreover, we suggest the possibility that HMGA proteins could have different impacts
with respect to DNA repair.

Materials and Methods
Co—affinity purification and co—immunoprecipitation

Co-affinity purifications and co-immunoprecipitations were performed as previously
described [31, 59] with the following modifications only for co-IP analysis: 500 pg lysate
(untreated or incubated with 50 pg/ml Etidium Bromide), 4 pg antibody (both a-HMGAI and
aspecific IgG). Proteins were separated by 10% or 15% SDS-PAGE and transferred onto nitro-
cellulose membrane for immunoblotting. Ku70, Ku80, Ligase IV, and DNA PKcs were recog-
nized using specific antibodies (Santa Cruz Biotechnology, Santa Cruz, CA, USA). The o
HMGAL1 antibody is a rabbit polyclonal antibody developed in our laboratory.

Recombinant protein production and purification

Recombinant HMGA proteins were produced in E. coli, extracted, HPLC-purified, and quanti-
tied as previously described [60].

In vitro phosphorylation assays

In vitro phosphorylation of HMGA 1a protein by CK2 was performed by incubating 5 ug of
recombinant protein with 100-250 Units of CK2 (New England BioLabs) in 50 uL of reaction
volume (20 mM Tris/HCl pH 7.5, 50 mM KCI, 10 mM MgCl,, and 3.3 uM [y->*P] ATP) at
37°C for 0.5 or 16 h. HMGA proteins phosphorylation by DNA-PK was performed incubating
10 pg of recombinant protein with 100 Units of DNA-PK (Promega) in 50 puL of reaction vol-
ume (50 mM HEPES pH 7.5, 100 mM KCl, 1 mM MgCl,, 200 uM EGTA, 100 uM EDTA, 1
mM DTT, 1 pg/mL Calf Thymus DNA, 0.08 ug/uL BSA, and 3.3 uM [y->*P] ATP or 200 uM
ATP for LC-MS and LC-MS/MS analyses) at 30°C for 0.25, 0.5, 1, 2, or 16 h. For DNA-PK inhi-
bition assay, a specific inhibitor for this enzyme was used (50 nM NU7441, Axon). Proteins
phosphorylated in the presence of [y->°P] ATP were separated by SDS-PAGE (T = 15%), the
gel was Blue Coomassie stained, dried at 80°C, and exposed to autoradiography.

LC/MS and LC-MS/MS analyses

These analyses were carried out essentially as previously described [28, 29].

Double-stranded ligation assays

The double-stranded ligation assays were performed as previously described [33, 61, 62].
Briefly, a 442 bp ds DNA fragment with 4 bp overhangs at each end was produced from the
Bluescript plasmid and was 5° end-labeled with [y-**P] ATP. The cohesive ends are not com-
plementary to limit circularization. The indicated amounts of protein complexes were incu-
bated with 20 ng of labeled DNA fragment for 30 min in 30 pl of reaction mixture (50 mM tri-
ethanolamine, pH 7.5, 2 mM Mg(OAc),, 2 mM dithiothreitol, 0.1 mg/ml bovine serum albu-
min, 12% polyethylene glycol). After incubation, the reactions were stopped by the addition of
1.5 pl of 10% SDS. Following deproteinization using the Qiaquick purification columns (Qia-
gen), the DNA was eluted in 30 pl of water and analyzed on a 0.8% agarose gel.
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Cell culture

The human breast cancer epithelial cell line MCF7 was grown in Dulbecco's MEM Nutrient
Mix F12 (1:1) with 25 mM HEPES (DME/F12-HEPES, Euroclone) supplemented with 2 mM
L-glutamine, 10% Tetracycline free fetal bovine serum (Tet-free FBS, Euroclone), penicillin
(100 U/mL, Euroclone), streptomycin (100 ug/mL, Euroclone), and 1X MEM non essential
amino acids (Sigma Aldrich). The human triple negative breast cancer cell line MDA-MB-231
was grown in Dulbecco's modified Eagle's medium (DMEM) containing 100 U/ml penicillin,
100 mg/ml streptomycin, 2 mM L-glutamine, and 10% tetracycline-free FBS. MDA-MB-
231_shCTRL and MDA-MB-231_shA1_3 cells were described previously [11]. Cells were
grown in humidified incubator at 37°C under 5% CO, in air.

MCF7 stable cell lines for HMGA1a overexpression

HMGA1a plasmid expression vector was obtained by subcloning the PCR products of the cod-
ing regions of human HMGA1la cDNA into the pcDNA3-HA plasmid expression vector (Invi-
trogen). pcDNA3-HA empty vector was chosen as a control. Plasmids were linearized at the
Scal restriction site. Vectors were dephosphorylated using Calf Intestinal Phosphatase and
purified at each reaction step with Illustra™ GFX™ PCR DNA and Gel Band Purification kit (GE
Healthcare). Plasmids were transfected into MCF7 cells using the Fugene reagent (Roche) fol-
lowing the manufacturer's instructions. 48 hours after transfection, confluent cells were
detached by trypsinization and 8x10° cells were seeded in 10 cm o dishes. Clone selection was
obtained by adding 1.5 mg/mL G418 disulfate salt (Sigma Aldrich) to the culture medium.
Selection was carried out for 15 days. G418 concentration was gradually reduced at 200 pug/mL
in culture maintenance phase. MCF7_CTRL and MCF7_HMGA 1a pools were obtained by
combining single clones.

Western blot analyses of DNA damage induction in MCF7 stable cell
lines

MCF7, MCF7_CTRL, and MCF7_HMGA1a were seeded at 2.5x10° cells/3.5 cm o plate. The
day after seeding, DNA damage induction was conducted treating cells with 1 pM Doxorubicin
(Sigma Aldrich) in DME/F12-HEPES for 2 hours. Doxorubicin containing medium was substi-
tuted with fresh one and DNA damage was monitored at different levels and time points, col-
lecting total lysates (not treated, 2, 4, and 8 hours after treatment removal) with western blot
analyses. Expression levels of H2AX and y-H2AX were analyzed by western blot following
standard procedures (c-actin b—Sigma Aldrich; a-H2AX—Millipore; o-y-H2AX—Abcam).

Immunofluorescence for y-H2AX in MCF7 stable cell lines

DNA damage induction was conducted as described above. After treatment removal, cells were
fixed with PFA 4% at different time points to detect DNA damage by foci formation. Presence
of y-H2AX foci was analyzed by immunofluorescence following standard procedures (o.-y-
H2AX—Abcam; Alexa Fluor 488 green anti-mouse—Invitrogen).

Colony formation assay

MDA-MB-231_shCTRL, MDA-MB-231_shA1_3, MCF7_CTRL, and MCF7_HMGA 1a cells
were incubated with doxorubicin at different concentrations for 2 hours, to induce DNA dam-
age (not treated (NT), 0.5 pM and 1 pM-MCF?7 cells, 10 nM and 100 nM-MDA-MB-231
cells). Two (MCF?7) or one (MDA-MB-231) hour later cells were detached, counted, and
reseeded in standard medium in quadruplicate for each condition and cellular type (MCF7:
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5x10° cells/6 cm o dishes; MDA-MB-231: 600 cells/6 cm o dishes). Cells returned to incubator
for 10 (MCEF?7) or 14 (MDA-MB-231) days to form colonies and then were fixed with cold
methanol for 20 minutes, dried, and stained with 0.5% crystal violet in 25% methanol for 20
minutes. After washing with water and drying, colonies were counted manually.

Comet assay

MDA-MB-231_shCTRL and MDA-MB-231 shA1 3 cells were treated with 10nM doxorobu-
cin. MCF7_CTRL and MCF7_HMGA 1a cells were treated with 1 uM doxorubicin. All cell
lines tested were treated for 2 hours, then collected 3 and 5 hours after treatment removal, and
processed for comet assay. A Neutral Comet Assay was performed according to the manufac-
turer's protocol (Trevigen kit; 4250-050-K). Cells were washed in ice cold PBS, scraped, com-
bined with molten LM agarose, and immediately pipetted onto CometSlide. Slides were treated
with Lysis Solution overnight and then in Neutral Electrophoresis Buffer. After electrophoresis,
slides were treated with DNA Precipitation Solution and fixed in 70% ethanol, dried, and
stained with SYBR green. Comets were visualized by fluorescence microscopy and analyzed
using Image] open source software using the OpenComet plugin.

Statistics

Statistical significance was evaluated using a 2-tailed Student's ¢ test. P<0.05 was considered
significant. All bar graph data shown represent mean + s.d.

Supporting Information

S1 Fig. Evaluation of HMGA 1a expression levels and cell cycle phase distribution in
MCF7_CTRL and MCF7_HMGA1a cells. A. Western blot analysis showing the expression
level of endogenous HMGA1a/b proteins (lower band) and HA-tagged HMGA1a (upper
band) in MCF7_CTRL and MCF7_HMGA1a (a-HMGAL1 antibody). Both not treated (NT)
cells and cells treated with 1 M doxorubicin for 2 hours and left to recover for 0, 1, 2, 4, and 6
hours are shown. Protein loading normalization is assessed by checking actin level (o-actin
antibody). Protein molecular markers are shown on the left. B. Cell cycle phase distribution
(%) of MCF7, MCF7_CTRL, and MCF7_HMGA 1a cells obtained by FACS analysis. C. West-
ern blot analysis showing the expression level of endogenous HMGA1a/b proteins on
MDA-MB-231_shCTRL and MDA-MB-231_shA1_3. Protein loading normalization is
assessed by checking actin level (a-actin antibody). Protein molecular markers are shown on
the left.

(PDF)

S2 Fig. HMGA1la modulates DNA-PK autophosphorylation. DNA-PK was activated for
phosphorylation in the presence (lanes 2, 4, 6, 8, and 10) or absence (lanes 1, 3, 5, 7, and 9) of
HMGA 1a protein. Phosphorylation reactions were made in the presence of [y-**P] ATP for 5
min, 15 min, 30 min, 60 min and 16 h. Phosphorylated proteins were separated by SDS-PAGE
(T =7.5and 15% for the separation of high and low molecular weight phosphorylated sub-
strates, respectively) and **P incorporation visualized by autoradiography. Protein molecular
markers (kDa) are indicated on the left.

(PDF)

S1 MS Data File. LC-MS/MS analyses data.
(PDF)

PLOS ONE | DOI:10.1371/journal.pone.0164258 October 10, 2016 16/20


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0164258.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0164258.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0164258.s003

o @
@ : PLOS | ONE HMGA1a Enhances DNA Ligation and DNA Repair

Acknowledgments

We are very grateful to Salvina Zammitti, Elisa Maurizio, and Antonio Cordaro for technical
assistance and helpful discussions.

Author Contributions
Conceptualization: RS GM.

Data curation: IP LA SP GR CP GT RS SC.
Formal analysis: IP LA SP GR CP GT RS SC.
Funding acquisition: GM.

Investigation: IP LA SP GR CP GT RS SC.
Methodology:SP FD.

Project administration: RS AV GM.
Resources: FD.

Supervision: RS AV GM.

Validation: IP LA SP GR CP GT RS SC.
Visualization: IP LA SP GR CP GT RS SC.
Writing - original draft: RS GM.

Writing - review & editing: RS GM.

References

1. Jackson SP, Bartek J. The DNA-damage response in human biology and disease. Nature 2009;
461:1071-8. doi: 10.1038/nature08467 PMID: 19847258

2. BohrVA. Rising from the RecQ-age: the role of human RecQ helicases in genome maintenance.
Trends Biochem Sci. 2008; 33:609-20. doi: 10.1016/}.tibs.2008.09.003 PMID: 18926708

3. Chiappetta G, Avantaggiato V, Visconti R, Fedele M, Battista S, Trapasso F, et al. High level expres-
sion of the HMGi (Y) gene during embryonic development. Oncogene 1996; 13:2439-46. PMID:
8957086

4. Fedele M, Fidanza V, Battista S, Pentimalli F, Klein-Szanto AJ, Visone R, et al. Haploinsufficiency of
the Hmga1 gene causes cardiac hypertrophy and myelo-lymphoproliferative disorders in mice. Cancer
Res. 2006; 66:2536—43. doi: 10.1158/0008-5472.CAN-05-1889 PMID: 16510570

5. Zhou X, Benson KF, Ashar HR, Chada K. Mutation responsible for the mouse pygmy phenotype in the
developmentally regulated factor HMGI-C. Nature 1995; 376:771-74. doi: 10.1038/376771a0 PMID:
7651535

6. FotiD, Chiefari E, Fedele M, luliano R, Brunetti L, Paonessa F, et al. Lack of the architectural factor
HMGAT1 causes insulin resistance and diabetes in humans and mice. Nat Med. 2005; 11:765-73. doi:
10.1038/nm1254 PMID: 15924147

7. Fusco A, Fedele M. Roles of HMGA proteins in cancer. Nat Rev Cancer 2007; 7: 899—910. doi: 10.
1038/nrc2271 PMID: 18004397

8. MunshiN, Agalioti T, Lomvardas S, Merika M, Chen G, Thanos D. Coordination of a transcriptional
switch by HMGI(Y) acetylation. Science 2001; 293:1133-1136. doi: 10.1126/science.293.5532.1133
PMID: 11498590

9. FrascaF, Rustighi A, Malaguarnera R, Altamura S, Vigneri P, Del Sal G, et al. HMGA1 inhibits the
function of p53 family members in thyroid cancer cells. Cancer Res. 2006; 66:2980—89. doi: 10.1158/
0008-5472.CAN-05-2637 PMID: 16540646

PLOS ONE | DOI:10.1371/journal.pone.0164258 October 10, 2016 17/20


http://dx.doi.org/10.1038/nature08467
http://www.ncbi.nlm.nih.gov/pubmed/19847258
http://dx.doi.org/10.1016/j.tibs.2008.09.003
http://www.ncbi.nlm.nih.gov/pubmed/18926708
http://www.ncbi.nlm.nih.gov/pubmed/8957086
http://dx.doi.org/10.1158/0008-5472.CAN-05-1889
http://www.ncbi.nlm.nih.gov/pubmed/16510570
http://dx.doi.org/10.1038/376771a0
http://www.ncbi.nlm.nih.gov/pubmed/7651535
http://dx.doi.org/10.1038/nm1254
http://www.ncbi.nlm.nih.gov/pubmed/15924147
http://dx.doi.org/10.1038/nrc2271
http://dx.doi.org/10.1038/nrc2271
http://www.ncbi.nlm.nih.gov/pubmed/18004397
http://dx.doi.org/10.1126/science.293.5532.1133
http://www.ncbi.nlm.nih.gov/pubmed/11498590
http://dx.doi.org/10.1158/0008-5472.CAN-05-2637
http://dx.doi.org/10.1158/0008-5472.CAN-05-2637
http://www.ncbi.nlm.nih.gov/pubmed/16540646

@° PLOS | ONE

HMGA1a Enhances DNA Ligation and DNA Repair

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

Tessari MA, Gostissa M, Altamura S, Sgarra R, Rustighi A, Salvagno C, et al. Transcriptional activation
of the cyclin A gene by the architectural transcription factor HMGAZ2. Mol Cell Biol. 2003; 23:9104—16.
doi: 10.1128/mcb.23.24.9104-9116.2003 PMID: 14645522

Pegoraro S, Ros G, Piazza S, Sommaggio R, Ciani Y, Rosato A, et al. HMGA1 promotes metastatic
processes in basal-like breast cancer regulating EMT and stemness. Oncotarget 2013; 4:1293-308.
doi: 10.18632/oncotarget. 1136 PMID: 23945276

Pegoraro S, Ros G, Ciani Y, Sgarra R, Piazza S, Manfioletti G. A novel HMGA1-CCNE2-YAP axis reg-
ulates breast cancer aggressiveness. Oncotarget 2015; 6:19087—101. doi: 10.18632/oncotarget.4236
PMID: 26265440

Fedele M, Visone R, De Martino I, Troncone G, Palmieri D, Battista S, et al. HMGA2 induces pituitary
tumorigenesis by enhancing E2F1 activity. Cancer Cell 2006; 9:459—71. doi: 10.1016/j.ccr.2006.04.
024 PMID: 16766265

Takaha N, Hawkins AL, Griffin CA, Isaacs WB, Coffey DS. High mobility group protein I(Y): a candidate
architectural protein for chromosomal rearrangements in prostate cancer cells. Cancer Res. 2002;
62:647-651. PMID: 11830513

Adair JE, Kwon Y, Dement GA, Smerdon MJ, Reeves R. Inhibition of nucleotide excision repair by high
mobility group protein HMGAT1. J Biol Chem. 2005; 280:32184-92. doi: 10.1074/jbc.M505600200
PMID: 16033759

Maloney SC, Adair JE, Smerdon MJ, Reeves R. Gene-specific nucleotide excision repair is impaired in
human cells expressing elevated levels of high mobility group A1 nonhistone proteins. DNA Repair
(Amst) 2007; 6:1371-79. doi: 10.1016/j.dnarep.2007.04.003 PMID: 17540622

Adair JE, Maloney SC, Dement GA, Wertzler KJ, Smerdon MJ, Reeves R. High-mobility group A1 pro-
teins inhibit expression of nucleotide excision repair factor xeroderma pigmentosum group A. Cancer
Res. 2007; 67:6044-52. doi: 10.1158/0008-5472.CAN-06-1689 PMID: 17616660

Borrmann L, Schwanbeck R, Heyduk T, Seebeck B, Rogalla P, Bullerdiek J, et al. High mobility group
A2 protein and its derivatives bind a specific region of the promoter of DNA repair gene ERCC1 and
modulate its activity. Nucleic Acids Res. 2003; 31:6841-51. doi: 10.1093/nar/gkg884 PMID: 14627817

Baldassarre G, Battista S, Belletti B, Thakur S, Pentimalli F, Trapasso F, et al. Negative regulation of
BRCAT1 gene expression by HMGA1 proteins accounts for the reduced BRCA1 protein levels in spo-
radic breast carcinoma. Mol Cell Biol. 2003; 23:2225-38. doi: 10.1128/mcb.23.7.2225-2238.2003
PMID: 12640109

Baldassarre G, Belletti B, Battista S, Nicoloso MS, Pentimalli F, Fedele M, et al. HMGA1 protein
expression sensitizes cells to cisplatin-induced cell death. Oncogene 2005; 24:6809-19. doi: 10.1038/
sj.onc.1208831 PMID: 16007157

Schipler A, lliakis G. DNA double-strand-break complexity levels and their possible contributions to the
probability for error-prone processing and repair pathway choice. Nucleic Acids Res. 2013; 41:7589—
605. doi: 10.1093/nar/gkt556 PMID: 23804754

Shrivastav M, De Haro LP, Nickoloff JA. Regulation of DNA double-strand break repair pathway
choice. Cell Res. 2008; 18:134—47. doi: 10.1038/cr.2007.111 PMID: 18157161

Pentimalli F, Palmieri D, Pacelli R, Garbi C, Cesari R, Martin E, et al. HMGA1 protein is a novel target
of the ATM kinase. Eur J Cancer 2008; 44:2668-79. doi: 10.1016/j.ejca.2008.07.033 PMID: 18783938

Boo LM, Lin HH, Chung V, Zhou B, Louie SG, O’Reilly MA, et al. High mobility group A2 potentiates
genotoxic stress in part through the modulation of basal and DNA damage-dependent phosphatidylino-
sitol 3-kinase-related protein kinase activation. Cancer Res. 2005; 65:6622—-30. doi: 10.1158/0008-
5472.CAN-05-0086 PMID: 16061642

Li AY, Boo LM, Wang SY, Lin HH, Wang CC, Yen Y, et al. Suppression of nonhomologous end joining
repair by overexpression of HMGA2. Cancer Res. 2009; 69:5699-706. doi: 10.1158/0008-5472.CAN-
08-4833 PMID: 19549901

Sgarra R, Tessari MA, Di Bernardo J, Rustighi A, Zago P, Liberatori S, et al. Discovering high mobility
group A molecular partners in tumour cells. Proteomics 2005; 5:1494-506. doi: 10.1002/pmic.
200401028 PMID: 15798993

Sgarra R, Furlan C, Zammitti S, Lo Sardo A, Maurizio E, Di Bernardo J, et al. Interaction proteomics of
the HMGA chromatin architectural factors. Proteomics 2008; 8:4721-32. doi: 10.1002/pmic.
200800193 PMID: 18850631

Sgarra R, Maurizio E, Zammitti S, Lo Sardo A, Giancotti V, Manfioletti G. Macroscopic differences in
HMGA oncoproteins post-translational modifications: C-terminal phosphorylation of HMIGA2 affects its
DNA binding properties. J Proteome Res. 2009; 8:2978-89. doi: 10.1021/pr900087r PMID: 19317492

PLOS ONE | DOI:10.1371/journal.pone.0164258 October 10, 2016 18/20


http://dx.doi.org/10.1128/mcb.23.24.9104-9116.2003
http://www.ncbi.nlm.nih.gov/pubmed/14645522
http://dx.doi.org/10.18632/oncotarget.1136
http://www.ncbi.nlm.nih.gov/pubmed/23945276
http://dx.doi.org/10.18632/oncotarget.4236
http://www.ncbi.nlm.nih.gov/pubmed/26265440
http://dx.doi.org/10.1016/j.ccr.2006.04.024
http://dx.doi.org/10.1016/j.ccr.2006.04.024
http://www.ncbi.nlm.nih.gov/pubmed/16766265
http://www.ncbi.nlm.nih.gov/pubmed/11830513
http://dx.doi.org/10.1074/jbc.M505600200
http://www.ncbi.nlm.nih.gov/pubmed/16033759
http://dx.doi.org/10.1016/j.dnarep.2007.04.003
http://www.ncbi.nlm.nih.gov/pubmed/17540622
http://dx.doi.org/10.1158/0008-5472.CAN-06-1689
http://www.ncbi.nlm.nih.gov/pubmed/17616660
http://dx.doi.org/10.1093/nar/gkg884
http://www.ncbi.nlm.nih.gov/pubmed/14627817
http://dx.doi.org/10.1128/mcb.23.7.2225-2238.2003
http://www.ncbi.nlm.nih.gov/pubmed/12640109
http://dx.doi.org/10.1038/sj.onc.1208831
http://dx.doi.org/10.1038/sj.onc.1208831
http://www.ncbi.nlm.nih.gov/pubmed/16007157
http://dx.doi.org/10.1093/nar/gkt556
http://www.ncbi.nlm.nih.gov/pubmed/23804754
http://dx.doi.org/10.1038/cr.2007.111
http://www.ncbi.nlm.nih.gov/pubmed/18157161
http://dx.doi.org/10.1016/j.ejca.2008.07.033
http://www.ncbi.nlm.nih.gov/pubmed/18783938
http://dx.doi.org/10.1158/0008-5472.CAN-05-0086
http://dx.doi.org/10.1158/0008-5472.CAN-05-0086
http://www.ncbi.nlm.nih.gov/pubmed/16061642
http://dx.doi.org/10.1158/0008-5472.CAN-08-4833
http://dx.doi.org/10.1158/0008-5472.CAN-08-4833
http://www.ncbi.nlm.nih.gov/pubmed/19549901
http://dx.doi.org/10.1002/pmic.200401028
http://dx.doi.org/10.1002/pmic.200401028
http://www.ncbi.nlm.nih.gov/pubmed/15798993
http://dx.doi.org/10.1002/pmic.200800193
http://dx.doi.org/10.1002/pmic.200800193
http://www.ncbi.nlm.nih.gov/pubmed/18850631
http://dx.doi.org/10.1021/pr900087r
http://www.ncbi.nlm.nih.gov/pubmed/19317492

@° PLOS | ONE

HMGA1a Enhances DNA Ligation and DNA Repair

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

a.

42,

43.

44,

45.

46.

47.

48.

49.

Maurizio E, Cravello L, Brady L, Spolaore B, Arnoldo L, Giancotti V, et al. Conformational role for the
C-terminal tail of the intrinsically disordered high mobility group A (HMGA) chromatin factors. J Prote-
ome Res. 2011; 10:3283-91. doi: 10.1021/pr200116w PMID: 21545188

Leahy JJ, Golding BT, Griffin RJ, Hardcastle IR, Richardson C, Rigoreau L, et al. Identification of a
highly potent and selective DNA-dependent protein kinase (DNA-PK) inhibitor (NU7441) by screening
of chromenone libraries. Bioorg Med Chem Lett. 2004; 14:6083-7. doi: 10.1016/j.bmcl.2004.09.060
PMID: 15546735

Zhao K, Kas E, Gonzalez E, Laemmli UK. SAR-dependent mobilization of histone H1 by HMG-I/Y in
vitro: HMG-I/Y is enriched in H1-depleted chromatin. EMBO J. 1993; 12:3237—47. PMID: 8344261

Rosidi B, Wang M, Wu W, Sharma A, Wang H, lliakis G. Histone H1 functions as a stimulatory factor in
backup pathways of NHEJ. Nucleic Acids Res. 2008; 36:1610—23. doi: 10.1093/nar/gkn013 PMID:
18250087

Kysela B, Chovanec M, Jeggo PA. Phosphorylation of linker histones by DNA-dependent protein
kinase is required for DNA ligase IV-dependent ligation in the presence of histone H1. Proc Natl Acad
Sci. USA 2005; 102:1877-82. doi: 10.1073/pnas.0401179102 PMID: 15671175

Sgarra R, Rustighi A, Tessari MA, Di Bernardo J, Altamura S, Fusco A, et al. Nuclear phosphoproteins
HMGA and their relationship with chromatin structure and cancer. FEBS Lett. 2004; 574,:1-8. doi: 10.
1016/j.febslet.2004.08.013 PMID: 15358530

Sgarra R, Zammitti S, Lo Sardo A, Maurizio E, Arnoldo L, Pegoraro S, et al. HMGA molecular network:
From transcriptional regulation to chromatin remodeling. Biochim Biophys Acta 2010; 1799:37-47. doi:
10.1016/j.bbagrm.2009.08.009 PMID: 19732855

Davis AJ, Chen BP, Chen DJ. DNA-PK: a dynamic enzyme in a versatile DSB repair pathway. DNA
Repair (Amst) 2014; 17:21-9. doi: 10.1016/j.dnarep.2014.02.020

Natarajan S, Hombach-Klonisch S, Drége P, Klonisch T. HMGAZ2 inhibits apoptosis through interaction
with ATR-CHK1 signaling complex in human cancer cells. Neoplasia 2013; 15:263-80. doi: 10.1593/
neo.121988 PMID: 23479505

Nagaki S, Yamamoto M, Yumoto Y, Shirakawa H, Yoshida M, Teraoka H. Non-histone chromosomal
proteins HMG1 and 2 enhance ligation reaction of DNA double-strand breaks. Biochem Biophys Res
Commun. 1998; 246:137—-41. doi: 10.1006/bbrc.1998.8589 PMID: 9600082

Stros M, Cherny D, Jovin TM. HMG1 protein stimulates DNA end joining by promoting association of
DNA molecules via their ends. Eur J Biochem. 2000; 267:4088-97. doi: 10.1046/j.1432-1327.2000.
01450.x PMID: 10866811

Yamanaka S, Katayama E, Yoshioka K, Nagaki S, Yoshida M, Teraoka H. Nucleosome linker proteins
HMGBH1 and histone H1 differentially enhance DNA ligation reactions. Biochem Biophys Res Commun.
2002; 292:268-73. doi: 10.1006/bbrc.2002.6647 PMID: 11890703

Lange SS, Vasquez KM. HMGB1: the jack-of-all-trades protein is a master DNA repair mechanic. Mol
Carcinog. 2009; 48:571-80. doi: 10.1002/mc.20544 PMID: 19360789

Prados J, Melguizo C, Ortiz R, Vélz C, Alvarez PJ, Arias JL, et al. Doxorubicin-loaded nanoparticles:
new advances in breast cancer therapy. Anticancer Agents Med Chem. 2012; 12:1058-70. doi: 10.
2174/187152012803529646 PMID: 22339066

Cobleigh MA. Other options in the treatment of advanced breast cancer. Semin. Oncol. 2011; 38S2:
S11-6. doi: 10.1053/j.seminoncol.2011.04.005 PMID: 21600380

Palmieri D, Valentino T, D’Angelo D, De Martino |, Postiglione I, Pacelli R, et al. HMGA proteins pro-
mote ATM expression and enhance cancer cell resistance to genotoxic agents. Oncogene 2011;
30:3024-35. doi: 10.1038/onc.2011.21 PMID: 21339738

D’Angelo D, Mussnich P, Rosa R, Bianco R, Tortora G, Fusco A. High mobility group A1 protein
expression reduces the sensitivity of colon and thyroid cancer cells to antineoplastic drugs. BMC Can-
cer 2014; 14:851. doi: 10.1186/1471-2407-14-851 PMID: 25409711

Watanabe M, Sheriff S, Lewis KB, Tinch SL, Cho J, Balasubramaniam A, et al. HMGA-targeted phos-
phorothioate DNA aptamers increase sensitivity to gemcitabine chemotherapy in human pancreatic
cancer cell lines. Cancer Lett. 2012; 315:18-27. doi: 10.1016/j.canlet.2011.10.005 PMID: 22036895

Summer H, Li O, Bao Q, Zhan L, Peter S, Sathiyanathan P, et al. HMGA2 exhibits dRP/AP site cleav-
age activity and protects cancer cells from DNA-damage-induced cytotoxicity during chemotherapy.
Nucleic Acids Res. 2009; 37:4371-84. doi: 10.1093/nar/gkp375 PMID: 19465398

Puca F, Colamaio M, Federico A, Gemei M, Tosti N, Bastos AU, et al. HMGAT1 silencing restores nor-
mal stem cell characteristics in colon cancer stem cells by increasing p53 levels. Oncotarget 2014;
5:3234—-45. doi: 10.18632/oncotarget.1914 PMID: 24833610

Yanagisawa BL, Resar LM Hitting the bull’s eye: targeting HMGA1 in cancer stem cells. Expert Rev
Anticancer Ther. 2014; 14:23-30. doi: 10.1586/14737140.2013.859988 PMID: 24410339

PLOS ONE | DOI:10.1371/journal.pone.0164258 October 10, 2016 19/20


http://dx.doi.org/10.1021/pr200116w
http://www.ncbi.nlm.nih.gov/pubmed/21545188
http://dx.doi.org/10.1016/j.bmcl.2004.09.060
http://www.ncbi.nlm.nih.gov/pubmed/15546735
http://www.ncbi.nlm.nih.gov/pubmed/8344261
http://dx.doi.org/10.1093/nar/gkn013
http://www.ncbi.nlm.nih.gov/pubmed/18250087
http://dx.doi.org/10.1073/pnas.0401179102
http://www.ncbi.nlm.nih.gov/pubmed/15671175
http://dx.doi.org/10.1016/j.febslet.2004.08.013
http://dx.doi.org/10.1016/j.febslet.2004.08.013
http://www.ncbi.nlm.nih.gov/pubmed/15358530
http://dx.doi.org/10.1016/j.bbagrm.2009.08.009
http://www.ncbi.nlm.nih.gov/pubmed/19732855
http://dx.doi.org/10.1016/j.dnarep.2014.02.020
http://dx.doi.org/10.1593/neo.121988
http://dx.doi.org/10.1593/neo.121988
http://www.ncbi.nlm.nih.gov/pubmed/23479505
http://dx.doi.org/10.1006/bbrc.1998.8589
http://www.ncbi.nlm.nih.gov/pubmed/9600082
http://dx.doi.org/10.1046/j.1432-1327.2000.01450.x
http://dx.doi.org/10.1046/j.1432-1327.2000.01450.x
http://www.ncbi.nlm.nih.gov/pubmed/10866811
http://dx.doi.org/10.1006/bbrc.2002.6647
http://www.ncbi.nlm.nih.gov/pubmed/11890703
http://dx.doi.org/10.1002/mc.20544
http://www.ncbi.nlm.nih.gov/pubmed/19360789
http://dx.doi.org/10.2174/187152012803529646
http://dx.doi.org/10.2174/187152012803529646
http://www.ncbi.nlm.nih.gov/pubmed/22339066
http://dx.doi.org/10.1053/j.seminoncol.2011.04.005
http://www.ncbi.nlm.nih.gov/pubmed/21600380
http://dx.doi.org/10.1038/onc.2011.21
http://www.ncbi.nlm.nih.gov/pubmed/21339738
http://dx.doi.org/10.1186/1471-2407-14-851
http://www.ncbi.nlm.nih.gov/pubmed/25409711
http://dx.doi.org/10.1016/j.canlet.2011.10.005
http://www.ncbi.nlm.nih.gov/pubmed/22036895
http://dx.doi.org/10.1093/nar/gkp375
http://www.ncbi.nlm.nih.gov/pubmed/19465398
http://dx.doi.org/10.18632/oncotarget.1914
http://www.ncbi.nlm.nih.gov/pubmed/24833610
http://dx.doi.org/10.1586/14737140.2013.859988
http://www.ncbi.nlm.nih.gov/pubmed/24410339

@° PLOS | ONE

HMGA1a Enhances DNA Ligation and DNA Repair

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Shah SN, Cope L, Poh W, Belton A, Roy S, Talbot CC Jr, et al. HMGA1: a master regulator of tumor
progression in triple-negative breast cancer cells. PLoS One 2013; 8:e63419. doi: 10.1371/journal.
pone.0063419 PMID: 23658826

Shah SN, Kerr C, Cope L, Zambidis E, Liu C, Hillion J, et al. HMGA1 reprograms somatic cells into plu-
ripotent stem cells by inducing stem cell transcriptional networks. PLoS One 2012; 7:48533. doi: 10.
1371/journal.pone.0048533 PMID: 23166588

Kishi Y, Fuijii Y, Hirabayashi Y, Gotoh Y. HMGA regulates the global chromatin state and neurogenic
potential in neocortical precursor cells. Nat Neurosci. 2012; 15;1127-33. doi: 10.1038/nn.3165 PMID:
22797695

Cojoc M, Mabert K, Muders MH, Dubrovska A. A role for cancer stem cells in therapy resistance: cellu-
lar and molecular mechanisms. Semin Cancer Biol. 2015; 31:16-27. doi: 10.1016/j.semcancer.2014.
06.004 PMID: 24956577

Maugeri-Sacca M, Bartucci M, De Maria R. DNA damage repair pathways in cancer stem cells. Mol
Cancer Ther. 2012; 11:1627-36. doi: 10.1158/1535-7163.MCT-11-1040 PMID: 22844074

Bullerdiek J, Rommel B. Comment re: HMGA2 is a negative regulator of DNA-PK pathway. Cancer
Res. 2010; 70:1742 doi: 10.1158/0008-5472.CAN-09-3081 PMID: 20145117

Reeves R, Edberg DD, Li Y. Architectural transcription factor HMGI(Y) promotes tumor progression
and mesenchymal transition of human epithelial cells. Mol Cell Biol. 2001; 21:575-94. doi: 10.1128/
MCB.21.2.575-594.2001 PMID: 11134344

Edberg DD, Adkins JN, Springer DL, Reeves R. Dynamic and differential in vivo modifications of the
isoform HMGA1a and HMGA1b chromatin proteins. J Biol Chem. 2005; 280:8961-73. doi: 10.1074/
jbc.M407348200 PMID: 15591590

Xiao DM, Pak JH, Wang X, Sato T, Huang FL, Chen HC, et al. Phosphorylation of HMG-I by protein
kinase C attenuates its binding affinity to the promoter regions of protein kinase C gamma and neuro-
granin/RC3 genes. J Neurochem. 2000; 74:392-9 doi: 10.1046/j.1471-4159.2000.0740392.x PMID:
10617144

Arnoldo L, Sgarra R, Chiefari E, liritano S, Arcidiacono B, Pegoraro S, et al. A novel mechanism of
post-translational modulation of HMGA functions by the histone chaperone nucleophosmin. Sci Rep.
2015; 5:8552. doi: 10.1038/srep08552 PMID: 25711412

Noro B, Licheri B, Sgarra R, Rustighi A, Tessari MA, Chau KY, et al. Molecular dissection of the archi-
tectural transcription factor HMGA2. Biochemistry 2003; 42:4569-77. doi: 10.1021/bi026605k PMID:
12693954

Marchetti C, Walker SA, Odreman F, Vindigni A, Doherty AJ, Jeggo P. Identification of a novel motif in
DNA ligases exemplified by DNA ligase |V. DNA Repair (Amst) 2006; 5:788—98. doi: 10.1016/j.dnarep.
2006.03.011 PMID: 16735143

Kysela B, Doherty AJ, Chovanec M, Stiff T, Ameer-Beg SM, Vojnovic B, Girard PM, Jeggo PA. Ku
stimulation of DNA ligase IV-dependent ligation requires inward movement along the DNA molecule. J
Biol Chem. 2003; 278:22466—74. doi: 10.1074/jbc.M303273200 PMID: 12682039

PLOS ONE | DOI:10.1371/journal.pone.0164258 October 10, 2016 20/20


http://dx.doi.org/10.1371/journal.pone.0063419
http://dx.doi.org/10.1371/journal.pone.0063419
http://www.ncbi.nlm.nih.gov/pubmed/23658826
http://dx.doi.org/10.1371/journal.pone.0048533
http://dx.doi.org/10.1371/journal.pone.0048533
http://www.ncbi.nlm.nih.gov/pubmed/23166588
http://dx.doi.org/10.1038/nn.3165
http://www.ncbi.nlm.nih.gov/pubmed/22797695
http://dx.doi.org/10.1016/j.semcancer.2014.06.004
http://dx.doi.org/10.1016/j.semcancer.2014.06.004
http://www.ncbi.nlm.nih.gov/pubmed/24956577
http://dx.doi.org/10.1158/1535-7163.MCT-11-1040
http://www.ncbi.nlm.nih.gov/pubmed/22844074
http://dx.doi.org/10.1158/0008-5472.CAN-09-3081
http://www.ncbi.nlm.nih.gov/pubmed/20145117
http://dx.doi.org/10.1128/MCB.21.2.575-594.2001
http://dx.doi.org/10.1128/MCB.21.2.575-594.2001
http://www.ncbi.nlm.nih.gov/pubmed/11134344
http://dx.doi.org/10.1074/jbc.M407348200
http://dx.doi.org/10.1074/jbc.M407348200
http://www.ncbi.nlm.nih.gov/pubmed/15591590
http://dx.doi.org/10.1046/j.1471-4159.2000.0740392.x
http://www.ncbi.nlm.nih.gov/pubmed/10617144
http://dx.doi.org/10.1038/srep08552
http://www.ncbi.nlm.nih.gov/pubmed/25711412
http://dx.doi.org/10.1021/bi026605k
http://www.ncbi.nlm.nih.gov/pubmed/12693954
http://dx.doi.org/10.1016/j.dnarep.2006.03.011
http://dx.doi.org/10.1016/j.dnarep.2006.03.011
http://www.ncbi.nlm.nih.gov/pubmed/16735143
http://dx.doi.org/10.1074/jbc.M303273200
http://www.ncbi.nlm.nih.gov/pubmed/12682039

