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Abstract

The high mobility group A (HMGA) proteins are found to be aberrantly expressed in several tumors. Studies (in vitro and
in vivo) have shown that HMGA protein overexpression has a causative role in carcinogenesis process. HMGA proteins
regulate cell cycle progression through distinct mechanisms which strongly influence its normal dynamics along malignant
transformation. Tumor protein p53 (TP53) is the most frequently altered gene in cancer. The loss of its activity is recognized
as the fall of a barrier that enables neoplastic transformation. Among the different functions, TP53 signaling pathway is
tightly involved in control of cell cycle, with cell cycle arrest being the main biological outcome observed upon p53 activa-
tion, which prevents accumulation of damaged DNA, as well as genomic instability. Therefore, the interaction and opposing
effects of HMGA and p53 proteins on regulation of cell cycle in normal and tumor cells are discussed in this review. HMGA
proteins and p53 may reciprocally regulate the expression and/or activity of each other, leading to the counteraction of their
regulation mechanisms at different stages of the cell cycle. The existence of a functional crosstalk between these proteins
in the control of cell cycle could open the possibility of targeting HMGA and p53 in combination with other therapeutic
strategies, particularly those that target cell cycle regulation, to improve the management and prognosis of cancer patients.
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Introduction
HMGA proteins

The high mobility group A (HMGA) protein family is com-
posed of HMGA 1a, HMGA1b, and HMGA2. HMGA1la and
HMGA1b proteins are encoded by the same gene, HMGAI,
which is located at the chromosome band 6p21, whereas
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HMGAZ2 is generated from HMGA?2 gene located at the chro-
mosome band 12q13-15 [1]. The HMGA proteins possess an
N-terminus region harboring three basic domains known as
AT-hooks, which are able to bind the AT-rich sequences in
the minor groove of the DNA. They also possess a C-termi-
nus region harboring the so-called acidic carboxyl-terminal
domain, whose function still remains unclear. Indeed, the
presence of many negatively charged amino acid residues
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makes the C-terminal domain suitable to contribute to pro-
tein—protein interactions rather than binding to DNA [2].

The HMGA proteins share the same structure and are
well-conserved throughout the evolution, accounting for
their ability to regulate common targets [3]. Although
HMGA proteins do not have an intrinsic transcriptional
activity, they function as architectural chromatinic proteins
that bind to AT-rich sequences of DNA, without possess-
ing any specific consensus sequence. In this regard, recent
studies that performed ChIP-seq experiments confirmed
the preference of HMGA proteins for AT-rich genome [4,
5]. Although HMGA proteins do not possess intrinsic tran-
scriptional activity, they are involved in several biological
pathways through orchestration of the assemblage of tran-
scriptional complexes. By directly interacting with DNA and
transcriptional factors, HMGA proteins are able to modulate
the expression of several human genes [1, 6-8]. Notably,
most of the HMGA-regulated genes (such as E2F1, c-Myc
and CCNA) are involved in cell proliferation and invasion
[9-11].

Therefore, due to their pivotal roles, HMGA proteins are
subject to several post-translational modifications including
arginine/lysine methylation, lysine acetylation, and serine/
threonine phosphorylation, all of which modulate their inter-
action with DNA and other proteins [12-14].

The physiologic role of HMGA proteins is mainly
implicated during embryogenesis, where they are highly
expressed. The characterization of knocked-out mouse mod-
els of both Hmgal (Hmgal-null) and Hmga2 (Hmga2-null)
genes clearly revealed the involvement of these proteins in
several aspects of development [1]. Interestingly, Hmgal-
null and heterozygous mice developed type 2 diabetes and
cardiac hypertrophy, respectively [1, 15]. Conversely, a
pygmy phenotype was found in Hmga2-null and heterozy-
gous mice, with a body size reduction of 60% and 25%,
respectively, and a substantial impairment of body fat tissue
[15, 16]. Furthermore, the Hmgal/Hmga2 double knock-
out mice model exhibited a “superpygmy” phenotype, 80%
loss in body size, which was probably induced by a strongly
downregulation of E2F1 activity [17].

HMGA oncogenic activity

HMGA protein expression is low or absent (mainly as it
concerns HMGA?2) in adult tissues, whereas HMGA pro-
tein overexpression is a feature of malignant neoplasms [1],
thus representing a marker for malignancy [18] and a poor
prognostic index, since their upregulation is frequently cor-
related with a diminished patient survival and the occurrence
of distant metastases [19].

Interestingly, the upregulation of HMGA proteins is
not only a malignancy marker; however, it is well estab-
lished by several in vitro and in vivo studies that HMGA
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overexpression has a causative role in carcinogenesis pro-
cess. The abrogation of HMGA expression impaired the
neoplastic transformation of rat thyroid-derived cell lines
induced by murine transforming retroviruses [1]. Moreo-
ver, HMGALI1 silencing, which is achieved by transfecting
a HMGA cDNA antisense construct, causes apoptotic cell
death in human anaplastic thyroid carcinoma-derived cell
lines, but not in normal thyroid cells [20]. As a corroboration
of HMGA role in carcinogenesis, engineered mice overex-
pressing both Hmgal or Hmga2 were reported to develop
several neoplasms such as lipomas [21], hematopoietic
tumors [22, 23], and pituitary adenomas [24].

Finally, recent studies have demonstrated that differ-
ent microRNAs (miRNAs) and long non-coding RNAs
(IncRNAs) regulate HMGA expression [25-33], with the
most studied being miRNA-let7 [25-27], Inc SNHG16, Inc
RPSAP52, and HMGAT1 pseudogenes [28—33].

TP53-general aspects

TP53 (tumor protein p53) was first identified in the late
1970 s, and, during the first following years of its discovery,
it was assumed to be an oncogene [34, 35]. However, a dec-
ade after its identification, TP53 was established as a tumor
suppressor gene [36—38]. This represented a milestone on
the understanding of 7P53 and the molecular basis of cancer.
TP53 was initially observed in 1989, when it was described
as highly mutated in a wide variety of distinct tumors [39,
40]. In 1990, it was demonstrated that mutations in 7P53 is
associated with Li-Fraumeni syndrome, an inherited familial
predisposition to a wide range of cancers [40, 41]. Till date,
TP53 is the most studied human gene [42], as well as the
most frequently altered gene in cancer [43, 44], with loss
of its activity recognized as the fall of a barrier that enables
neoplastic transformation and tumor development [44—46].

In humans, the TP53 gene is located on the short arm of
chromosome 17 (17p13.1) and encodes the p53 protein [47].
p53 is a 393 amino acid protein divided into three main func-
tional domains: N-terminal domain, DNA binding domain
(DBD), and C-terminal domain. The N-terminal domain is
required for transcriptional activation; the DBD represents
the central core through which the interaction between p53
and its target proteins occurs, while the C-terminal is respon-
sible for p53 tetramerization ability and regulation of DNA-
binding domain, and contains a nuclear export and nuclear
localization signals [48, 49].

p53 plays an important role in multicellular organisms
through regulating cell cycle, as well as through its function
as a tumor suppressor. In normal non-stressed cells, the func-
tional p53 protein has a short half-life and is hardly detected
[50]. However, under stress signal such as oncogene assaults
and DNA damage, among others, the protein accumulates
and triggers the transcription of p53 target genes, leading to
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cell cycle arrest/DNA repair or apoptosis in extreme cases
[51, 52]. In this regard, p53 has been considered “the guard-
ian of the genome”, reflecting its importance in ensuring the
proper functioning of cells [53].

TP53 in cancer

Based on its anti-cancer function, p53 acts as a transcription
factor and is involved in several cellular processes including
DNA repair, cell cycle arrest, senescence, and apoptosis,
among others [54]. Therefore, it is not surprising that 7P53
signaling pathway is virtually inactivated in all types of can-
cer, since approximately half of cancer patients contain an
inactivating mutation in 7P53 and the other half present dis-
rupted p53 function as a result of defective signaling path-
ways or effector molecules that regulate its activity [55-57].

Cellular levels of p53 protein are key determinant of its
function. The expression of p53 is precisely controlled by
E3 ubiquitin ligase murine double minute 2 (MDM?2), which
targets p53 toward degradation by 26S proteasome, thus
maintaining a basal level of the protein [58—60]. Neverthe-
less, MDM?2 itself is a transcriptional target of p53, thus
characterizing a regulatory feedback loop [61]. Contrarily,
upon cellular stress, the kinases including ataxia telangi-
ectasia mutated (ATM) and ataxia telangiectasia and Rad3
related (ATR) act as DNA damage sensors and trigger a cas-
cade of phosphorylation that leads to the phosphorylation of
p53, preventing its interaction with MDM2. Therefore, p53
is stabilized and its levels are increased in cells, enabling the
transactivation of its target genes and execution of its crucial
cellular functions [56, 62, 63].

As a result of the crucial role of p53, its cellular levels/
activity must be also tightly controlled or regulated. Post-
translational regulation of p53 accounts for most of the
mechanisms that control p53 activity during stress condi-
tions. The post-translational regulation includes phosphoryl-
ation, acetylation, ubiquitination, sumoylation, neddylation,
methylation, and glycosylation [49, 64—72]. Moreover, it is
now known that p53 regulation takes place at many levels.
In addition to the post-translational regulation of p53, tran-
scriptional, post-transcriptional and translation regulation
mechanisms have been comprehensively reviewed by Niazi
and colleagues [73].

The frequency of TP53 mutations in different tumor types
greatly varies, nevertheless, it is especially high (> 80%) in
tumors that are very difficult to treat such as triple-negative
breast cancer [74], high-grade serous ovarian cancer [75],
esophageal squamous cell carcinoma [76, 77], squamous and
small cell type lung cancer [78, 79]. Missense mutations in
DBD are the most frequent ones, accounting for about 90%
of all mutations [80-82]. Notably, mutant p53 proteins accu-
mulate to a greater extent, since these proteins are incapa-
ble of inducing the transcription of their negative regulator

MDM2 [83, 84]. Moreover, certain types of tumor do not
harbor p53 mutation, but present an impaired p53 function
due to overexpression of its inhibitor MDM2 [55-57].

HMGA regulates TP53 expression
and function

Interestingly, it has been reported that HMGA proteins
regulate p53 at different levels. The first mechanism of this
regulation is represented by HMGA-dependent p53 regula-
tion through protein—protein interaction. The silencing of
HMGAT1 exerted an increased activation of p53 functions
in some thyroid carcinoma-derived cell lines, suggesting
the inhibitory activity of HMGA1 protein on p53 protein.
Furthermore, co-immunoprecipitation data suggested that
HMGAL1 directly interact with p53 via the C-terminal
tetramerization domain [85]. Moreover, HMGA1 negatively
regulates p53 protein functions by decreasing the transcrip-
tion of several p53 effectors including Bax and p21°P!,
and enhancing the expression of p53 repressor MDM2 [1].
Interestingly, by Wang et al. [86] demonstrated that HMGA?2
promotes cell cycle progression and inhibition of apopto-
sis by directly binding to both p53 tetramerization domain
and zinc finger domains of MDM2, which increased the
MDM2-induced ubiquitination on p53 and, consequently,
its degradation.

The second mechanism involves HMGA-dependent p53
regulation at transcriptional level. Through chromatin immu-
noprecipitation (ChIP) and luciferase assays, Puca et al. [87]
demonstrated that HMGA1 binds p53 promoter, repressing
its expression in a dose-dependent manner.

Surprisingly, p53 also seem to regulate the expression
of HMGA proteins. Through induction of tumor suppressor
miRNA (miR-1249), p53 suppressed colorectal cancer pro-
liferation and metastasis by targeting HMGA?2 [88]. In addi-
tion, activation of p53 in different cancer cell lines enhances
the expression of other tumor suppressor miRNAs that target
HMGAT1 and/or 2 such as miR-23-b [89, 90] and miR-Let7
[91]. This highlights an important involvement of HMGA
and TP53 interplay in cancer (Fig. 1).

The role of HMGA and TP53 in cancer cell
cycle control

Not disregarding the fact that HMGA and TP53 are
involved in the regulation of several critical processes
including cell proliferation, apoptosis, DNA repair, among
others, thus triggering contrasting outcomes, herein we
focus on their effects on the regulation of cell cycle. The
cell cycle represents a key event that directly relates to
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Fig.1 TP53 and HMGA expression and/or function reciprocal regu-
lation. Schematic representation of the mechanism through which
TP53 and HMGA are capable of regulating each other expression
and/or function. Specifically, to impair TP53 expression and func-
tion, HMGAL is able to directly interact with p53 at the C-terminal
oligomerization domain, blocking its tetramerization and, therefore,
preventing its binding to DNA and consequent activation of its tran-
scriptional targets, for example CDKNIA. Additionally, HMGA1
is capable of binding to TP53 promoter, inhibiting its transcription.
Finally, HMGALI also binds to the promoter of mouse double minute

tissue homeostasis, and alteration in the mechanisms
involved in cell cycle regulation is highly associated with
cancer development [92, 93]. HMGA proteins regulate
the cell cycle through distinct mechanisms which strongly
alter and directs its normal dynamics toward carcinogen-
esis [94]. TP53 is also tightly involved in cell cycle con-
trol, and cell cycle arrest is the main biological outcome
observed upon p53 activation, thus preventing accumu-
lation of damaged DNA and genomic instability, which
presents a major barrier for tumor development [45, 46].
In the following sections, specific cell cycle mechanisms
controlled by HMGA and TP53 are discussed according to
the phases of cell cycle.

@ Springer

2 (MDM?2) gene, a repressor of p53, inducing its transcription. The
mechanism through which HMGA?2 decreases p53 expression con-
sists in direct binding to the zinc finger domains of MDM?2, thus
increasing MDM2-induced ubiquitination of p53 and, consequently,
its degradation. On the other hand, TP53 transcriptionally induces
microRNA (miR) let-7, miRNA-1249, that target HMGA1 and
HMGA?2 for degradation, and miRNA-23b that target HMGA?2 for
degradation, depleting their cellular levels. *represents p53 oligomer-
ization domain. DBD DNA binding domain

Early cell cycle phases-G1/S transition

p53 plays a crucial role in this phase of the cell cycle.
Indeed, the activation of p53 leads to cell cycle arrest
mainly through its capacity to regulate gene transcription
[95]. Once p53 is activated in response to a wide variety
of cellular stress, it induces cyclin-dependent kinase inhibi-
tor 1A (CDKNIA) transcription, increasing the level of its
product, p21P! [96-99]. p21°"P! then binds to cyclin E/
cyclin-dependent kinase (CDK)2 and cyclin E/Cdk4 com-
plexes, inactivating them and, therefore, blocking the phos-
phorylation of retinoblastoma (Rb) protein. Therefore, Rb
remains bound to E2F1, preventing it from trans-activating
its targets, resulting to cell cycle arrest at the G1 phase [97].
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Moreover, pS3 can induce G1/S cell cycle arrest by tran-
scriptionally downregulating cell division cycle (CDC)25A
in a p21°l.independent mechanism, as demonstrated in
colorectal adenocarcinoma cells [100], and by repressing
CCNDI, as demonstrated in human non-small cell lung
carcinoma and osteosarcoma cell lines. The inhibition of
CCNDI occurs by switching its regulatory complex. p53
inhibits B cell lymphoma (Bcl)-3 expression, resulting to
the reduced presence of CCND/ transcriptional activator
p53/Bcl-3 complex, whereas its increment causes the asso-
ciation between p52 and histone deacetylases (HDAC)1,
which enhances the presence of the transcriptional repres-
sor complex [101]. Furthermore, it has been demonstrated
that p53 acts a transcriptional inhibitor of CCNE?2 via a
p21¢PLdependent mechanism in glioma cells [102].

Although the key mechanism of p53-mediated cell cycle
arrest is the transcriptional repression of its cell cycle target
genes, p53 can directly bind to the promoters of less than
5% of these genes [103], suggesting that the regulation of
most of them occurs through indirect mechanisms. In this
context, the modulation of DREAM (dimerization partner,
RB-like, E2F and multi-vulval class B—MuvB) complex by
pS53 seems to play a crucial role in cell cycle control mecha-
nisms. DREAM protein complex represses cell cycle genes
during quiescence (G0), and orchestrates their expression at
G1/S and G2/M phases in a time-coordinated manner, as a
result of the shift from its transcriptional repression to acti-
vation assembly along cell cycle [104, 105]. p21€P! activa-
tion by p53 blocks the formation of cyclin-CDK complexes,
thus maintaining pRB-like proteins in a hypophosphorylated
state [106]. This enables them to associate with proteins
to form the repressive DREAM complex configuration and
hampers the assembly of the transcriptional activator com-
plexes [104]. This characterizes the p5S3-DREAM pathway
which has been previously demonstrated to regulate the
expression of several cell cycle genes [98, 107, 108], lead-
ing to cell cycle arrest at G1 phase.

Interestingly, several evidences have indicated that one of
the mechanisms by which p53 controls cell cycle and tumor
progression is through miR-34 transcriptional regulation
[109-115]. It was demonstrated that the induction of miR-34
expression leads to the inhibition of several cell cycle genes
and proteins including cyclins E2 [116, 117], D2 [118], D3
[119], CDK4 and CDK®6 [114, 116, 117, 119], E2F [114,
119], E2F3 [117, 118], Myc [117, 118] and Kras [118]. Fur-
thermore, overexpression of miR-34 enhances the expres-
sion of the cyclin-dependent kinase inhibitor 2C (CDKN2C)
[112]. Therefore, induction of miR-34 expression and modu-
lation of its targets result to G1/S cell cycle arrest [113], as
a p53-dependent mechanism. Downregulation of mir-34 is
associated with 7P53 mutation, as demonstrated in ovarian
cancer, and a more malignant phenotype is associated with
a worse overall survival [120, 121], making it a negative

independent prognostic marker for breast [122, 123] and
gastric carcinomas [124—127]. Consistently, ectopic expres-
sion of miR-34 was able to restore the p53 tumor suppressor
functions in p53-deficient human pancreatic cancer cells by
inhibiting cancer stem cell self-renewal and/or determining
the cell fate [128].

The induction of miR-34 by TP53 presents an excellent
demonstration of the interplay between 7P53 and HMGA in
regulation of cell cycle, since miR-34 has been reported to
target HMGA?2 expression, thus inducing arrest of gastric
tumor cells in G1 phase, as well as decreasing the number
of cells in S phase [129]. In addition, another demonstration
revealed that HMGA genes may be involved in controlling
the DREAM complex, thus hampering its assembly. Moreo-
ver, it was previously reported that HMGA2 gene silenc-
ing impacts on the expression of a central component of
DREAM complex (that is, E2F4) in retinoblastoma cells
[130]. Furthermore, p130, which is a RB-like protein and
an essential component of DREAM complex, seems to
be regulated by HMGA proteins. Moreover, HMGA1 was
implicated as a driver in p130-negative human and murine
retinoblastomas [131].

HMGA proteins also control the expression of regulatory
proteins involved in the initial steps of cell cycle progres-
sion [94]. Thus, to elucidate the regulatory mechanisms of
HMGAI transcriptional network that is potentially related
with lymphoma malignant transformation, Schuldenfrei and
colleagues, using a HMGA1 transgenic mice model, demon-
strated that HMGA overexpression is involved in the posi-
tive regulation of cyclin E [7, 132]. The upregulation of cyc-
lin D and E1 expression by HMGAL is associated with the
activation of distinct mechanisms including the activation of
Notch pathway and deregulation of Hippo signaling, which
is represented by the nuclear localization of Yes-associated
protein (YAP) [133—-135]. Notch1 activation has been associ-
ated with tumor development [136, 137] and, interestingly,
the expression of Notch 1 receptor and its ligand, delta-like
canonical Notch ligand 1 (DLL1), are both inhibited by miR-
34a [138]. Furthermore, miR-34 expression leads to dimin-
ished E2F3 mRNA levels [139]. Therefore, it seems that pS3
tumor suppressor role counteracts the oncogenic effects of
HMGA proteins in cell cycle control. To substantiate this,
a growing body of evidence has been put forward to dem-
onstrate a highly complex and context-dependent crosstalk
between TP53 and Hippo pathways, since the deregulation
of both signaling pathways are connected and associated
with tumor progression [140].

HMGAT1 also induces the expression of cyclins D1 and
El, triggering G1/S phase transition in cervical cancer cell
progression. Furthermore, HMGA1 enhances cervical tumor
cell invasiveness and proliferation by increasing the expres-
sion of miR-221/222 that target and, consequently, down-
regulate the tissue inhibitor of metalloproteinases 3 (TIMP3)
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[135] and p27, which plays a critical role in controlling G1/S
transition [141]. HMGAZ2 also activates E2F1 through a
mechanism that involves HDACI1 [9]. The relevance of the
association between HMGA?2 and histone deacetylases in
the regulation of cell cycle was previously observed, though
in a different context. It was reported that HMGA?2 physi-
cally prevents the binding of HDACI1 to pRB/E2F1 com-
plex, resulting in over-activity of E2F1 due to the increase
in its acetylation which, in turn, promotes the transcription
of regulatory genes involved in G1 phase progression [9].
The blockage of the physical interaction between HDAC1
and pRB/E2F1 complex caused by HMGA?2, in addition to
allowing G1 progression, it is also capable of preventing
the activation of p53. This results due to the observation
that HDAC1, when not bound to pRB/E2F1, deacetylates
p53 in synergy with sirtuin (SIRT)1, preventing its overac-
tivation [142] and transactivation of the target genes [143].
Therefore, the deacetylation of p53 suppresses its ability to
trigger G1/S cell cycle arrest and increase miR-Let7a lev-
els [91], which is one of the main epigenetic regulators of
HMGA1 and HMGA?2 [25-27], as well as the mechanism
through which p53 counteracts the effects of HMGA on the
cell cycle. Furthermore, HMGA1 positively regulates E2F1
[9] by directly increasing E2F1 expression and activity, pro-
moting E2F1 release, due to its association with Rb [144,
145], and triggering G1/S progression. On the contrary, pS3
activation induces the expression of miR-17-5p [91] which
inhibits E2F1 [146], thus reinforcing the p53-mediated G1/S
cell cycle arrest. Finally, the p53-transcriptional target, miR-
34, causes a decrease in HDAC1 and SIRT1 levels [117],
resulting in a positive feedback loop in which p53 triggers a
cascade of events that amplifies its activation. Therefore, it is
clear that the mechanisms governing cell cycle progression
depend on the fundamental balance between the expression
and/or activity of HMGA and p53 proteins.

Late cell cycle phases—G2/M progression

HMGA and p53 proteins also participate in the regulation
of late cell cycle progression, that is, G2 to M phase tran-
sition. It was previously shown that HMGA?2 counteracts
the suppressive effect of the transcription factor p120%4F in
cell cycle progression by displacing p120E*F from CCNA
promoter, thus preventing its repressive effects over cyc-
lin A expression. Following the displacement of p120E4F
by HMGA, it binds onto the CCNA promoter, inducing the
expression of cyclin A [11]. The association of cyclin A
with CDKs such as CDK2 induces the entry into S phase,
as well as progression to G2 phase [92, 93]. It is reasonable
to hypothesize that the positive regulation of this protein by
HMGA? is associated with malignant transformation and/
or progression. Interestingly, in line with this HMGA?2 cell
cycle control mechanism, ectopic expression of p120E4F
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in mouse embryo cells resulted in cell cycle arrest at G1/S
phase, as well as a significant decrease in cyclins A, E, and
D1, and CDK 4/6 and CDK2 activities associated with a
marked increase in p21°P! expression [147]. Also in this
case, the interplay between HMGA and p53 proteins is evi-
dent, since p53 interacts with p1205*F in human and murine
cell lines, leading to cell cycle arrest, and that this associa-
tion with p53 is required for p120%*F to exert its growth sup-
pression activity [148]. Therefore, these data indicate that
p120%4" may be an important p53 partner in the complex
checkpoint network functions, and that p53 may indirectly
regulate cyclins and CDKs activities via interaction with
p120F4F. Furthermore, it was demonstrated that p120F4F
simultaneously interacts with p14*RF and p53, forming a
ternary complex in vivo that promotes G2 cell cycle arrest in
a p53-dependent manner [149], thus reinforcing the impor-
tance of the association between p1205*F and p53 in cell
cycle regulation.

Another evidence of the counteracting effects of HMGA
and TP53 on cell cycle regulations was demonstrated with
miR-23b and miR-130b. These miRNAs are able to target
and downregulate HMGA?2 in pituitary adenomas, promot-
ing cell cycle arrest at G1 and G2 phases [150]. Therefore,
the downregulation of miR-23b and miR-130b leads to
an increase in the expression of both HMGA?2 and cyclin
A2, which also targets HMGAZ2 [150]. Interestingly, p53 is
involved in miR-23b-modulated functions, since miR-23b
levels are augmented in different cell lines following p53-
induced expression, thus indicating that this miRNA repre-
sents a direct or indirect p53 target [89, 90]. Therefore, it
could be suggested that the regulation exerted by miR-23b
over HMGA?2 and cyclin A2 levels resulted in cell cycle
arrest which may be, at least in part, influenced by p53. Fur-
thermore, the downregulation of miR-150 was associated
with an increased HMGA?2 and cyclin A expression in colo-
rectal tumor cells [151], and, conversely, with a decreased
activity of TP53 in human colorectal cancer cells [116].

Moreover, the circuits that govern HMGA?2 expression
during cell cycle appear to be complex. It was revealed that
IncRNAs exhibited a regulatory effect on the expression of
HMGA genes [30, 31]. In line with this, using a hepatocellu-
lar carcinoma cell model, it was demonstrated by Li and col-
leagues, that IncRNA SNHGI16 acts as a decoy to mir-Let7b-
5p, which, besides inducing HMGA?2 levels, also promotes
the transition through G2/M phase via the enhancement of
CDC25B expression [152]. However, although the authors
did not demonstrate that the deregulation of cell cycle was
a direct consequence of HMGA?2 overexpression, it seems
quite plausible that the aberrant expression of HMGA2
might have worked in synergy with CDC25B to elicit the
G2/M transition.

One could point out the participation of 7P53 in this
regulatory network through which HMGA?2 guides G2/M
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transition, since miR-Let7 expression is induced upon p53
activation [91]. Therefore, the IncRNA SNHG16 may oper-
ate to counteract the p53 cell cycle arrest effect in cells by
overexpressing HMGA?2 and contributing to cell cycle pro-
gression. In addition, expression of miR-17-5p, which is also
induced upon p53 activation [91], was shown to be posi-
tively correlated with the expression of IncRNA SNHG16
[153]. E2F1 is negatively regulated by miR-17-5p [146].
Since IncRNA SNHG16 functions as a sponge for miR-
17-5p, preventing the inhibition of its target genes [154],
it could be suggested that the stabilization of E2F1 levels
may represent another mechanism through which IncRNA
SNHG16 restrains pS3-mediated cell cycle arrest, thus
favoring cell cycle progression. IncRNA SNHGI16 is also
capable of blocking one of the main mechanisms by which
p53 controls cell cycle progression, which has to do with
the induction of CDKNIA expression. SNHG16 enriches
the histone methyltransferase Enhancer of Zeste Homolog 2
(EZH2) and recruits it to CDKNIA promoter [155], where it
enhances H3K27me3 activity, resulting in CDKNIA repres-
sion [156]. Furthermore, it was reported that the overexpres-
sion of IncRNA RPSAPS52 prevents HMGA2 degradation
by competing with miR-15a, miR-15b, and miR-16 which
are redirected to CDKNIA, causing its depletion [28]. Inter-
estingly, in addition to CCNA transcriptional regulation by
HMGA?2, the circuit involved in the control of HMGA2
expression also influences cyclin A activity, since cyclin A/
CDK2 complex is inhibited by p21<P! [93, 94], thus indi-
cating the existence of a feedback loop mechanism in which
HMGAZ? directly or indirectly operates as a central element
during cell cycle progression. In addition, it shows a signifi-
cant conflict with TP53 cell cycle regulation, since p21©P!
induction is the key mechanism for p53-mediated cell cycle
control. Nevertheless, this is controversial following the
reported miRNA-15a, 15b and 16 upregulation upon p53
activation [91], and their capacity of triggering apoptosis
by targeting Bcl-2 [157]. One could hypothesize that this
discrepancy could be due to the observation that miRNAs
are promiscuous, that is, they possess multiple mRNA tar-
gets [158], and that IncRNA RPSAP52 might be interfering
in the complex and highly coordinated cell cycle control
network in which p53 and HMGA play crucial roles, shift-
ing the effect from cell cycle arrest/apoptosis to cell cycle
progression.

HMGAZ2 has also been reported as capable of regulating
other important elements that are particularly involved in
progression through G2 phase, as well as G2/M transition.
HMGA proteins transcriptionally regulate the expression of
cyclin A [1], cyclin B [94] and cyclin B2, apart from cooper-
ating with p27 during pituitary tumorigenesis [94, 159]. p53
also controls the late stages of cell cycle progression, trigger-
ing G2 arrest under stressful cellular conditions [160]. The
binding of cyclin-dependent kinase 1 (CDK1) to cyclin Bl

is essential for its activation and to ensure G2/M transition.
In this regard, p53 transcriptionally activates p21<P!, as well
as GADD45 (Growth Arrest and DNA-Damage-Inducible
45 Alpha) and 14-3-3 both of which simultaneously inhibits
CDKI1 activation [161, 162]. In addition, p53 transcription-
ally represses CCNBI and CCNB2 expression, resulting in
G2 arrest [163-166]. p53 also inhibits CDK1 expression
by inducing CDKNIA expression. Once expressed, p21°P!
inhibits the cyclin-dependent kinase activity that promotes
p130 and E2F4 which bind onto CDK1 promoter, causing its
repression [160, 166, 167]. p53 also transcriptionally inhib-
its CCNA2 in a p21©"P'-dependent mechanism [168]. By
modulating the DREAM complex, p53 regulates the expres-
sion of CCNBI, CDKI1, CCNB2, CDC25C, among others
[98, 107, 108]. Considering the potential role of HMGA in
controlling DREAM complex assembly, it is important to
consider the interference of HMGA on the expression of G2
phase genes through this mechanism. It is, therefore, evident
that p53 and HMGA regulate several proteins involved in
G2 phase of the cell cycle and, in most cases, exhibits an
opposite effect, resulting in cell cycle arrest or progression,
depending on the cellular state.

M phase and genomic stability

In addition to G1 and G2 checkpoints events, the phenom-
ena occurring during M phase are also associated with
tumor development and/or progression, and are regulated
by HMGA and TP53. It has been observed that aberrant
expression of HMGA proteins per se could affect genomic
integrity during cancer progression, since it was reported
that HMGA1 was associated with mitotic aberrations, such
as chromosomes misalignment, besides promoting a signifi-
cant alteration of the duration of metaphasis/anaphase due to
the regulation of spindle assembly checkpoints (SAC) genes
[169]. Also, the interplay between HMGA?2 and Nek?2 plays
a crucial role on chromatin condensation during spermato-
cytes meiosis [170]. Therefore, these data suggest that cell
cycle effects mediated by HMGA1 may only occur from
a molecular instability threshold, which is probably repre-
sented by the loss of function of genes associated with the
maintenance of genome integrity. These data interestingly
reveal a scenario where HMGA proteins seems to be the
“poison and antidote” at the same time, since cell cycle
deregulation mediated by HMGA proteins in carcinogen-
esis is dependent on early alterations promoted by this same
protein.

This strengths the suggested interplay between TP53 and
HMGA in cell cycle controlling, and its consequences in
tumor development and/or progression. Genomic integrity
and tightly regulated cell cycle control mechanisms are cru-
cial for maintaining tumor suppression. As discussed above,
wild-type, active p53 controls virtually all the mechanisms
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that ensure proper cell cycle regulation. For instance, the
modulation of DREAM regulatory complex by p53 is a
compelling demonstration of the broad control exerted by
p53 throughout cell cycle. The p53-DREAM pathway con-
trols a great variety of cell cycle genes that act from Gl
phase to the end of mitosis anaphase, indicating that p53
controls all the checkpoints present in cell cycle progres-
sion (G1/S, G2/M and SAC). Therefore, p53 controls SAC,
chromosomal segregation, and mitotic spindle assembly
[108, 171-180], and it could be stated that the deregulation
caused by TP53 mutations may contribute to a general loss
of cell cycle checkpoint control, resulting in aneuploidy and
chromosomal instability.

In this regard, the proper functioning of p53 ensures
genomic stability and tumor suppression. Nevertheless,
since the maintenance of genomic integrity by p53 is lost in
virtually all tumors [56-58], it could be stated that this may
account for the genomic instability that drives cells toward
tumorigenesis. The genomic instability caused by p53 loss
may represent the molecular instability threshold needed
for HMGA to function as an oncogene in cells. Moreover,
HMGA overexpression is a very common feature in sev-
eral tumors [1, 18, 19] and could also interfere with the
tumor suppressor mechanisms exerted by the active p53.
For instance, HMGA is also capable of intervening in the
formation of the DREAM repressive complex through the
modulation of E2F4 and p-130 expression [130, 131], rep-
resenting a major intrusion in the broad control exerted by
p53 throughout cell cycle.

Clinical perspectives of the interplay
between HMGA and TP53 in cell cycle control

The inhibition of cell cycle progression has been described
as a prominent therapeutic approach in the management of
cancer [181]. In this regard, drugs that specifically inhibit
the activity of target proteins involved in the control of cell
cycle have been developed and tested. These drugs constitute
two class of cell cycle inhibitors: CDK inhibitors [182] and
cell cycle checkpoint inhibitors [183]. However, on the basis
of the effects of HMGA and TP53 on cell cycle regulation,
it is reasonable to envisage them as specific cell cycle target
drugs in the future.

Although there is a possibility to block HMGA protein
function to regulate the expression and activity of crucial
molecules involved in cell cycle progression such as cyclins
A, B, D, and E, as well as Rb and p53 [1], it, however, seems
that the biological relevance of HMGA proteins cannot be
neglected during the implementation of cell cycle-directed
therapies. It was previously reported that several syn-
thetic, semi-synthetic, and natural compounds that inhibit
HMGA1 and HMGAZ2 function have been developed. The
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main approach employed is to prevent the binding of HMGA
proteins to the AT-rich DNA regions [184]. However, most
of these compounds present adverse side effects that could
be associated with the lack of specificity of these drugs [185,
186]. In addition, the high expression levels of HMGA fam-
ily members in adult stem cells [187] reinforce the need
for a specific strategy that would be deviant of undesired
systemic effects. The possibility to inhibit the accumulation
of HMGA protein through the restoration of microRNAs
that target HMGA proteins may be envisaged with future
advancement in technology.

It is also crucial to consider the impact of 7P53 muta-
tional status when envisaging cell cycle-targeted cancer
therapy. Loss of TP53 activity is widely spread among dif-
ferent types of tumors [56-58]. Therefore, in addition to
considering the lack of p53 functions in tumors when pro-
posing a cell cycle-directed therapy, p53 itself represents a
very attractive target for cancer treatment, specifically the
mutant p53 protein. Indeed, mutant p53 proteins lose their
ability to bind DNA, accumulate in the cell, and are ready
to be turned in its active form. It has been reported that the
restoration of p53 wild-type functions results in regression
of tumor [188-195].

Several compounds aimed at restoring wild-type p53
from mutant p53 have been produced and tested in pre-clin-
ical studies, showing encouraging results [196-202]. Among
the small p53 wild-type reactivating molecules, APR-246
is the most promising. APR-246 covalently bind to residues
277 and 124 of p53 protein [203, 204], restoring the wild-
type conformation and re-establishing its transcriptional
function [205, 206] in a wide range of p53 mutants [207].
This molecule was tested in a phase I/II clinical trial com-
prising 22 patients with hormone-refractory prostate cancer
(n=54) and hematological malignancies (n=22), demon-
strating its clinical effects in two patients and confirming
its biological effects in tumor cells in vivo [208]. Since
then, different phase I and II clinical trials are ongoing or
just concluded (results not yet published) on the evaluation
of the biological effects of APR-246 in combination with
other drugs in esophageal cancer (NCT02999893), myeloid
neoplasm (NCT03072043), and high-grade serous ovarian
cancer (NCT02098343 and NCT03268382) patients.

In the cases where TP53 is not mutated but its func-
tion is hampered by overexpression of MDM?2 that leads
to p53 degradation, small molecule and peptide drugs have
been developed to inhibit the interacting binding sites of
p53 and MDM?2, thus preventing the degradation of p53. A
small peptide known as Idasanutlin is currently being tested
through phases I, II and III clinical trials (NCT03850535
and NCT02545283) in patients with acute myeloid leuke-
mia, since 75% of these patients possess a wild-type p53
[209]. It is important to consider some possible side effects
of MDM2 antagonist treatment which includes: stabilization
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Fig. 2 Circuit representing TP53 and HMGA cell cycle control mech-
anisms in cancer. Schematic representation of the direct or indirect
targets of TP53, HMGAI and HMGA?2 involved in the different cell
cycle checkpoints and their effect exerted over the targets (Induction
or inhibition). The involvement of DREAM complex in this circuit
is also represented: transcriptional repression of p53 target genes
which occurs through the modulation of DREAM complex towards
its repressive assembly is indicated by the blue DREAM complex,
whereas the upregulation of E2F4 by HMGA?2 favoring DREAM

of p53 in normal cells, leading to undesired cell death; pos-
sible stabilization of mutant p53 in pre-malignant lesions,
leading to increased risk of cancer progression; and possi-
ble increase in the expression of MDM2 degradation targets
such as hormone receptors [198]. Therefore, the long-term
use of peptides blocking p53-MDM?2 interaction should be
critically evaluated.

In addition, inducing synthetic lethality together with p53
mutation has also been envisaged as an anti-cancer thera-
peutic approach. Therefore, among the several p53 mutant
synthetic lethal genes identified [210-214], some of them
are part of p53-related pathways, since they are involved
in G1 and G2/M checkpoints, DNA damage, as well as in
the Rac and Rho pathway [199]. For this purpose, a Weel
(involved in G2/M checkpoints) inhibitor (AZD1775) has

transcriptional activator configuration and its potential effects is indi-
cated by the red DREAM complex. It is possible to observe the over-
lap between TP53 and HMGA target molecules along cell cycle, nev-
ertheless, leading to opposing outcomes. The white and pink pillules
indicate the potential cell cycle druggable targets, i.e. cyclin-depend-
ent kinase (CDK) inhibitors, T7P53 and HMGA. The mechanistic
details of the interplay between TP53 and HMGA in cell cycle regula-
tion in cancer, as well as their potential use as therapeutic approach
are described in the text

been evaluated as a synthetic lethal agent in the 7P53-
mutated human cancers in phase I and II clinical trials, dem-
onstrating that its use together with other chemotherapeutic
drugs is efficient in the treatment of solid tumors and ovarian
cancer patients [215, 216].

Another p53-targeted therapy is the introduction of
a wild-type p53 in cancer cells using a defective adeno-
virus, followed by irradiation to cause DNA damage and
induce p53-mediated apoptosis of head and neck tumors
[217]. Although there are lots of progress required for the
full implementation of p53-target therapies in tumors, this
intervention strategy promises to be a powerful tool for
improving cancer treatment, given the extremely encourag-
ing results already obtained.
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