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Abstract: The unconventional secretion of proteins is generally caused by cellular stress. During the
tumorigenesis, tumor cells experience high levels of stress, and the secretion of some theoretically
intracellular proteins is activated. Once in the extracellular space, these proteins play different
paracrine and autocrine roles and could represent a vulnerability of cancer. One of these proteins is
the high mobility group A1 (HMGA1), which is frequently overexpressed in tumors and presents
a low expression in normal adult tissues. We have recently described that HMGA1 establishes an
autocrine loop in invasive triple-negative breast cancer (TNBC) cells. The secretion of HMGAL1 and
its binding to the receptor for advanced glycation end products (RAGE) mediates the migration,
invasion, and metastasis of TNBC cells and predicts the onset of metastasis in these patients. In this
review, we summarized different strategies to exploit the novel tumorigenic phenotype mediated
by extracellular HMGAT1. We envisioned future clinical applications where the association between
its change in subcellular localization and breast cancer progression could be used to predict tumor
aggressiveness and guide treatment decisions. Furthermore, we proposed that targeting extracellular
HMGAT1 as monotherapy using monoclonal antibodies, or in combination with chemotherapy and
other targeted therapies, could bring new therapeutic options for TNBC patients.

Keywords: high mobility group A1 (HMGA1); receptor for advanced glycation end products (RAGE);
cancer secretome; triple-negative breast cancer (TNBC); tumor biomarkers

1. Introduction

In the last decade, the profiling of the cancer secretome has been widely used as a tool for
biomarker discovery projects, as well as for the study of different aspects of cancer biology and
therapeutics [1-4]. The secretome is a sub-proteome made of secreted proteins, extracellular domains
of plasma membrane receptors shed by proteolytic events, and different kinds of extracellular vesicles.
Extracellular vesicles mainly participate in cell-to-cell paracrine communication, while soluble proteins
in the secretome contribute to the autocrine and paracrine communication among tumor cells and
between tumor and stromal cells [5]. More specifically, the cancer secretome contains different kinds of
proteins, including extracellular matrix proteins, growth factors, proteases, cytokines, and chemokines.
All these families of proteins have been associated with critical aspects of cancer progression, such as
tumor invasion and metastasis [6-9].
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The omics profiling in cancer research is generally performed by genomics and
transcriptomics analysis. However, the cancer secretome is more accurately measured using proteomic
techniques, considering that levels of messenger ribonucleic acid (nRNAs) and proteins codified by
genes that give rise to the secretome have shown a poor correlation [10]. Our laboratory has focused
methodologically on the characterization of the cancer secretome by quantitative proteomics and
statistical modeling [11-13]. The comparative proteomic profiling of cancer cell line secretomes with
different invasive properties resulted in the detection of a group of proteins that correlate strongly
with the invasive potential of breast cancer tumor cells. Several of them were well-known proteases,
growth factors, and extracellular matrix proteins, previously related to tumor migration, invasion,
and metastasis. However, the careful analysis of the proteomic profiles showed that a large portion of the
differentially secreted proteins was not secreted through the classical endoplasmic reticulum (ER)-Golgi
secretory pathway, and most of them had a well-defined intracellular function [13,14]. Our group had
already demonstrated that cancer cell line secretomes comprised of a group of non-classical secreted
proteins that, although they did not follow the classical secretory pathway, were actively secreted from
living cells [13,14].

We decided to study a nuclear protein called the high mobility group A1 (HMGA1) out of the group
of non-classical secreted proteins since it was significantly over-secreted from invasive breast cancer cells.
HMGAL1 is a chromosomal protein that binds to the minor groove of Adenine-Thymidine (AT)-rich
deoxyribonucleic acid (DNA) strands through its three AT-hooks and controls the transcriptional
activity of several genes by interacting with the transcription machinery [15]. HMGAL is expressed at
high levels during embryonic development, but its expression is low or absent in adult differentiated
tissues [16]. The re-expression of HMGAL in adults has been associated with the onset of diseases,
including diabetes and cancer. In breast cancer, the highest expression of HMGA1 corresponds to
the triple-negative breast cancer (TNBC) subtype. TNBC accounts for approximately 10-15% of all
diagnosed breast cancers. The majority of these tumors do not usually express hormone receptors and
human epithelial growth factor receptor 2 (HER2), and this is why they are also known as TNBC. [17].
TNBC tumor subtype has a worse prognosis than luminal and HER2-positive breast cancer subtypes
and is associated with a high risk of distant recurrence, mainly in the first two years after diagnosis [18].
This may result from its aggressive tumor biology, or rather it may be because this tumor subtype does
not respond to either hormonal or anti-HER?2 therapies.

Despite gene mutations or rearrangements are rare in malignant solid tumors, HMGA1 is often
overexpressed in tumor tissues, and this overexpression frequently correlates with the presence
of metastasis and reduced patient survival [19-23]. Up to now, the proposed mechanisms for the
HMGAL1 role in tumorigenesis were related to its transcriptional regulation actions. Our recent
publication, which describes an alternative mechanism by which extracellular HMGA1 mediates cancer
migration, invasion, and metastasis in breast cancer, offers a new view on the role of HMGALI in cancer.
A thorough review of the HMGAL1 literature in cancer research was out of the scope of this review;
instead, we refer readers to the following excellent reviews on this topic [19,24-29]. In this review,
we had first summarized the highlights of our recent work, and then we had hypothesized about the
cancer diagnostic and therapeutic implications of the extracellular function of HMGAT1 [30].

2. Extracellular HMGA1 Sheds New Light on the Role of HMGAT1 in Cancer Biology

In the following section, we had focused on the most intriguing results of our work and how they
could provide new opportunities to understand the role of HMGAL1 in cancer biology. These results
are summarized in Figure 1.
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Figure 1. Role of extracellular HMGA1 (high mobility group Al) in triple-negative breast cancer (TNBC).
The secretion of HMGA1 in TNBC cells increase their migratory and invasive phenotype and correlates
with an increased incidence of distant metastasis in TNBC patients. TNBC tumors with nuclear
HMGALI1 show a decreased incidence of metastasis when they are compared to TNBC tumors with
cytoplasmic HMGA1.

2.1. HMGAT1 is Secreted by Invasive Breast Cancer Cells

The over-secretion of HMGA1 by invasive breast cancer cells opens the possibility that HMGA1
establishes new molecular interactions in the extracellular space that could complement its function
as a transcriptional regulator in tumor cells. Another HMG protein, the high mobility group Bl
(HMGB1), also previously known as HMG-1 and amphoterin, can also be secreted from both tumor
and immune cells. In fact, HMGBI can either be passively released or actively secreted from several
cell types, including different immune and tumor cells [31-33]. While nuclear HMGB1 performs
different functions related to gene transcription, DNA repair, and nucleosome structure maintenance,
extracellular HMGBI is a bona fide damage-associated molecular pattern (DAMP) [34]. DAMPs are a
series of endogenous molecules with defined intracellular functions that are released to the extracellular
space upon cell damage or stress through ER-Golgi independent pathways [35]. Once in the extracellular
space, DAMPs promote the activation of pattern recognition receptors, including Toll-like receptors
(TLRs) and receptor for advanced glycation end products (RAGE). The release of DAMPs activates the
innate immune system, which results in host defense and tissue repair activities, as well as chronic
inflammation in different diseases [35,36].

The secretion of HMGB1 can be triggered by different cellular insults that lead to cellular stresses
and death, and it is also associated with cell migration [33,37]. Both HMGB1 and HMGAL1 lack a signal
peptide, and hence cannot enter into the classic ER-Golgi secretory pathway. In the case of HMGBI,
its non-classical secretion seems to be mediated by secretory lysosome-mediated exocytosis [38].
Upon the trigger for secretion, HMGBL1 is modified by different posttranscriptional modifications
(PTMs), including acetylation, ADP-ribosylation, methylation, and phosphorylation [38,39]. In the
case of HMGAL, a full secretion pathway has not been described. However, PTMs seem to mediate
the secretion of HMGAL1 since casein kinase 2 (CK2), a kinase that phosphorylates HMGAL in vitro,



Int. ]. Mol. Sci. 2019, 20, 5950 40f18

is able to regulate its secretion by TNBC cells. Furthermore, conversely to HMGB1, HMGAL1 is not
released from apoptotic tumor cells [13], and its secretion clearly correlates with an invasive phenotype
in TNBC cells [30].

The study by immunofluorescence of the HMGA1 expression and localization in breast cancer
cells that secrete the protein led us to detect an accumulation of HMGAL in the cytoplasm of these cells.
Although the cytoplasmic localization was faint compared to its nuclear levels, we were able to
show that the detection of the cytoplasmic localization of HMGA1 was a surrogate of its secretion.
In a personal communication, Dr. Raymond Reeves, who pioneered the biochemical and molecular
studies of HMGALI, brought to our attention that his laboratory had previously described a cytoplasmic
localization of HMGAL. In these studies, the Reeves’ lab uncovered a dynamic, cell cycle-dependent
translocation of HMGA1 proteins from the nucleus into the cytoplasm and mitochondria of NIH3T3
cells [40]. However, it is unclear whether the mitochondrial and cytoplasmic localization observed in
those studies would be related to its secretion.

2.2. Extracellular HMGAL1 is a Ligand of RAGE

RAGE is a member of the immunoglobulin receptor superfamily [41]. Under normal physiological
conditions, RAGE expression is low in most adult cell types, except in the alveolar lung epithelium.
However, RAGE is overexpressed in pathological conditions, such as inflammation, Alzheimer’s,
diabetes, cardiovascular diseases, obesity, and cancer [42—46]. RAGE has multiple protein ligands,
including the advanced glycation end-products (AGEs), proteins of the 5100 family, fibrillar proteins,
such as amyloid-beta, HMGB1, and now HMGA1 [30,47-49].

The binding of ligands to RAGE elicits cellular responses, activating different cellular
signaling pathways, including nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB),
mitogen-activated protein kinase (MAPK), and the Janus kinase (JAK)-signal transducer and activator
of transcription (STAT) [41]. Several of the RAGE ligands, including HMGB1 and some of the 5100
proteins, have been linked to tumorigenesis in in vitro studies, supporting the direct mediation
of RAGE in the proliferation, migration, survival, and invasion of different tumor cells [37,50,51].
Furthermore, the binding of HMGB1 to RAGE has been associated with tumor growth and metastasis
in a murine model [46]. However, the role of extracellular HMGBL1 in cancer is complex since it can be
actively or passively released from immune and tumor cells and bind to different receptors. In fact,
HMGBI1 can exert both pro- and anti-tumor responses [52,53].

In our recent report, we added HMGAL1 to the list of ligands of RAGE [30]. We demonstrated both
a physical interaction of HMGA1 and RAGE and a functional phenotype mediated by the binding
of HMGA1 to RAGE in TNBC cells. The abrogation of the HMGA1-RAGE interaction significantly
decreased the pro-migratory and invasive phenotype of TNBC cells. However, we could not rule
out that HMGAL also binds to other receptors, such as Toll-like receptors (TLRs) in tumor cells.
The establishment of an HMGA1-RAGE pathway could help to clarify the complex array of cellular
processes mediated by RAGE in tumor cells.

2.3. Extracellular HMGA1 Mediates Adhesion, Invasion, and Migration of Invasive Breast Cancer Cells

Mounting evidence accumulated for two decades has suggested an oncogenic role for HMGA1.
Since the mid-nineties, various reports proposed that HMGA1 is an oncogene, mediating neoplastic
transformation [54-57]. Afterward, several groups have specifically linked HMGA1 to migratory
and invasive phenotypes in different tumor cells. Various works have shown how different
microRNAs modulate the migration and invasion of tumor cells by targeting HMGA1 [58-60].
It has also been proposed that HMGA1 can regulate the expression of matrix-metalloprotease
2 (MMP2), and hence tumor invasion. In addition, there are other molecular mechanisms involving
HMGAL1 that facilitate migration and invasion, including cyclooxygenase-2 (COX-2), the Wnt
family of secreted glycolipoproteins via the transcription co-activator 3-catenin (Wnt/p-catenin),
the epithelial-to-mesenchymal transition (EMT), the transforming growth factor-beta (TGF-3), and the
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plasminogen activation pathways [22,61-65]. Additionally, on a different note, HMGAL1 has been
recently found to play a role in intestinal homeostasis, which could impact intestinal tumorigenesis [66].

In our research, we demonstrated that the over-secretion of HMGAT1 by invasive breast cancer cells
could somehow mediate the invasive phenotype of these cells [30]. The first experiments using a series
of antibodies against HMGA1 showed that the migration and invasion of different invasive breast
cancer cells were significantly blocked. The striking results appeared when we added recombinant
HMGAL1 on cells in which the expression of HMGA1 was ablated, and we were able to partially
recover the migratory and invasive phenotype of MDA-MB-231 TNBC cells. We do not know the
reason for not obtaining a full phenotypic recovery. Perhaps, the nuclear HMGA1 was necessary
for a complete mediation of the migratory and invasive phenotype mediated by HMGA1, or our
recombinant HMGA1 produced in Escherichia coli was not fully functional due to the lack of PTMs.
Nevertheless, our experiments proved that extracellular HMGA1 was able to mediate migration and
invasion in tumor cells.

Regarding the molecular mechanism by which extracellular HMGA1 mediates a pro-invasive
phenotype, we demonstrated that extracellular HMGA1 regulated adhesion of TNBC cells.
Upon identifying extracellular HMGAT1 as a ligand of RAGE in TNBC cells, we determined that
extracellular HMGA1 induced a decreased adhesive phenotype in invasive breast cancer cells.
The RAGE gene is a close relative to other genes coding for adhesion receptors belonging to the
cell adhesion molecules (CAMs) family [67].

Therefore, based on our results, we considered that an autocrine loop of HMGA1-RAGE was
responsible for increased mobility of tumor cells, and therefore an enhanced migratory ability.
We believed that the increased adhesion occurring when extracellular HMGA1 was blocked was,
at least, partially responsible for the decreased migratory phenotype observed. However, a mechanistic
explanation of how extracellular HMGA1 could impact tumor invasion is not yet known. We could not
rule out that adhesion, migration, and invasion would need the coordinated effort of both the nuclear
and the extracellular form of HMGAT.

2.4. Extracellular HMGA1 Correlates With the Incidence of Metastasis

In addition to the cell-autonomous processes described in Section 2.3, we confirmed that
extracellular HMGA1 mediated metastasis in an orthotopic xenograft mouse model of TNBC.
The expression of HMGA1 has been previously shown to promote and/or correlate with an increased
incidence of metastasis by mechanisms, including the regulation of microRNAs, stemness, and the
EMT [64,68,69].

In our experiments, both the ablation of HMGA1 expression and the blocking of the extracellular
form with a specific antibody clearly decreased the incidence of metastasis in our xenograft model [30].
Although our results confirmed the impact of HMGA1 on metastasis, the fact that the ablation of
HMGA1 expression and blocking the extracellular form of HMGA1 has similar effects on metastasis is at
least puzzling. Based on our results, the extracellular form of HMGA1 would be largely responsible for
the role of HMGA1 in metastasis. However, additional work using different experimental models and
further mechanistic studies are needed to put our results in the context of previous research on HMGAL.
Among HMG proteins, both HMGA2 and HMGB1 have been previously linked to metastasis. In the
last few years, several works have described how different microRNAs regulate the development
of metastasis by targeting HMGAZ2 [70-72]. Increasing evidence suggests that HMGB1 promotes
metastasis in different cancer types by using different mechanisms. A recent paper demonstrated
that extracellular HMGB1 could induce breast cancer metastasis by binding to TLR4 in a macrophage
inhibitory factor (MIF)-dependent manner [73]. Another work described how an HMGB1-TLR4
interaction in platelets promoted metastasis in lung cancer [74]. TLR2 has been also reported to mediate
the HMGBI role in metastatic pancreatic cancer [75]. Additionally, the binding of HMGB1 to RAGE
has similarly been described to promote metastasis in a Lewis lung carcinoma mouse model [46].
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Together with the preclinical experiments, we were able to show a correlation between the
subcellular localization of HMGAL1 in primary tumors from TNBC patients and the incidence of
distant metastasis [30]. In this case, we used the cytoplasmic localization of HMGA1 measured by
immunofluorescence in tumors as a surrogate of secretion, based on our studies with cell lines in vitro
(see Section 2.1). The expression of HMG proteins has been widely linked to tumor progression in
different tumor types. Several reports have addressed the relationship between the overexpression
of HMGB1 with the tumor progression in different cancer types, including lung, osteosarcoma,
cholangiocarcinoma, colorectal, and liver cancer [76-80]. In the case of HMGAL, there is also some
evidence that links its expression to tumor progression in different tumor types [21,81-83]. Our work
went a step beyond and proposed that not only the overexpression but also the subcellular localization
of HMGAL1 could help as a tumor progression biomarker. However, more work is necessary since we
had only observed this effect in TNBC and using exclusively immunofluorescence. This observation
has potential clinical implications that have been discussed in the following Section.

3. Clinical Implications of Extracellular HMGA1

3.1. Preliminary Considerations

Ever since the discovery of the upregulation of HMGAL in tumors, several reports have identified
HMGA1 as a candidate tumor biomarker. Although HMGA1 gene mutations are rarely identified in solid
tumors, gene amplification is more frequent; consequently, HMGA1 protein is widely overexpressed in
different tumor types, as previously mentioned in Section 2.

This protein overexpression in tumors, together with its low expression in normal adult tissues,
makes HMGA1 an excellent target for drug development, as well as an ideal biomarker of tumor
progression. However, its lack of enzymatic activity and the nuclear localization of this protein have
seriously hampered the therapeutic options based on HMGA1.

Fortunately, the novel tumorigenic phenotype mediated by HMGAL1 in the extracellular space,
in conjunction with the observed association between the change in subcellular localization of HMGA1
and breast cancer progression, opens a number of applications in a wide range of settings, including
prognostic assessment, monitoring treatment response, and development of new anticancer therapies
(Figure 2).
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Figure 2. Clinical applications of extracellular HMGA1 in TNBC. The secretion of HMGA1 and the
alteration of its subcellular localization in metastatic TNBC have potential diagnostic and therapeutic

implications in the management of TNBC patients.
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3.2. Prognostic Biomarker

The change in the subcellular localization of several proteins is relevant for the outcome prediction
in different tumor types. In this way, the subcellular localization of beta-catenin is one of the clearest
examples of how the subcellular localization of a protein can be important for cancer prognosis.
The E-cadherin/g-catenin complex at the plasma membrane sustains the integrity of epithelial tissue
morphology [84]. The dysregulation of this protein complex during tumorigenesis induces the
mislocalization of -catenin, which is found in the cytoplasm and nucleus in a large number of tumors.
In the nucleus, -catenin becomes a transcription factor that plays a key role in the abnormal activation
of the Wnt signaling pathway. The nuclear localization of -catenin measured by immunostaining has
been used for the diagnosis of endometrial cancer, and it has been associated with poor prognosis in
different types of cancer, including colorectal, non-small cell lung, and hepatocellular carcinoma [85-88].
In a step closer to HMGA1, we found that the subcellular localization of S100 proteins could inform
cancer outcomes. For example, the nuclear localization of S100A4 has been correlated with worse
prognosis in ovarian, breast, and colorectal cancer [89-91]. Furthermore, the translocation of SI00A4
and other S100 proteins to the nucleus in both stromal and tumor cells has been suggested to be
mediated by their extracellular binding to receptors, such as RAGE [92]. Finally, the subcellular
localization of HMGB1 has also been linked to cancer prognosis. In colorectal cancer, cytoplasmic
HMGB]I in tumor cells is associated with poor outcome, while nuclear HMGBL is present in both
normal and tumor cells [93]. However, in other cases, an increased cytoplasmic HMGB1 correlates
with a good prognosis [94]. This apparent contradiction could be explained by the different roles that
this protein plays depending on cancer subtypes and/or disease stages.

Regarding HMGAI1, although our initial study only included a small number of patients,
the subcellular localization of HMGAL1 in primary triple-negative breast tumors seems to be significantly
correlated with the development of distant metastasis [30]. Based on these results, an obvious clinical
application of these findings would be the prognostic categorization of patients with this tumor subtype.

Therefore, it would be necessary to confirm that HMGAI1 could predict tumor aggressiveness
and also guide treatment decisions by measuring the protein levels and analyzing the subcellular
localization of HMGAT1 in the primary tumors of a large cohort of TNBC patients with and without
metastatic involvement. Moreover, the evaluation of this function in other breast cancer subtypes and
even in additional cancer types, including colorectal, pancreatic, and ovarian, in which HMGAL is also
highly expressed, merits additional investigation.

3.3. Predictive Biomarker

Different studies have reported that both HMG and 5100 proteins could be used as biomarkers of
therapeutic response in cancer patients. In the case of HMGB1, changes in the levels of circulating
HMGBI have been associated with the response to neoadjuvant therapy in breast cancer patients [95].
The overexpression of HMGAZ2 has also been linked to chemoresistance in colorectal cancer, although
only in an in vitro model [96]. Moreover, the levels of nuclear HMGA2 have been correlated with shorter
progression-free survival in metastatic bladder cancer patients receiving cisplatin [97]. Regarding the
5100 family, different members, including S100A2, S100A8, and S100B, have been correlated with
chemotherapy response in both breast and pancreatic cancer patients [98-100].

In breast cancer, the levels and subcellular localization of HMGA1 could be also useful to evaluate
the antitumor efficacy and monitor the response to a specific therapy in TNBC patients. Based on these
results, it is required to assess, either prospectively or retrospectively, the changes in the levels and/or
subcellular localization of HMGA1 in TNBC patients treated with chemotherapy.

This could be preferably performed using the neoadjuvant setting through the evaluation of the
changes in the levels and/or subcellular localization of HMGA1 assessed by immunofluorescence
between the pretreatment core biopsy and an on-treatment biopsy or the post-treatment
surgical specimen. A change in the levels and/or subcellular localization of HMGA1 could help
to identify those patients who derive more benefit from the neoadjuvant treatment.
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In the metastatic scenario, a setting more limited by the availability of paired tumor samples,
it would be very appropriate to analyze the changes in the levels and/or subcellular localization of
HMGAT1 in circulating tumor cells (CTCs). The detection of changes in the subcellular localization and
or the levels of HMGAL1 in CTCs could offer the potential to more accurately predict patient outcomes
than classical tumor response assessment methods, such as radiological evaluation or serum tumor
markers. However, CTCs might not be detectable from all metastatic patients.

3.4. Therapeutic Implications of HMGA1 in TNBC

Due to the limited availability of pharmacological therapies and its aggressive clinical course,
TNBC is the subtype with the worst outcome with a median overall survival of approximately
18 months or less. This result contrasts with the overall survival of patients with advanced luminal or
HER2-positive breast cancer that ranges from 48 to 60 months.

Chemotherapy remains the mainstay of treatment for TNBC with disappointing results because
despite the high sensitivity of early-stage TNBC to cytotoxic agents, in the metastatic setting, this
treatment achieves relatively low rates of antitumor response ranging from 10% to 30% along with a
short median progression-free survival that ranges from around six months in the first-line setting to
approximately three months in refractory patients [101,102].

Thus, numerous efforts are currently being undertaken to develop more effective therapeutic
strategies in order to improve the overall outcome of TNBC patients, and new advances in the
knowledge of molecular biology of TNBC are increasing the treatment options of this complex disease.

HMGAL1 has been a promising cancer drug candidate for years, but, being a nuclear protein, it
was nearly impossible to target it. However, the novel pro-invasive and metastatic role of extracellular
HMGAL1, as well as the identification of the interaction between HMGA1 and RAGE, opens the
possibility of targeting HMGA1, RAGE, and perhaps some of its other ligands as a new potential
therapeutic option in patients with TNBC [30].

Unfortunately, there are no clinically viable therapeutics directly targeting HMGA1 currently in
clinical development. Nevertheless, several small molecule inhibitors of RAGE, binding either the
extracellular or the intracellular RAGE domain, are being developed for the treatment of diabetic
vascular complications and neurodegeneration, although the results obtained with these inhibitors
are disappointing [103,104]. Even though RAGE inhibitors could represent a potential strategy for
treating certain types of cancer and are available in clinical practice, no specific trials have evaluated
the safety and efficacy of RAGE inhibitors in cancer patients either as monotherapy or in combination
with chemotherapy and/or other targeted therapies to date.

Therefore, considering the new data regarding the oncogenic potential of the extracellular
localization of HMGA1, along with other proposed functions for HMGAL1, such as EMT activation and
cancer stem cells (CSC) maintenance, new specific drugs targeting HMGA1 are needed.

3.4.1. Monotherapy against Extracellular HMGA1

Targeting Extracellular HMGA1

One of the main objectives of our work was to identify new therapeutic strategies to target the
metastatic phenotype mediated by extracellular HMGA1. Although many studies have assessed the
critical role of HMGA1 in tumor progression, there has been relatively little work focused on targeting
HMGAT1 in cancer considering the classical nuclear localization of this protein.

Until now, disrupting the function of oncogenic transcription factors has been challenging, given
the limitations of delivery and specificity. One exception is the recent case of targeting the Myc
oncogene with a self-penetrating dominant-negative called Omomyc [105]. Even so, efforts to target
critical downstream pathways of HMGA1 have shown some antitumor activity in preclinical models,
such as COX-2 or STAT3 inhibitors [61,106].
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Luckily, the novel pro-invasive and metastatic role of extracellular HMGALI raises exciting
opportunities to develop new compounds targeting extracellular HMGA1, including blocking
monoclonal antibodies targeted against HMGA1 or soluble decoy receptors that would prevent
HMGAL1 from binding to its receptors. In fact, our laboratory is currently developing monoclonal
antibodies directed against the extracellular form of HMGA1. Despite most monoclonal antibodies
used in cancer therapy generally target membrane receptors, in some cases, monoclonal antibodies have
also been successfully developed against ligands instead or in addition to its receptors. An example of
the targeting of protein ligands in oncology is that of the vascular endothelial growth factor (VEGF).
Several agents directed against the VEGF/VEGEF receptor (VEGFR) signaling pathway have been
developed and are now approved across several indications, although the first targeted antiangiogenic
drug authorized for use in cancer patients was bevacizumab, a humanized monoclonal antibody that
targets VEGF-A to prevent its interaction with VEGFR-1 and -2 [107].

Targeting RAGE

The full-length human RAGE consists of an extracellular (amino acid residues 23-342), hydrophobic
transmembrane (residues 343-363), and cytoplasmic domains (residues 364—404). The extracellular
structure of RAGE can be further subdivided into three immunoglobulin-like domains: a variable
domain (residues 23-116) and two constant C1 (residues 124-221) and C2 (residues 227-317)
domains [108].

In addition to the previously described oncogenic effects of extracellular HMGA1, RAGE expression
is also higher in metastatic TNBC cell lines and is associated with poor outcome, playing an essential
role in promoting breast cancer growth and metastasis [50,109,110], enhancing cell mesenchymal
properties, and inducing EMT [111]. In this way, the blockade of RAGE could inhibit tumor progression
and metastasis, and previous studies demonstrated that RAGE knockdown by small interfering RNA
significantly decreased the tumorigenic potential of MDA-MB231 TNBC cell line [112].

Following the overexpression of RAGE in neurodegenerative disorders, such as Alzheimer’s
disease, various antagonists binding to the extracellular or intracellular RAGE domain have been
developed and evaluated in this context. Unfortunately, phase III clinical trials using the RAGE
antagonist, Azeliragon, failed to meet their primary endpoint [104]. Despite the failure of targeting
RAGE in Alzheimer’s, RAGE antagonists could still be valid as cancer drugs. However, due to its
large number of ligands, the targeting of RAGE in cancer is unpredictable. Therefore, the results of this
targeting in different cancer types could be completely different depending on the nature of the ligands
expressed in each tissue.

Clinical Approach to Design Single-Agent Studies

At the moment, the design of single-agent clinical studies based on the inhibition of RAGE and
extracellular HMGAL1 activity might be premature. However, in this section, we looked at the future
and proposed a rationale to bring these candidates drug targets to the clinic, provided that sufficient
experimental data is presented in the near future.

In the case of an HMGAL1 inhibitor, the most reasonable proposal in the future for these compounds
would be to design a phase Ib dose-escalation trial. The purpose of this study would be to evaluate the
safety (maximum tolerated dose and dose-limiting toxicities) and preliminary efficacy of a specific
HMGAT1 inhibitor in patients with pretreated metastatic TNBC. Regarding RAGE inhibitors, and taking
into account that these drugs have already been assessed in other diseases, it seems more appropriate
to directly launch a phase II single-arm trial in pretreated patients with metastatic TNBC using Simon’s
two-stage design, where overall response rate would be the primary endpoint.

Another chance to clarify the mechanism of action of RAGE and HMGAT1 inhibitors would be
through the design of a phase 0 (window of opportunity) neoadjuvant trial, including patients with
localized TNBC treated with a short-course administration of a RAGE or a future HMGAL1 inhibitor.
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This study would represent the best opportunity to elucidate how these compounds work and also to
explain the potential antitumor activity of these agents.

The primary objective of this trial would be to test if the treatment with a RAGE or an HMGA1
inhibitor is able to change the subcellular localization of HMGA1 between the pretreatment core
biopsy and the post-treatment surgical specimen. This study would also allow assessing the
pharmacokinetics, pharmacodynamics, reduction in Ki67 proliferation index, and the discovery
of other potential biomarkers.

3.4.2. Combination with Chemotherapy

To our knowledge, the only evidence supporting a synergistic effect of the combination of
chemotherapy and RAGE inhibitors comes from a preclinical model of pancreatic cancer. In this
model, the combination of RAGE inhibitors with gemcitabine significantly reduced tumor growth
compared with either agent alone [113]. So far, there is no data supporting the antitumor activity of
the combination of chemotherapy and HMGA1 inhibitors.

In TNBC, chemotherapy, alone or in combination with targeted therapies, remains the standard
of care [114]. This tumor subtype is characterized by the presence of cancer cells with mesenchymal
features, confirming that EMT plays a major role in the progression of TNBC. The EMT program has
also been implicated in chemoresistance, tumor recurrence, and induction of CSC properties [115,116].
Eribulin is a synthetic analog of the marine-sponge natural product halichondrin B with potent
antiproliferative activities against a variety of human cancer cell types in vitro and in vivo through
its antimitotic activity and other non-mitotic effects, such as reversal of EMT, resulting in a reduction
of the capacity to metastasize in experimental models [117]. Eribulin is currently approved for the
treatment of patients with locally advanced or metastatic breast cancer who have progressed after
at least one chemotherapeutic regimen for advanced disease. The use of eribulin, in combination
with other therapies, is being widely explored because its favorable safety profile makes it an ideal
combination-treatment partner.

Among others, HMGA1 and RAGE promote EMT in TNBC cell lines [68,111], and therefore,
it would be of interest to evaluate the safety and efficacy of the combination of eribulin and a RAGE or
a future HMGAT1 inhibitor in patients with metastatic TNBC. Additionally, the combination of RAGE
or HMGAL1 inhibitors with other chemotherapy drugs frequently used in TNBC, such as carboplatin,
taxanes, anthracyclines, or capecitabine, could also be explored.

3.4.3. Combination with Targeted Therapies

Immunotherapy

Multiple lines of preclinical and clinical evidence have demonstrated that tumors can evade
destruction by the immune system by expressing surface ligands that engage inhibitory receptors
on tumor-specific T cells and induce immune tolerance [118]. Immune-related signatures have been
abundantly found within TNBC, more specifically in the immunomodulatory subtype [119].

Early results of immunotherapy with immune checkpoint inhibitors in patients with metastatic
TNBC have demonstrated encouraging activity with durable responses and substantial overall survival
in pretreated patients. Unfortunately, there is a relatively small subset of patients that derive a
benefit from single-agent treatment [120,121]. However, the increasing evidence in other cancers that
combination with chemotherapy could improve the anti-tumor activity of programmed cell death
ligand 1 (PD-L1)-targeted therapy led to the evaluation of the combination of chemotherapy and
immunotherapy in patients with metastatic TNBC in the recently completed randomized phase Il
IMpassion130 trial with striking results. This study enrolled a total of 902 patients with untreated
metastatic TNBC who were randomized to nab-paclitaxel plus atezolizumab or nab-paclitaxel plus
placebo [101]. The addition of atezolizumab significantly increased median progression-free survival
and overall survival, exclusively among patients with PD-L1-positive tumors.
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PD-L1 expression has been correlated with the expression of CSC markers and HMGAL1 in clinical
colorectal cancer specimens. Therefore, PD-L1 could participate in the maintenance of CSC self-renewal
by activating HMGA1-dependent signaling pathways [122] Unfortunately, no data regarding this
interaction has been reported in breast cancer. However, it also seems interesting to assess the efficacy
and safety of the addition of a RAGE or a future HMGAL1 inhibitor to the combination of chemotherapy
and a PD-L1 inhibitor in patients with metastatic PD-L1-positive TNBC.

Angiogenesis

Angiogenesis plays an important role in cancer progression. The development of new vessels
is decisive for the growth and spread of tumor cells because malignant tumors are unable to grow
beyond a few millimeters without new vasculature [123]. Linderholm and colleagues analyzed the
relationship between intratumoral VEGF levels and outcome in patients with TNBC cancer and
non-TNBC. Compared with non-TNBC, patients with TNBC had significantly higher VEGF levels
and worse survival [124]. Among the various antiangiogenic drugs, bevacizumab is the most widely
studied in patients with breast cancer. To date, five phase Ill clinical trials have evaluated the addition of
bevacizumab to chemotherapy in the first- and second-line treatment of patients with metastatic breast
cancer, showing that the addition of bevacizumab resulted in statistically significant improvements in
progression-free survival, the primary endpoint of these studies. Cancer subtype analysis demonstrated
that TNBC patients achieved a greater benefit than hormone receptor-positive tumors [125,126].

Recently, it has been postulated that HMGAT increases breast cancer aggressiveness by favoring
tumor angiogenesis [127]. Therefore, the chance to target the HMGA1-RAGE axis in combination with
anti-angiogenic and chemotherapy could represent an attractive therapeutic option in patients with
metastatic TNBC, mainly with the combination of paclitaxel, bevacizumab, and a RAGE inhibitor or a
future HMGAT1 inhibitor.

4. Conclusions and Future Directions

Tumor cells have to cope with substantial levels of cellular stress, including hypoxia,
nutrient starvation, and acidosis, in order to successfully generate tumors and promote metastasis.
Growing evidence suggests that cellular stress is associated with the unconventional secretion of
proteins, highlighting among them the secretion of DAMPs, such as HMGB1 and S100s proteins,
that probably connects unconventional protein secretion with cancer.

Based on our recent results, although HMGAT1 binds to RAGE like other DAMPs, the secretion
of HMGAT1 does not fully fit with the concept of DAMP, considering that we have only shown
a cell-autonomous phenotype. In fact, our results demonstrated that an HMGA1 autocrine
loop was established in invasive TNBC cells, mediating a migratory and an invasive phenotype.
However, we could not discard a danger signal triggered by HMGAL in the tumor microenvironment,
and future studies are needed to determine whether extracellular HMGA1 binds to other receptors
beyond RAGE either in tumor or stromal cells.

The clinical significance of extracellular HMGAI1 has yet to be understood, but our preliminary
observations warrant further evaluation in different directions despite the important gaps in the
knowledge of the putative role of extracellular HMGA1 and whether targeting this secreted form
would benefit cancer patients.

First of all, although HMGAL1 is mostly nuclear in luminal breast cancer cells, it would not be
unexpected that HER2-positive cells also secrete HMGA1. In addition, other cancer types in which
the expression of HMGAL1 is high, including colorectal, pancreatic, and ovarian cancer, could also
secrete HMGA1. Nevertheless, if the secretion of HMGA1 in these cancer types is associated with
tumor invasion, the onset of metastasis remains to be defined.

Secondly, the alternative functions of non-classical secreted proteins by tumor cells might offer
a new strategy to fight against cancer. This is especially relevant, taking into account that these
proteins are not likely to be constitutively secreted by healthy tissues. Therefore, the use of monoclonal
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antibodies that specifically target the extracellular function of these multicompartment proteins might
help to interfere with different aspects of tumorigenesis with a favorable toxicity profile. It seems
particularly appropriate to combine chemotherapy or other targeted therapies, such as immunotherapy
and antiangiogenics agents with HMGAT1 inhibitors, in clinical practice.

Lastly, the evaluation of HMGA1 as a new prognostic biomarker in patients with TNBC, predicting
the development of distant metastasis, merits additional investigation.

Author Contributions: Conceptualization, O.M., ].P, J.C., and ].V.; writing original draft, ].V. and ].P.,; writing,
review, editing, and literature search, O.M., ].S., ER., ].P, and J.C.; supervision, J.C., ].P., O.M., and J.V. All the
authors have read and approved the final manuscript.

Funding: Preparation of this article was supported by a grant from the Susan G. Komen Foundation (CCR15333737).

Acknowledgments: We thank Servier for providing design medical art for figures. Servier Medical Art by Servier
is licensed under a Creative Commons Attribution 3.0 Unported License.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Schaaij-Visser, T.B.M.; de Wit, M.; Lam, S.W.; Jimenez, C.R. The cancer secretome, current status and
opportunities in the lung, breast and colorectal cancer context. BBA Proteins Proteom. 2013, 1834, 2242-2258.
[CrossRef]

2. Meéndez, O.; Villanueva, J. Challenges and opportunities for cell line secretomes in cancer proteomics.
Prot. Clin. Appl. 2015, 9, 348-357. [CrossRef] [PubMed]

3.  Liu, Y;; Ciotti, G.E; Eisinger-Mathason, T.5.K. Hypoxia and the Tumor Secretome. Adv. Exp. Med. Biol. 2019,
1136, 57-69. [PubMed]

4. Obenauf, A.C,; Zou, Y,; Ji, A.L.; Vanharanta, S.; Shu, W.; Shi, H.; Kong, X.; Bosenberg, M.C.; Wiesner, T.;
Rosen, N.; et al. Therapy-induced tumour secretomes promote resistance and tumour progression. Nature
2015, 1-21. [CrossRef] [PubMed]

5. Becker, A,; Thakur, B.K,; Weiss, ].M.; Kim, H.S.; Peinado, H.; Lyden, D. Extracellular Vesicles in Cancer:
Cell-to-Cell Mediators of Metastasis. Cancer Cell 2016, 30, 836—848. [CrossRef] [PubMed]

6. Vilgelm, A.E,; Richmond, A. Chemokines Modulate Immune Surveillance in Tumorigenesis, Metastasis,
and Response to Immunotherapy. Front. Immunol. 2019, 10, 333. [CrossRef]

7. Paolillo, M.; Schinelli, S. Extracellular Matrix Alterations in Metastatic Processes. IJMS 2019, 20, 4947.
[CrossRef]

8.  Cox, TR,; Rumney, RM.H.; Schoof, E.M.; Perryman, L.; Hoye, A.M.; Agrawal, A.; Bird, D.; Latif, N.A;
Forrest, H.; Evans, H.R,; et al. The hypoxic cancer secretome induces pre-metastatic bone lesions through
lysyl oxidase. Nature 2015, 522, 106-110. [CrossRef]

9. Osuala, K.O,; Ji, K.; Mattingly, R.R.; Sloane, B.F. Breast Cancer: Proteolysis and Migration. Adv. Exp. Med. Biol.
2019, 1152, 401-411.

10. Lawlor, K.; Nazarian, A.; Lacomis, L.; Tempst, P.; Villanueva, ]J. Pathway-based biomarker search by
high-throughput proteomics profiling of secretomes. J. Proteome Res. 2009, 8, 1489-1503. [CrossRef]

11.  Gregori, ].; Villarreal, L.; Sanchez, A.; Baselga, J.; Villanueva, J. An effect size filter improves the reproducibility
in spectral counting-based comparative proteomics. J. Proteom. 2013. [CrossRef] [PubMed]

12.  Gregori, J.; Méndez, O.; Katsila, T.; Pujals, M.; Salvans, C.; Villarreal, L.; Arribas, J.; Tabernero, J.; Sanchez, A.;
Villanueva, J. Enhancing the Biological Relevance of Secretome-Based Proteomics by Linking Tumor Cell
Proliferation and Protein Secretion. J. Proteome Res. 2014, 13, 3706-3721. [CrossRef]

13. Villarreal, L.; Mendez, O.; Salvans, C.; Gregori, J.; Baselga, J.; Villanueva, J. Unconventional Secretion is
a Major Contributor of Cancer Cell Line Secretomes. Mol. Cell. Proteom. 2013, 12, 1046-1060. [CrossRef]
[PubMed]

14. Butler, G.S.; Overall, C.M. Proteomic identification of multitasking proteins in unexpected locations
complicates drug targeting. Nat. Rev. Drug Discov. 2009, 8, 935-948. [CrossRef] [PubMed]

15.  Reeves, R.; Nissen, M.S. Cell cycle regulation and functions of HMG-I(Y). Prog. Cell Cycle Res. 1995, 1, 339-349.
[PubMed]


http://dx.doi.org/10.1016/j.bbapap.2013.01.029
http://dx.doi.org/10.1002/prca.201400131
http://www.ncbi.nlm.nih.gov/pubmed/25418557
http://www.ncbi.nlm.nih.gov/pubmed/31201716
http://dx.doi.org/10.1038/nature14336
http://www.ncbi.nlm.nih.gov/pubmed/25807485
http://dx.doi.org/10.1016/j.ccell.2016.10.009
http://www.ncbi.nlm.nih.gov/pubmed/27960084
http://dx.doi.org/10.3389/fimmu.2019.00333
http://dx.doi.org/10.3390/ijms20194947
http://dx.doi.org/10.1038/nature14492
http://dx.doi.org/10.1021/pr8008572
http://dx.doi.org/10.1016/j.jprot.2013.05.030
http://www.ncbi.nlm.nih.gov/pubmed/23770383
http://dx.doi.org/10.1021/pr500304g
http://dx.doi.org/10.1074/mcp.M112.021618
http://www.ncbi.nlm.nih.gov/pubmed/23268930
http://dx.doi.org/10.1038/nrd2945
http://www.ncbi.nlm.nih.gov/pubmed/19949400
http://www.ncbi.nlm.nih.gov/pubmed/9552376

Int. ]. Mol. Sci. 2019, 20, 5950 13 0f 18

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Chiappetta, G.; Avantaggiato, V.; Visconti, R.; Fedele, M.; Battista, S.; Trapasso, F.; Merciai, B.M.; Fidanza, V.;
Giancotti, V.; Santoro, M.; et al. High level expression of the HMGI (Y) gene during embryonic development.
Oncogene 1996, 13, 2439-2446. [PubMed]

Prat, A.; Adamo, B.; Cheang, M.C.U.; Anders, C.K,; Carey, L.A.; Perou, C.M. Molecular characterization of
basal-like and non-basal-like triple-negative breast cancer. Oncologist 2013, 18, 123-133. [CrossRef]

Dent, R.; Trudeau, M.; Pritchard, K.I.; Hanna, W.M.; Kahn, H.K; Sawka, C.A.; Lickley, L.A.; Rawlinson, E.;
Sun, P; Narod, S.A. Triple-negative breast cancer: Clinical features and patterns of recurrence. Clin. Cancer Res.
2007, 13, 4429-4434. [CrossRef]

Fusco, A.; Fedele, M. Roles of HMGA proteins in cancer. Nat. Rev. Cancer 2007, 7, 899-910. [CrossRef]

Qi, C,; Cao, J.; Li, M,; Liang, C.; He, Y;; Li, Y.; Li, ].; Zheng, X.; Wang, L.; Wei, B. HMGA1 Overexpression is
Associated with the Malignant Status and Progression of Breast Cancer. Anat. Rec. 2018, 301, 1061-1067.
[CrossRef]

Andreozzi, M.; Quintavalle, C.; Benz, D.; Quagliata, L.; Matter, M.; Calabrese, D.; Tosti, N.; Ruiz, C;
Trapani, F; Tornillo, L.; et al. HMGA1 Expression in Human Hepatocellular Carcinoma Correlates with
Poor Prognosis and Promotes Tumor Growth and Migration in in vitro Models. NEO 2016, 18, 724-731.
[CrossRef] [PubMed]

Hillion, J.; Roy, S.; Heydarian, M.; Cope, L.; Xian, L.; Koo, M.; Luo, L.Z.; Kellyn, K.; Ronnett, B.M.;
Huso, T.; et al. The High Mobility Group A1 (HMGA1) gene is highly overexpressed in human uterine serous
carcinomas and carcinosarcomas and drives Matrix Metalloproteinase-2 (MMP-2) in a subset of tumors.
Gynecol. Oncol. 2016, 141, 580-587. [CrossRef] [PubMed]

Huang, R.; Huang, D.; Dai, W.; Yang, F. Overexpression of HMGAL1 correlates with the malignant status and
prognosis of breast cancer. Mol. Cell Biochem. 2015, 404, 251-257. [CrossRef]

Wang, Y.; Hu, L.; Zheng, Y.; Guo, L. HMGA1 in cancer: Cancer classification by location. . Cell. Mol. Med.
2019, 23, 2293-2302. [CrossRef]

Resar, L.; Chia, L.; Xian, L. Lessons from the Crypt: HMGA1-Amping up Wnt for Stem Cells and
Tumor Progression. Cancer Res. 2018, 78, 1890-1897. [CrossRef] [PubMed]

Resar, L.M.S. The High Mobility Group Al Gene: Transforming Inflammatory Signals into Cancer? Cancer Res.
2010, 70, 436-439. [CrossRef]

Sgarra, R.; Pegoraro, S.; Ros, G.; Penzo, C.; Chiefari, E.; Foti, D.; Brunetti, A.; Manfioletti, G. High Mobility
Group A (HMGA) proteins: Molecular instigators of breast cancer onset and progression. 2018, 1-54.
[CrossRef]

Reeves, R.; Beckerbauer, L. HMGI/Y proteins: Flexible regulators of transcription and chromatin structure.
Biochim. Biophys. Acta 2001, 1519, 13-29. [CrossRef]

Tallini, G.; Dal Cin, P. HMGI(Y) and HMGI-C dysregulation: A common occurrence in human tumors.
Adv. Anat. Pathol. 1999, 6, 237-246. [CrossRef]

Meéndez, O.; Peg, V.; Salvans, C.; Pujals, M.; Fernandez, Y.; Abasolo, I.; Pérez, J.; Matres, A.; Valeri, M.;
Gregori, J.; et al. Extracellular HMGA1 Promotes Tumor Invasion and Metastasis in Triple-Negative
Breast Cancer. Clin. Cancer Res. 2018, 24, 6367-6382. [CrossRef]

Merenmies, J.; Pihlaskari, R.; Laitinen, ].; Wartiovaara, J.; Rauvala, H. 30-kDa heparin-binding protein of
brain (amphoterin) involved in neurite outgrowth. Amino acid sequence and localization in the filopodia of
the advancing plasma membrane. J. Biol. Chem. 1991, 266, 16722-16729. [PubMed]

Wang, H.; Bloom, O.; Zhang, M.; Vishnubhakat, ]. M.; Ombrellino, M.; Che, ].; Frazier, A.; Yang, H.; Ivanova, S.;
Borovikova, L.; et al. HMG-1 as a late mediator of endotoxin lethality in mice. Science 1999, 285, 248-251.
[CrossRef] [PubMed]

Rovere-Querini, P.; Capobianco, A.; Scaffidi, P.; Valentinis, B.; Catalanotti, F.; Giazzon, M.; Dumitriu, LE.;
Miiller, S.; Iannacone, M.; Traversari, C.; et al. HMGBI1 is an endogenous immune adjuvant released by
necrotic cells. EMBO Rep. 2004, 5, 825-830. [CrossRef] [PubMed]

Klune, J.R.; Dhupar, R.; Cardinal, J.; Billiar, T.R.; Tsung, A. HMGB1: Endogenous danger signaling. Mol. Med.
2008, 14, 476-484. [CrossRef]

Vénéreau, E.; Ceriotti, C.; Bianchi, M.E. DAMPs from Cell Death to New Life. Front. Immunol. 2015, 6, 1-11.
[CrossRef]

Rosin, D.L.; Okusa, M.D. Dangers Within: DAMP Responses to Damage and Cell Death in Kidney Disease.
JASN 2011, 22, 416-425. [CrossRef]


http://www.ncbi.nlm.nih.gov/pubmed/8957086
http://dx.doi.org/10.1634/theoncologist.2012-0397
http://dx.doi.org/10.1158/1078-0432.CCR-06-3045
http://dx.doi.org/10.1038/nrc2271
http://dx.doi.org/10.1002/ar.23777
http://dx.doi.org/10.1016/j.neo.2016.10.002
http://www.ncbi.nlm.nih.gov/pubmed/27855356
http://dx.doi.org/10.1016/j.ygyno.2016.03.020
http://www.ncbi.nlm.nih.gov/pubmed/27001612
http://dx.doi.org/10.1007/s11010-015-2384-4
http://dx.doi.org/10.1111/jcmm.14082
http://dx.doi.org/10.1158/0008-5472.CAN-17-3045
http://www.ncbi.nlm.nih.gov/pubmed/29618461
http://dx.doi.org/10.1158/0008-5472.CAN-09-1212
http://dx.doi.org/10.1016/j.bbcan.2018.03.001
http://dx.doi.org/10.1016/S0167-4781(01)00215-9
http://dx.doi.org/10.1097/00125480-199909000-00001
http://dx.doi.org/10.1158/1078-0432.CCR-18-0517
http://www.ncbi.nlm.nih.gov/pubmed/1885601
http://dx.doi.org/10.1126/science.285.5425.248
http://www.ncbi.nlm.nih.gov/pubmed/10398600
http://dx.doi.org/10.1038/sj.embor.7400205
http://www.ncbi.nlm.nih.gov/pubmed/15272298
http://dx.doi.org/10.2119/2008-00034.Klune
http://dx.doi.org/10.3389/fimmu.2015.00422
http://dx.doi.org/10.1681/ASN.2010040430

Int. ]. Mol. Sci. 2019, 20, 5950 14 0f 18

37.

38.

39.

40.

41.

42.
43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Fages, C.; Nolo, R.; Huttunen, H.J.; Eskelinen, E.; Rauvala, H. Regulation of cell migration by amphoterin.
J. Cell Sci. 2000, 113, 611-620.

Bonaldi, T.; Talamo, F; Scaffidi, P.; Ferrera, D.; Porto, A.; Bachi, A.; Rubartelli, A.; Agresti, A.; Bianchi, M.E.
Monocytic cells hyperacetylate chromatin protein HMGBI to redirect it towards secretion. EMBO J. 2003,
22, 5551-5560. [CrossRef]

Youn, J.H.; Shin, J.-S. Nucleocytoplasmic shuttling of HMGBI is regulated by phosphorylation that redirects
it toward secretion. J. Immunol. 2006, 177, 7889-7897. [CrossRef]

Dement, G.A.; Treff, N.R.; Magnuson, N.S.; Franceschi, V.; Reeves, R. Dynamic mitochondrial localization of
nuclear transcription factor HMGA1. Exp. Cell Res. 2005, 307, 388—401. [CrossRef]

Palanissami, G.; Paul, S.ED. RAGE and Its Ligands: Molecular Interplay Between Glycation, Inflammation,
and Hallmarks of Cancer—A Review. HORM CANC 2018, 9, 295-325. [CrossRef] [PubMed]

Yan, S.F.; Ramasamy, R.; Schmidt, A.M. The RAGE Axis. Circ. Res. 2010, 106, 842-853. [CrossRef] [PubMed]
Hurtado del Pozo, C.; Ruiz, H.H.; Arivazhagan, L.; Aranda, J.F.,; Shim, C.; Daya, P.; Derk, J.; MacLean, M.;
He, M; Frye, L.; et al. A Receptor of the Immunoglobulin Superfamily Regulates Adaptive Thermogenesis.
Cell Rep. 2019, 28, 773-791.e7. [CrossRef] [PubMed]

Hudson, B.I; Lippman, MLE. Targeting RAGE Signaling in Inflammatory Disease. Annu. Rev. Med. 2018,
69, 349-364. [CrossRef]

Deane, R.; Singh, I.; Sagare, A.P.; Bell, RD.; Ross, N.T.; LaRue, B.; Love, R.; Perry, S.; Paquette, N.;
Deane, RJ.; et al. A multimodal RAGE-specific inhibitor reduces amyloid f—mediated brain disorder in a
mouse model of Alzheimer disease. J. Clin. Investig. 2012, 122, 1377-1392. [CrossRef]

Taguchi, A.; Blood, D.C.; del Toro, G.; Canet, A.; Lee, D.C.; Qu, W,; Tanji, N.; Lu, Y.; Lalla, E.; Fu, C; et al.
Blockade of RAGE-amphoterin signalling suppresses tumour growth and metastases. Nature 2000,
405, 354-360. [CrossRef]

Sparvero, L.J.; Asafu-Adjei, D.; Kang, R.; Tang, D.; Amin, N.; Im, J.; Rutledge, R.; Lin, B.; Amoscato, A.A.;
Zeh, HJ.; et al. RAGE (Receptor for Advanced Glycation Endproducts), RAGE Ligands, and their role in
Cancer and Inflammation. J. Transl. Med. 2009, 7, 17-21. [CrossRef]

Fritz, G. RAGE: A single receptor fits multiple ligands. Trends Biochem. Sci. 2011, 36, 625-632. [CrossRef]
Leclerc, E.; Fritz, G.; Vetter, S.W.; Heizmann, C.W. Binding of S100 proteins to RAGE: An update. BBA Mol.
Cell Res. 2009, 1793, 993-1007. [CrossRef]

Nasser, M.W.; Wani, N.A.; Ahirwar, D.K,; Powell, C.A.; Ravi, ].; Elbaz, M.; Zhao, H.; Padilla, L.; Zhang, X.;
Shilo, K.; et al. RAGE Mediates S100A7-Induced Breast Cancer Growth and Metastasis by Modulating the
Tumor Microenvironment. Cancer Res. 2015, 75, 974-985. [CrossRef]

Herwig, N.; Belter, B.; Wolf, S.; Haase-Kohn, C.; Pietzsch, J. Interaction of extracellular SI00A4 with RAGE
prompts prometastatic activation of A375 melanoma cells. J. Cell. Mol. Med. 2016, 20, 825-835. [CrossRef]
[PubMed]

Kang, R.; Zhang, Q.; Zeh, H]. 3.; Lotze, M.T.; Tang, D. HMGB1 in cancer: Good, bad, or both? Clin. Cancer Res.
2013, 19, 4046-4057. [CrossRef] [PubMed]

He, S.-].; Cheng, J.; Feng, X.; Yu, Y,; Tian, L.; Huang, Q. The dual role and therapeutic potential of high-mobility
group box 1 in cancer. Oncotarget 2017, 8, 64534—64550. [CrossRef] [PubMed]

Chiappetta, G.; Bandiera, A.; Berlingieri, M.T.; Visconti, R.; Manfioletti, G.; Battista, S.; Martinez-Tello, EJ.;
Santoro, M.; Giancotti, V.; Fusco, A. The expression of the high mobility group HMGI (Y) proteins correlates
with the malignant phenotype of human thyroid neoplasias. Oncogene 1995, 10, 1307-1314. [PubMed]
Fedele, M.; Bandiera, A.; Chiappetta, G.; Battista, S.; Viglietto, G.; Manfioletti, G.; Casamassimi, A.;
Santoro, M.; Giancotti, V.; Fusco, A. Human colorectal carcinomas express high levels of high mobility group
HMGI(Y) proteins. Cancer Res. 1996, 56, 1896-1901.

Tkachenko, A.; Ashar, H.R.; Meloni, A.M.; Sandberg, A.A.; Chada, K.K. Misexpression of disrupted HMGI
architectural factors activates alternative pathways of tumorigenesis. Cancer Res. 1997, 57, 2276-2280.
Cmarik, J.L.; Li, Y,; Ogram, S.A.; Min, H.; Reeves, R.; Colburn, N.H. Tumor promoter induces high mobility
group HMG-Y protein expression in transformation-sensitive but not -resistant cells. Oncogene 1998,
16, 3387-3396. [CrossRef]

Qin, M.-M,; Chai, X.; Huang, H.-B.; Feng, G.; Li, X.-N.; Zhang, J.; Zheng, R.; Liu, X.-C.; Pu, C. let-7i inhibits
proliferation and migration of bladder cancer cells by targeting HMGA1. BMC Urol. 2019, 19, 53. [CrossRef]


http://dx.doi.org/10.1093/emboj/cdg516
http://dx.doi.org/10.4049/jimmunol.177.11.7889
http://dx.doi.org/10.1016/j.yexcr.2005.04.004
http://dx.doi.org/10.1007/s12672-018-0342-9
http://www.ncbi.nlm.nih.gov/pubmed/29987748
http://dx.doi.org/10.1161/CIRCRESAHA.109.212217
http://www.ncbi.nlm.nih.gov/pubmed/20299674
http://dx.doi.org/10.1016/j.celrep.2019.06.061
http://www.ncbi.nlm.nih.gov/pubmed/31315054
http://dx.doi.org/10.1146/annurev-med-041316-085215
http://dx.doi.org/10.1172/JCI58642
http://dx.doi.org/10.1038/35012626
http://dx.doi.org/10.1186/1479-5876-7-17
http://dx.doi.org/10.1016/j.tibs.2011.08.008
http://dx.doi.org/10.1016/j.bbamcr.2008.11.016
http://dx.doi.org/10.1158/0008-5472.CAN-14-2161
http://dx.doi.org/10.1111/jcmm.12808
http://www.ncbi.nlm.nih.gov/pubmed/26928771
http://dx.doi.org/10.1158/1078-0432.CCR-13-0495
http://www.ncbi.nlm.nih.gov/pubmed/23723299
http://dx.doi.org/10.18632/oncotarget.17885
http://www.ncbi.nlm.nih.gov/pubmed/28969092
http://www.ncbi.nlm.nih.gov/pubmed/7731681
http://dx.doi.org/10.1038/sj.onc.1201888
http://dx.doi.org/10.1186/s12894-019-0485-1

Int. ]. Mol. Sci. 2019, 20, 5950 150f18

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Liu, J.; Mi, B.; Wang, Y.; Shi, C.; Mi, X;; Lu, Y,; Yu, P. miR-26a suppresses osteosarcoma migration and invasion
by directly targeting HMGA1. Oncol. Lett. 2018, 15, 8303-8310. [CrossRef]

Sekimoto, N.; Suzuki, A.; Suzuki, Y.; Sugano, S. Expression of miR26a exhibits a negative correlation with
HMGAL1 and regulates cancer progression by targeting HMGA1 in lung adenocarcinoma cells. Mol. Med. Rep.
2017, 15, 534-542. [CrossRef]

Hillion, J.; Smail, S.S.; Di Cello, F.; Belton, A.; Shah, S.N.; Huso, T.; Schuldenfrei, A.; Nelson, D.M.;
Cope, L.; Campbell, N.; et al. The HMGA1-COX-2 axis: A key molecular pathway and potential target in
pancreatic adenocarcinoma. Pancreatology 2012, 12, 372-379. [CrossRef] [PubMed]

Zu, X.; Zhong, J.; Tan, J.; Tan, L.; Yang, D.; Zhang, Q.; Ding, W.; Liu, W.; Wen, G.; Liu, ].; et al. TGF-$1
induces HMGAT1 expression in human breast cancer cells: Implications of the involvement of HMGAL1 in
TGEF-f signaling. Int. J. Mol. Med. 2015. [CrossRef] [PubMed]

Akaboshi, S.-I.; Watanabe, S.; Hino, Y.; Sekita, Y.; Xi, Y.; Araki, K.; Yamamura, K.-I.; Oshima, M.; Ito, T.;
Baba, H.; et al. HMGALI Is Induced by Wnt/3-Catenin Pathway and Maintains Cell Proliferation in
Gastric Cancer. Am. J. Pathol. 2010, 175, 1675-1685. [CrossRef] [PubMed]

Pegoraro, S.; Ros, G.; Piazza, S.; Sommaggio, R.; Ciani, Y.; Rosato, A.; Sgarra, R.; Del Sal, G.; Manfioletti, G.
HMGA1 promotes metastatic processes in basal-like breast cancer regulating EMT and stemness. Oncotarget
2013, 4, 1293-1308. [CrossRef] [PubMed]

Resmini, G.; Rizzo, S.; Franchin, C.; Zanin, R.; Penzo, C.; Pegoraro, S.; Ciani, Y.; Piazza, S.; Arrigoni, G.;
Sgarra, R.; et al. HMGAL1 regulates the Plasminogen activation system in the secretome of breast cancer cells.
Sci. Rep. 2017, 1-12. [CrossRef]

Xian, L.; Georgess, D.; Huso, T.; Cope, L.; Belton, A.; Chang, Y.-T.; Kuang, W.; Gu, Q.; Zhang, X.; Senger, S.; et al.
HMGAT1 amplifies Wnt signalling and expands the intestinal stem cell compartment and Paneth cell niche.
Nat. Commun. 2017, 8, 1-15. [CrossRef]

Sessa, L.; Gatti, E.; Zeni, F.; Antonelli, A.; Catucci, A.; Koch, M.; Pompilio, G.; Fritz, G.; Raucci, A.; Bianchi, M.E.
The Receptor for Advanced Glycation End-Products (RAGE) Is Only Present in Mammals, and Belongs to
a Family of Cell Adhesion Molecules (CAMs). PLoS ONE 2014, 9, e86903-13. [CrossRef]

Shah, S.N.; Cope, L.; Poh, W.; Belton, A.; Roy, S.; Talbot, C.C.J.; Sukumar, S.; Huso, D.L.; Resar, L.M.S.
HMGALI: A master regulator of tumor progression in triple-negative breast cancer cells. PLoS ONE 2013,
8, €63419. [CrossRef]

Ma, Y,; Li, X,; Chen, S.; Du, B.; Li, Y. MicroRNA-4458 suppresses migration and epithelial-mesenchymal
transition via targeting HMGA1 in non-small-cell lung cancer cells. Cancer Manag. Res. 2019, 11, 637-649.
[CrossRef]

Fan, C; Lin, Y,; Mao, Y.; Huang, Z.; Liu, A.Y,; Ma, H.; Yu, D.; Maitikabili, A.; Xiao, H.; Zhang, C.; et al.
MicroRNA-543 suppresses colorectal cancer growth and metastasis by targeting KRAS, MTA1 and HMGA2.
Oncotarget 2016, 7, 21825-21839. [CrossRef]

Chen, X.; Zeng, K.; Xu, M.; Liu, X.; Hu, X,; Xu, T.; He, B.; Pan, Y.; Sun, H.; Wang, S. P53-induced miR-1249
inhibits tumor growth, metastasis, and angiogenesis by targeting VEGFA and HMGAZ2. Cell Death Dis. 2019,
10, 131. [CrossRef] [PubMed]

Li, W,; Li, J.; Mu, H.; Guo, M.; Deng, H. MiR-503 suppresses cell proliferation and invasion of gastric cancer
by targeting HMGAZ2 and inactivating WNT signaling pathway. Cancer Cell Int. 2019, 19, 164. [CrossRef]
[PubMed]

Lv, W.; Chen, N; Lin, Y;; Ma, H.; Ruan, Y.; Li, Z.; Li, X.; Pan, X,; Tian, X. Macrophage migration inhibitory
factor promotes breast cancer metastasis via activation of HMGB1/TLR4/NF kappa B axis. Cancer Lett. 2016,
375, 245-255. [CrossRef] [PubMed]

Yu, L.-X; Yan, L.; Yang, W.; Wu, F-Q,; Ling, Y.; Chen, S.-Z.; Tang, L.; Tan, Y.-X,; Cao, D.; Wu, M.-C; et al.
Platelets promote tumour metastasis via interaction between TLR4 and tumour cell-released high-mobility
group box1 protein. Nat. Commun. 2014, 5, 5256. [CrossRef] [PubMed]

Chen, X.; Zhang, L.; Jiang, Y.; Song, L.; Liu, Y,; Cheng, E; Fan, X.; Cao, X.; Gong, A.; Wang, D.; et al.
Radiotherapy-induced cell death activates paracrine HMGB1-TLR2 signaling and accelerates pancreatic
carcinoma metastasis. J. Exp. Clin. Cancer Res. 2018, 37, 77. [CrossRef]

Shen, X.; Hong, L.; Sun, H.; Shi, M.; Song, Y. The expression of high-mobility group protein box 1 correlates
with the progression of non-small cell lung cancer. Oncol. Rep. 2009, 22, 535-539.


http://dx.doi.org/10.3892/ol.2018.8359
http://dx.doi.org/10.3892/mmr.2016.6053
http://dx.doi.org/10.1016/j.pan.2012.05.005
http://www.ncbi.nlm.nih.gov/pubmed/22898640
http://dx.doi.org/10.3892/ijmm.2015.2062
http://www.ncbi.nlm.nih.gov/pubmed/25572132
http://dx.doi.org/10.2353/ajpath.2009.090069
http://www.ncbi.nlm.nih.gov/pubmed/19729480
http://dx.doi.org/10.18632/oncotarget.1136
http://www.ncbi.nlm.nih.gov/pubmed/23945276
http://dx.doi.org/10.1038/s41598-017-11409-4
http://dx.doi.org/10.1038/ncomms15008
http://dx.doi.org/10.1371/journal.pone.0086903
http://dx.doi.org/10.1371/journal.pone.0063419
http://dx.doi.org/10.2147/CMAR.S185117
http://dx.doi.org/10.18632/oncotarget.7989
http://dx.doi.org/10.1038/s41419-018-1188-3
http://www.ncbi.nlm.nih.gov/pubmed/30755600
http://dx.doi.org/10.1186/s12935-019-0875-1
http://www.ncbi.nlm.nih.gov/pubmed/31249473
http://dx.doi.org/10.1016/j.canlet.2016.02.005
http://www.ncbi.nlm.nih.gov/pubmed/26952810
http://dx.doi.org/10.1038/ncomms6256
http://www.ncbi.nlm.nih.gov/pubmed/25348021
http://dx.doi.org/10.1186/s13046-018-0726-2

Int. ]. Mol. Sci. 2019, 20, 5950 16 of 18

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Xu, Y.-F; Ge, F-J.; Han, B.; Yang, X.-Q.; Su, H.; Zhao, A.-C.; Zhao, M.-H.; Yang, Y.-B.; Yang, J. High-mobility
group box 1 expression and lymph node metastasis in intrahepatic cholangiocarcinoma. World J. Gastroenterol.
2015, 21, 3256-3265. [CrossRef]

He, ].; Zhang, P; Li, Q.; Zhou, D.; Liu, P. Expression of high mobility group box 1 protein predicts a poorer
prognosis for patients with osteosarcoma. Oncol. Lett. 2016, 11, 293-298. [CrossRef]

Huang, M,; Geng, Y.; Deng, Q.; Li, R.; Shao, X.; Zhang, Z.; Xu, W.; Wu, Y.; Ma, Q. Translationally controlled
tumor protein affects colorectal cancer metastasis through the high mobility group box 1-dependent pathway.
Int. J. Oncol. 2018, 53, 1481-1492. [CrossRef]

Jiang, W.; Wang, Z.; Li, X.; Fan, X.; Duan, Y. High-mobility group box 1 is associated with clinicopathologic
features in patients with hepatocellular carcinoma. Pathol. Oncol. Res. 2012, 18, 293-298. [CrossRef]

Sepe, R.; Piscuoglio, S.; Quintavalle, C.; Perrina, V.; Quagliata, L.; Formisano, U.; Terracciano, L.M.; Fusco, A.;
Pallante, P. HMGA1 overexpression is associated with a particular subset of human breast carcinomas.
J. Clin. Pathol. 2016, 69, 117-121. [CrossRef] [PubMed]

Palumbo Junior, A.; de Sousa, V.P.L.; Esposito, F; De Martino, M.; Forzati, F.; de Barros Moreira, F.C.;
de Almeida Simao, T.; Nasciutti, L.E.; Fusco, A.; Ribeiro Pinto, L.E; et al. Overexpression of HMGAL1
Figures as a Potential Prognostic Factor in Endometrioid Endometrial Carcinoma (EEC). Genes 2019, 10, E372.
[CrossRef] [PubMed]

Jun, K-H.; Jung, J.-H.; Choi, H.-J.; Shin, E.-Y.; Chin, H-M. HMGA1/HMGA2 protein expression and
prognostic implications in gastric cancer. Int. . Surg. 2015, 24, 39-44. [CrossRef] [PubMed]

Tian, X,; Liu, Z,; Niu, B.; Zhang, J.; Tan, TK,; Lee, S.R.; Zhao, Y.; Harris, D.C.H.; Zheng, G. E-Cadherin/
-Catenin Complex and the Epithelial Barrier. J. Biomed. Biotechnol. 2011, 2011, 1-6. [CrossRef] [PubMed]
Nagy, B.; Téth, L.; Molnar, P.; Méhes, G.; Thurzo, L.; Péka, R.; Hernadi, Z. Nuclear (3-catenin positivity as
a predictive marker of long-term survival in advanced epithelial ovarian cancer. Pathol. Res. Pract. 2017,
213,915-921. [CrossRef]

Chen, J; Liu, J.; Jin, R.; Shen, J.; Liang, Y.; Ma, R.; Lin, H.; Liang, X.; Yu, H.; Cai, X. Cytoplasmic and/or
Nuclear Expression of 3-Catenin Correlate with Poor Prognosis and Unfavorable Clinicopathological Factors
in Hepatocellular Carcinoma: A Meta-Analysis. PLoS ONE 2014, 9, e111885-18. [CrossRef]

Jung, C.-K,; Jung, J.-H.; Lee, A.; Lee, Y.-S.; Choi, Y.-].; Yoon, S.-K.; Lee, K.-Y. Diagnostic use of nuclear
beta-catenin expression for the assessment of endometrial stromal tumors. Mod. Pathol. 2008, 21, 756-763.
[CrossRef]

Wong, S.C.C; Lo, ES.E; Lee, K.C.; Chan, ].K.C.; Hsiao, W.L.W. Prognostic and diagnostic significance of
beta-catenin nuclear immunostaining in colorectal cancer. Clin. Cancer Res. 2004, 10, 1401-1408. [CrossRef]
Egeland, E.V,; Boye, K.; Park, D.; Synnestvedt, M.; Sauer, T.; Naume, B.; Borgen, E.; Malandsmo, G.M.
Prognostic significance of S100A4-expression and subcellular localization in early-stage breast cancer.
Breast Cancer Res. Treat 2017, 162, 127-137. [CrossRef]

Kikuchi, N.; Horiuchi, A.; Osada, R.; Imai, T.; Wang, C.; Chen, X.; Konishi, I. Nuclear expression of S100A4
is associated with aggressive behavior of epithelial ovarian carcinoma: An important autocrine/paracrine
factor in tumor progression. Cancer Sci. 2006, 97, 1061-1069. [CrossRef]

Flatmark, K.; Pedersen, K.B.; Nesland, ]. M.; Rasmussen, H.; Aamodt, G.; Mikalsen, S.-O.; Bjornland, K.;
Fodstad, O.; Meelandsmo, G.M. Nuclear localization of the metastasis-related protein SI00A4 correlates with
tumour stage in colorectal cancer. J. Pathol. 2003, 200, 589-595. [CrossRef] [PubMed]

Hsieh, H.-L.; Schifer, B.W.; Sasaki, N.; Heizmann, C.W. Expression analysis of S100 proteins and RAGE in
human tumors using tissue microarrays. Biochem. Biophys. Res. Commun. 2003, 307, 375-381. [CrossRef]
Peng, R.-Q.; Wu, X.-J.; Ding, Y.; Li, C-Y.; Yu, X.-].; Zhang, X,; Pan, Z.-Z.; Wan, D.-S.; Zheng, L.-M,;
Zeng, Y.-X.; et al. Co-expression of nuclear and cytoplasmic HMGBI is inversely associated with infiltration
of CD45RO+ T cells and prognosis in patients with stage IIIB colon cancer. BMC Cancer 2010, 10, 496.
[CrossRef] [PubMed]

Amornsupak, K.; Jamjuntra, P.; Warnnissorn, M.; O-Charoenrat, P.; Sa-nguanraksa, D.; Thuwajit, P;
Eccles, S.A.; Thuwajit, C. High ASMA+ Fibroblasts and Low Cytoplasmic HMGB1+ Breast Cancer Cells
Predict Poor Prognosis. Clin. Breast Cancer 2017, 17, 441-452.e2. [CrossRef] [PubMed]

Arnold, T.; Michlmayr, A.; Baumann, S.; Burghuber, C.; Pluschnig, U.; Bartsch, R.; Steger, G.; Gnant, M.;
Bergmann, M.; Bachleitner-Hofmann, T.; et al. Plasma HMGB-1 after the initial dose of epirubicin/docetaxel
in cancer. Eur. J. Clin. Investig. 2013, 43, 286-291. [CrossRef] [PubMed]


http://dx.doi.org/10.3748/wjg.v21.i11.3256
http://dx.doi.org/10.3892/ol.2015.3907
http://dx.doi.org/10.3892/ijo.2018.4502
http://dx.doi.org/10.1007/s12253-011-9442-3
http://dx.doi.org/10.1136/jclinpath-2015-202907
http://www.ncbi.nlm.nih.gov/pubmed/26251519
http://dx.doi.org/10.3390/genes10050372
http://www.ncbi.nlm.nih.gov/pubmed/31096664
http://dx.doi.org/10.1016/j.ijsu.2015.10.031
http://www.ncbi.nlm.nih.gov/pubmed/26537313
http://dx.doi.org/10.1155/2011/567305
http://www.ncbi.nlm.nih.gov/pubmed/22007144
http://dx.doi.org/10.1016/j.prp.2017.05.011
http://dx.doi.org/10.1371/journal.pone.0111885
http://dx.doi.org/10.1038/modpathol.2008.53
http://dx.doi.org/10.1158/1078-0432.CCR-0157-03
http://dx.doi.org/10.1007/s10549-016-4096-1
http://dx.doi.org/10.1111/j.1349-7006.2006.00295.x
http://dx.doi.org/10.1002/path.1381
http://www.ncbi.nlm.nih.gov/pubmed/12898594
http://dx.doi.org/10.1016/S0006-291X(03)01190-2
http://dx.doi.org/10.1186/1471-2407-10-496
http://www.ncbi.nlm.nih.gov/pubmed/20846416
http://dx.doi.org/10.1016/j.clbc.2017.04.007
http://www.ncbi.nlm.nih.gov/pubmed/28533055
http://dx.doi.org/10.1111/eci.12043
http://www.ncbi.nlm.nih.gov/pubmed/23410002

Int. ]. Mol. Sci. 2019, 20, 5950 17 of 18

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.
108.

109.

110.

111.

112.

113.

114.

115.

Xu, X.; Wang, Y.; Deng, H.; Liu, C.; Wu, J.; Lai, M. HMGA?2 enhances 5-fluorouracil chemoresistance in
colorectal cancer via the DvI2/Wnt pathway. Oncotarget 2018, 9, 9963-9974. [CrossRef]

Krafft, U.; Tschirdewahn, S.; Hess, J.; Harke, N.N.; Hadaschik, B.; Olah, C.; Krege, S.; Nyirady, P.; Szendroi, A.;
Szucs, M.; et al. Validation of survivin and HMGA?2 as biomarkers for cisplatin resistance in bladder cancer.
Urol. Oncol. 2019. [CrossRef]

Bachet, J.-B.; Marechal, R.; Demetter, P.; Bonnetain, F.; Cros, J.; Svrcek, M.; Bardier-Dupas, A.; Hammel, P;
Sauvanet, A.; Louvet, C.; et al. S100A2 is a predictive biomarker of adjuvant therapy benefit in
pancreatic adenocarcinoma. Eur. J. Cancer 2013, 49, 2643-2653. [CrossRef]

Li, Y.-H.; Liu, H.-T;; Xu, J.; Xing, A.-Y.; Zhang, J.; Wang, Y.-W.; Yin, G.; Gao, P. The value of detection of
S100A8 and ASAH]1 in predicting the chemotherapy response for breast cancer patients. Hum. Pathol. 2018,
74,156-163. [CrossRef]

Hamberg, A.P.; Korse, C.M.; Bonfrer, ].M.; de Gast, G.C. Serum S100B is suitable for prediction and monitoring
of response to chemoimmunotherapy in metastatic malignant melanoma. Melanoma Res. 2003, 13, 45-49.
[CrossRef]

Schmid, P; Chui, S.Y.; Emens, L.A. Atezolizumab and Nab-Paclitaxel in Advanced Triple-Negative
Breast Cancer. Reply. N. Engl. |. Med. 2019, 380, 987-988. [PubMed]

Cortes, J.; O’Shaughnessy, J.; Loesch, D.; Blum, J.L.; Vahdat, L.T.; Petrakova, K.; Chollet, P.; Manikas, A.;
Diéras, V.; Delozier, T.; et al. Eribulin monotherapy versus treatment of physician’s choice in patients with
metastatic breast cancer (EMBRACE): A phase 3 open-label randomised study. Lancet 2011, 377, 914-923.
[CrossRef]

Galasko, D.; Bell, J.; Mancuso, J.Y.; Kupiec, ].W.; Sabbagh, M.N.; van Dyck, C.; Thomas, R.G.; Aisen, P.S.
Alzheimer’s Disease Cooperative Study Clinical trial of an inhibitor of RAGE-Af interactions in
Alzheimer disease. Neurology 2014, 82, 1536-1542. [CrossRef] [PubMed]

Cummings, J.L.; Tong, G.; Ballard, C. Treatment Combinations for Alzheimer’s Disease: Current and Future
Pharmacotherapy Options. J. Alzheimers Dis. 2019, 67, 779-794. [CrossRef]

Beaulieu, M.-E.; Jauset, T.; Mass6-Vallés, D.; Martinez-Martin, S.; Rahl, P.; Maltais, L.; Zacarias Fluck, M.F,;
Casacuberta-Serra, S.; Serrano Del Pozo, E.; Fiore, C.; et al. Intrinsic cell-penetrating activity propels Omomyc
from proof of concept to viable anti-MYC therapy. Sci. Transl. Med. 2019, 11, eaar5012. [CrossRef]

Belton, A.; Xian, L.; Huso, T.; Koo, M.; Luo, L.Z.; Turkson, J.; Page, B.D.G.; Gunning, P.T.; Liu, G.;
Huso, D.L.; et al. STAT3 inhibitor has potent antitumor activity in B-lineage acute lymphoblastic leukemia
cells overexpressing the high mobility group A1 (HMGA1)-STAT3 pathway. Leukemia Lymphoma 2016,
57,2681-2684. [CrossRef]

Keating, G.M. Bevacizumab: A review of its use in advanced cancer. Drugs 2014, 74, 1891-1925. [CrossRef]
Koch, M,; Chitayat, S.; Dattilo, B.M.; Schiefner, A.; Diez, J.; Chazin, W.].; Fritz, G. Structural Basis for Ligand
Recognition and Activation of RAGE. Structure/Folding Design. 2010, 18, 1342-1352. [CrossRef]

Dahlmann, M.; Okhrimenko, A.; Marcinkowski, P.; Osterland, M.; Herrmann, P.; Smith, J.; Heizmann, C.W.,;
Schlag, PM.; Stein, U. RAGE mediates S100A4-induced cell motility via MAPK/ERK and hypoxia signaling
and is a prognostic biomarker for human colorectal cancer metastasis. Oncotarget 2014, 5, 3220-3233.
[CrossRef]

Kwak, T. Targeting of RAGE-ligand Signaling Impairs Breast Cancer Cell Invasion and Metastasis. Oncogene
2017, 36, 1559-1572. [CrossRef]

Yin, C.; Li, H.; Zhang, B.; Liu, Y.; Lu, G.; Lu, S.; Sun, L.; Qi, Y.; Li, X.; Chen, W. RAGE-binding S100A8/A9
promotes the migration and invasion of human breast cancer cells through actin polymerization and
epithelial-mesenchymal transition. Breast Cancer Res. Treat 2013, 142, 297-309. [CrossRef] [PubMed]

Radia, A.-M,; Yaser, A.-M.; Ma, X.; Zhang, ].; Yang, C.; Dong, Q.; Rong, P; Ye, B.; Liu, S.; Wang, W. Specific
siRNA targeting receptor for advanced glycation end products (RAGE) decreases proliferation in human
breast cancer cell lines. IJMS 2013, 14, 7959-7978. [CrossRef] [PubMed]

Swami, P.; Radhakrishnan, P.; Crawford, A.; Patil, P.; Shin, S.; Caffrey, T.; Grunkemeyer, J.; O’connell, K,;
Hollingsworth, M.; Leclerc, E. Combination of RAGE Inhibitors and Gemcitabine Impedes Tumor Growth
by Reducing Autophagy and Facilitating Apoptosis in Pancreatic Cancer. FASEB . 2019, 33, 674.19.
McCann, K.E.; Hurvitz, S.A.; McAndrew, N. Advances in Targeted Therapies for Triple-Negative Breast Cancer.
Drugs 2019, 79, 1217-1230. [CrossRef] [PubMed]

Nieto, M.A.; Huang, R.Y.-].; Jackson, R.A.; Thiery, ].P. EMT: 2016. Cell 2016, 166, 21-45. [CrossRef] [PubMed]


http://dx.doi.org/10.18632/oncotarget.24133
http://dx.doi.org/10.1016/j.urolonc.2019.04.015
http://dx.doi.org/10.1016/j.ejca.2013.04.017
http://dx.doi.org/10.1016/j.humpath.2018.01.004
http://dx.doi.org/10.1097/00008390-200302000-00008
http://www.ncbi.nlm.nih.gov/pubmed/30855757
http://dx.doi.org/10.1016/S0140-6736(11)60070-6
http://dx.doi.org/10.1212/WNL.0000000000000364
http://www.ncbi.nlm.nih.gov/pubmed/24696507
http://dx.doi.org/10.3233/JAD-180766
http://dx.doi.org/10.1126/scitranslmed.aar5012
http://dx.doi.org/10.3109/10428194.2016.1153089
http://dx.doi.org/10.1007/s40265-014-0302-9
http://dx.doi.org/10.1016/j.str.2010.05.017
http://dx.doi.org/10.18632/oncotarget.1908
http://dx.doi.org/10.1038/onc.2016.324
http://dx.doi.org/10.1007/s10549-013-2737-1
http://www.ncbi.nlm.nih.gov/pubmed/24177755
http://dx.doi.org/10.3390/ijms14047959
http://www.ncbi.nlm.nih.gov/pubmed/23579957
http://dx.doi.org/10.1007/s40265-019-01155-4
http://www.ncbi.nlm.nih.gov/pubmed/31254268
http://dx.doi.org/10.1016/j.cell.2016.06.028
http://www.ncbi.nlm.nih.gov/pubmed/27368099

Int. ]. Mol. Sci. 2019, 20, 5950 18 of 18

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Lu, W,; Kang, Y. Epithelial-Mesenchymal Plasticity in Cancer Progression and Metastasis. Dev. Cell 2019,
49, 361-374. [CrossRef]

Cortes, J.; Schoffski, P; Littlefield, B.A. Multiple modes of action of eribulin mesylate_ Emerging data and
clinical implications. Cancer Treatment Rev. 2018, 70, 190-198. [CrossRef]

Mellman, I.; Coukos, G.; Dranoff, G. Cancer immunotherapy comes of age. Nature 2011, 480, 480—489.
[CrossRef]

Lehmann, B.D.; Bauer, J.A.; Chen, X.; Sanders, M.E.; Chakravarthy, A.B.; Shyr, Y.; Pietenpol, J.A. Identification
of human triple-negative breast cancer subtypes and preclinical models for selection of targeted therapies.
J. Clin. Investig. 2011, 121, 2750-2767. [CrossRef]

Emens, L.A.; Cruz, C.; Eder, ].P; Braiteh, F.; Chung, C.; Tolaney, S.M.; Kuter, I.; Nanda, R.; Cassier, P.A.;
Delord, J.-P; et al. Long-term Clinical Outcomes and Biomarker Analyses of Atezolizumab Therapy for
Patients with Metastatic Triple-Negative Breast Cancer: A Phase 1 Study. JAMA Oncol 2019, 5, 74-82.
[CrossRef]

Adams, S.; Schmid, P.; Rugo, H.S.; Winer, E.P; Loirat, D.; Awada, A.; Cescon, D.W,; Iwata, H.; Campone, M.;
Nanda, R.; et al. Pembrolizumab monotherapy for previously treated metastatic triple-negative breast cancer:
Cohort A of the phase I KEYNOTE-086 study. Ann. Oncol. 2019, 30, 397-404. [CrossRef] [PubMed]

Wei, F.; Zhang, T.; Deng, S.-C.; Wei, J.-C.; Yang, P.; Wang, Q.; Chen, Z.-P; Li, W.-L.; Chen, H.-C.; Hu, H.; et al.
PD-L1 promotes colorectal cancer stem cell expansion by activating HMGA1-dependent signaling pathways.
Cancer Lett. 2019, 450, 1-13. [CrossRef] [PubMed]

Folkman, J. Angiogenesis in cancer, vascular, theumatoid and other disease. Nat. Med. 1995, 1, 27-31.
[CrossRef] [PubMed]

Linderholm, B.K.; Hellborg, H.; Johansson, U.; Elmberger, G.; Skoog, L.; Lehtio, ]J.; Lewensohn, R.
Significantly higher levels of vascular endothelial growth factor (VEGF) and shorter survival times for
patients with primary operable triple-negative breast cancer. Ann. Oncol. 2009, 20, 1639-1646. [CrossRef]
[PubMed]

Miller, K.; Wang, M.; Gralow, J.; Dickler, M.; Cobleigh, M.; Perez, E.A.; Shenkier, T.; Cella, D.; Davidson, N.E.
Paclitaxel plus bevacizumab versus paclitaxel alone for metastatic breast cancer. N. Engl. J. Med. 2007,
357,2666-2676. [CrossRef] [PubMed]

Brufsky, A.M.; Hurvitz, S.; Perez, E.; Swamy, R.; Valero, V.; O’'Neill, V.; Rugo, H.S. RIBBON-2: A randomized,
double-blind, placebo-controlled, phase III trial evaluating the efficacy and safety of bevacizumab in
combination with chemotherapy for second-line treatment of human epidermal growth factor receptor
2-negative metastatic breast cancer. J. Clin. Oncol. 2011, 29, 4286-4293. [PubMed]

Zanin, R.; Pegoraro, S.; Ros, G.; Ciani, Y.; Piazza, S.; Bossi, F; Bulla, R.; Zennaro, C.; Tonon, F.; Lazarevic, D.; etal.
HMGA1 promotes breast cancer angiogenesis supporting the stability, nuclear localization and transcriptional
activity of FOXML. J. Exp. Clin. Cancer Res. 2019, 38, 313. [CrossRef]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.devcel.2019.04.010
http://dx.doi.org/10.1016/j.ctrv.2018.08.008
http://dx.doi.org/10.1038/nature10673
http://dx.doi.org/10.1172/JCI45014
http://dx.doi.org/10.1001/jamaoncol.2018.4224
http://dx.doi.org/10.1093/annonc/mdy517
http://www.ncbi.nlm.nih.gov/pubmed/30475950
http://dx.doi.org/10.1016/j.canlet.2019.02.022
http://www.ncbi.nlm.nih.gov/pubmed/30776481
http://dx.doi.org/10.1038/nm0195-27
http://www.ncbi.nlm.nih.gov/pubmed/7584949
http://dx.doi.org/10.1093/annonc/mdp062
http://www.ncbi.nlm.nih.gov/pubmed/19549711
http://dx.doi.org/10.1056/NEJMoa072113
http://www.ncbi.nlm.nih.gov/pubmed/18160686
http://www.ncbi.nlm.nih.gov/pubmed/21990397
http://dx.doi.org/10.1186/s13046-019-1307-8
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Extracellular HMGA1 Sheds New Light on the Role of HMGA1 in Cancer Biology 
	HMGA1 is Secreted by Invasive Breast Cancer Cells 
	Extracellular HMGA1 is a Ligand of RAGE 
	Extracellular HMGA1 Mediates Adhesion, Invasion, and Migration of Invasive Breast Cancer Cells 
	Extracellular HMGA1 Correlates With the Incidence of Metastasis 

	Clinical Implications of Extracellular HMGA1 
	Preliminary Considerations 
	Prognostic Biomarker 
	Predictive Biomarker 
	Therapeutic Implications of HMGA1 in TNBC 
	Monotherapy against Extracellular HMGA1 
	Combination with Chemotherapy 
	Combination with Targeted Therapies 


	Conclusions and Future Directions 
	References

