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HMGA2 (HighMobility Group AT-hook 2) has been reported to promote colorectal cancer (CRC) development by reg-
ulating the transcription of target genes. It participates in nearly all aspects of cellular processes, including cell trans-
formation, proliferation, apoptosis, senescence, metastasis, epithelial-to-mesenchymal transition (EMT), DNA repair
and stem cell self-renewal. In the past decades, a group of downstream targets and binding partners have been identi-
fied in a wide range of cancers. Our findings of HMGA2 as a key factor in the MDM2/p53, IL11/STAT3 and Wnt/β-
catenin signaling pathways prompt us to summarize current advances in the functional and molecular basis of
HMGA2 in CRC. In this review, we address the roles of HMGA2 in the oncogenic networks of CRC based on recent ad-
vances. We review its aberrant expression, explore underlying mechanisms, discuss its pro-tumorigenic effects, and
highlight promising small-molecule inhibitors based on targeting HMGA2 here. However, the understanding of
HMGA2 in CRC progression is still elusive, thus we also discuss the future perspectives in this review. Collectively,
this review provides novel insights into the oncogenic properties of HMGA2, which has potential implications in the
diagnosis and treatment of CRC.
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Introduction

High mobility group AT-hook 2 (HMGA2), is a member of the HMGA
family that is distinguished by their rapid electrophoretic mobility in poly-
acrylamide gels. The HMGA family is composed of four members,
HMGA1a, HMGA1b, HMGA1c and HMGA2. The humanHMGA2 gene is lo-
cated at chromosome 12q13-15 and is encoded by 5 exons with an open
reading frame of 330 bp [1,2]. The full-length human HMGA2 protein con-
sists of 109 amino acid residues with an approximate molecular mass of
20 kDa. It is characterized by three highly conserved N-terminal motifs
encoded by the first three exons, known as AT-hooks DNA-binding do-
mains; also the linker encoded by the exon 4 and an acidic C-terminal tail
encoded by the exon 5 [1,2]. Under normal physiologic conditions,
HMGA2 content is low or absent in adult normal cells and tissues, whereas
it expresses at high levels during embryogenesis. In disease states, such as
cancer, HMGA2 expression has been found to be markedly induced.
HMGA2 are characteristically present at high levels in a variety of human
cancers, suggesting that HMGA2 is essential for tumorigenesis, including
colorectal, ovarian, breast, lung, and pancreatic cancer [1,2]. Not surpris-
ingly, therefore, ectopic expression of HMGA2may lead to various diseases,
including benign and malignant tumors [3,4]. Importantly, HMGA2 over-
expression confers worse prognosis to patients of colorectal [5], gastric
[6], ovarian [3], breast [7], oral cavity [8], pancreatic [9] and lung cancer
[10].

Although HMGA2, as well as HMGA1, have no intrinsic transcriptional
activity, they have been recognized as architectural transcription factors
that induce “architectural” changes in the promoter regions of genes.
Thus, a large number of target genes could be modulated by HMGA1 and
HMGA2. HMGA1 and HMGA2 participate in the assembly of nuclear mac-
romolecular complexes through protein-DNA and protein-protein interac-
tions. They induce conformational changes by directly binding to AT-rich
stretches of DNA, and thus negatively or positively regulate the transcrip-
tional activity of target genes. In addition, they promote cooperative bind-
ing of additional transcription factors to their targeting regions, and then
regulate gene expressions either in activation or in repression [1,2,11].

Growing evidences suggest that HMGA2 participates in numerous pro-
cesses of cancer development and progression, such as proliferation, differ-
entiation, transformation, apoptosis, epithelial-to-mesenchymal transition
(EMT), metastasis, and angiogenesis. Most studies point to an oncogenic
role for HMGA2. In cancer and embryonic stem cells, HMGA2 bound to
and stabilized replication forks (RFs), thereby promoting cell proliferation
[12]. Xie et al. illustrated that HMGA2was of great importance to cadmium
(Cd)-involved reactive oxygen species (ROS) production and proliferation
in MRC-5 cells. Cd-induced overexpression of HMGA2 facilitated cell
cycle progression mediated by upregulation of cyclin D1, cyclin B1, and cy-
clin E, ultimately stimulating cell growth [13].

HMGA2 is also a crucial regulator in stem cell maintenance and embry-
onic development. The study by Nishino and colleagues indicated that
Hmga2 enhanced the self-renewal potential of neural stem cells by
targeting p16Ink4a and p19Arf [14]. Li et al. demonstrated that HMGA2
was present at high-levels and interacted with nucleosomes in human em-
bryonic stem cells [15]. In addition, proinflammatory macrophages (M1)
were found to be crucial in formation and maintenance of cancer stem
cells (CSCs), where HMGA2 could induce M1-mediated CSC phenotype in
breast cancer [16]. Interestingly, as another HMGA family member,
HMGA1 was reported to play essential roles in ISC (intestinal stem cell)
maintenance and function. It induced self-renewal of ISCs and expansion
of the ISC compartment viaWnt/β-catenin signaling in CRC [17,18]. In ad-
dition, they also found that HMGA1 facilitated the Paneth cell niche expan-
sion by directly promoting the transcription of SOX9 in CRC [17,18]. In
their study of the colorectal cancer stem cells (CSCs), Wei et al. also
found that HMGA1 enhanced CSC self-renewal and expansion [19]. Given
that ISCs and CSCs are critical for the maintenance of physiological
homoeostasis and CRC development and progression, we speculated that
HMGA2 might also be a key regulator in enhancing colorectal cancer cell
stemness, thus contributing to colorectal carcinogenesis. HMGA1 and
2

HMGA2 might serve as potential targets for treatment by suppressing
chemoresistance and tumor recurrence in CRC.

Interestingly, Chaves-Pérez et al. found that URI (unconventional
prefoldin RPB5 interactor) in slow-cycling label-retaining (LR) cells
within the crypts promoted regeneration of the injured tissue after irra-
diation through modulating WNT/β-catenin signaling, thus protecting
against gastrointestinal syndrome (GIS), whereas reducing URI expres-
sion increased sensitivity to radiation [20]. Several lines of evidence il-
lustrated that HMGA2 regulated self-renewal in various tissues, and
therefore could be important for intestinal regeneration and radiother-
apy sensitization. We speculated that HMGA2 might promote intestinal
regeneration and enhanced radiotherapy sensitivity via activating
WNT/β-catenin signaling in CRC. Compared with monotherapy,
knocking down HMGA2 expression in conjunction with ionizing radia-
tion might help to overcome radioresistance and limit the side effects
of radiotherapy on CRC patients.

Growing evidence showed that HMGA2, as a driver of inflammation,
might be critical for the development of colitis-induced CRC. HMGA2 was
determined as a driver of inflammation in acute liver injury by promoting
the expression of pro-inflammatory cytokines such as TNF-α, IL-6 and IL-
1β [21]. Frankenberger et al. reported Raf kinase inhibitory protein
(RKIP) reduced TAM recruitment by modulating the expression of
HMGA2 in triple-negative breast cancer [22]. Of note, aspirin and sulindac
sulfide were identified as HMGA2 inhibitors, and gene set enrichment anal-
ysis (GSEA) demonstrated a significant positive association between
HMGA2 level and the gene expression signature of inflammation in CRC
[23]. All above-mentioned studies suggested the involvement of HMGA2
in inflammation. Future studies will be necessary to elucidate the roles of
HMGA2 in mediating colitis-induced tumorigenesis in CRC.

In their study of the influence of the gut microbiota on human gene
expression by Richards and colleagues, many transcription factors that
were active and responsive to microbiome exposure were identified by
footprinting analysis, including HMGA2 motifs [24]. The interplay be-
tween commensal microbiota and host immune system is crucial for
maintaining the gut homeostasis. Once it is disturbed, the dysregulated
immune responses contribute to the initiation and progression of colo-
rectal cancer [25]. As mentioned above, enrichment of accessible chro-
matin regions and the levels of transcription factor binding were
changed after the microbiome treatments, resulting in alterations in
HMGA2 motifs [24]. They offered evidences of potential mechanisms
for overexpression of HMGA2 downstream targets in CRC. It suggested
that the synergistic combination of HMGA2 inhibitors together with
manipulating the microbiome would exhibit a promising antitumor ef-
fect for CRC treatment. Taken together, these findings underlined the
potential importance of HMGA2 in the development and progression
of inflammation-associated and microbiota-linked CRC.

Interestingly, in chromium VI (Cr (VI))-induced autophagy, HMGA2
was acted as a transcription factor to directly initiate transcription of the
autophagy-associated protein Atg10, thereby promoting the Atg12-Atg5
conjugation [26]. Furthermore, HMGA2 is also involved in DNA repair in
cancer cells. It participated in not only base excision repair (BER), but
also nonhomologous end joining repair (NHEJ) [27,28]. Interestingly,
HMGA2was reported to extensively protect stalled replication forks against
collapse leading to genotoxic double strand breaks (DSBs), thus implying
that HMGA2 was required for the maintenance of genome stability in
human cancer and stem cells [29].

HMGA2 and colorectal cancer

HMGA2 expression in colorectal cancer (CRC)

CRC is the most common gastrointestinal malignancy with a high inci-
dence and mortality [30]. Based on its histological characteristics, over
90%of CRC are adenocarcinomas. Histologically, rare types includemucin-
ous adenocarcinoma, medullary carcinoma, micropapillary adenocarci-
noma, and signet ring cell carcinoma [31,32]. It is a heterogeneous
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disease that is tightly related to loss-of-function of tumor suppressor genes
and gain-of-function of oncogenes. Gene mutations in p53, APC, PTEN, K-
RAS, B-RAF, STAT3 and mismatch repair genes, and alterations of cell sig-
naling pathways in Wnt/β-catenin, MAPK, PI3K, TGF-β and EGF networks,
contribute to the development of CRC [32–34]. With the widespread adop-
tion of the screening strategies, such as endoscopy, fecal occult blood tests,
and radiology tests, CRC has been largely prevented [32,35]. In addition,
evidence is mounting that the mortality of CRC has significantly declined
due to the use of combined therapy, including surgery, chemotherapy, ra-
diotherapy, molecular targeted therapy and other treatments [32,36–39].
As such, it is crucial to understand the underlying mechanisms that facili-
tate the development and progression of CRC. Here, we provide an over-
view of the current knowledge on the emerging roles of HMGA2 in CRC
carcinogenesis.

Several studies supported that HMGA2 expressions significantly in-
creased in CRC. Wang et al. observed high levels of HMGA2 in CRC tis-
sues and HMGA2 overexpression was significantly related to distant
metastasis of CRC patients. They also found that increased HMGA2 pro-
tein expression was associated with decreased survival of patients with
CRC, implying that HMGA2 was responsible for poor prognosis. Fur-
thermore, a subgroup analysis revealed that high HMGA2 level signifi-
cantly correlated to worse patient prognosis in patients at stages III
and IV [5]. In our study, CRC tissues with strong HMGA2 immunoreac-
tivity were more common in patients with lymph node metastasis and
advanced clinical stage. Overall survival was significantly improved in
CRC patients with low HMGA2 expression in the subgroups of distal,
low-grade and tumor size <5 cm [40]. Similarly, the study from Rizzi
and colleagues supported that high HMGA2 expression in tumor cells
and low HMGA2 in stromal fibroblasts were associated with poor out-
come in CRC [41]. Similar findings were observed in TCGA database.
HMGA2mRNA expression was substantially higher in CRC than in adja-
cent normal tissues from analysis of the TCGA dataset, suggesting an on-
cogenic role for HMGA2 in CRC [42]. Similarly, the expression of
HMGA2 by real-time PCR was statistically associated with advanced
Dukes C and D stages [43].
Fig. 1. Scheme of HMGA2-mediated signaling pathways and functions in CRC. HMGA
directly repressed the transcription of miR-194 in CRC. HMGA2 directly interacted w
subsequently decreasing its expression. Upstream factors accounted for dysregulation o
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Cell-free HMGA2 mRNA in CRC

It is well-known that cell-free nucleic acids (cfNAs) have emerged as po-
tential screening tools for the early diagnosis of cancer [44]. We found that
CRC patients showed higher levels of circulating cell-freeHMGA2mRNA as
compared to healthy controls. In addition, our results demonstrated that in-
creased expressions of circulating HMGA2 cfRNAs were observed more
often in CRC patients with right-sided tumor location, positive vascular in-
vasion, positive nerve infiltration, negative microsatellite instability (MSI)
status and elevated serum CA199 levels. Considering the above-
mentioned studies, the use of HMGA2 cfRNAs in serum could be exploited
for diagnosis and screening in CRC [45].

HMGA2 and signaling pathways in CRC

Studies have shown that HMGA2 has effects in cancer development via
regulating various signaling pathways, such as MDM2/p53, IL11/STAT3,
and Wnt/β-catenin pathways (Fig. 1) [40,46–49].

HMGA2 and MDM2/p53 pathway in CRC
p53, a widely known tumor suppressor, is the most frequently mutated

gene in human tumors [50,51]. p53mutation occurs in approximately 50%
of CRC. Under the physiological conditions, p53 is kept at a low level, being
degraded through ubiquitin-mediated proteolysis by its negative regulator,
the E3 ubiquitin ligase MDM2 [52–54]. However, it can be activated by a
variety of stresses or cellular damages, including DNA damage, oncogenic
activation and hypoxia [55]. As a key transcription factor, activated p53
protein directly regulates the transcriptions of target genes and then con-
trols diverse cellular processes, such as cell cycle arrest, senescence, apopto-
sis, autophagy, metabolism and DNA repair [56–58]. Wei et al. indicated
that HMGA2 complementary to p53 was a useful and promising marker
for the early diagnosis of high-grade papillary serous carcinoma, probably
hinting the interaction between HMGA2 and p53 [59]. In our study, to in-
vestigate Hmga2 in vivo, we generated intestinal epithelial cell-specific
knock-in (KI) mice expressing Hmga2 (Hmga2KI/KI:PVillin-Cre T). We
2 directly activated the transcription of IL11, Slug, FN1 and Dvl2 in CRC. HMGA2
ith p53 and MDM2, thereby increasing MDM2-mediated p53 ubiquitination and
f HMGA2 in CRC, including KLK6, ZNF382 and high glucose.
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found that Hmga2 KI promoted intestinal carcinogenesis in both the AOM-
induced and AOM/DSS-induced mouse tumor models. Importantly, we
found that HMGA2 had a strong binding to p53. A fragment containing
the tetramerization domain of p53 protein (amino acids 294–393) could di-
rectly bind HMGA2, whereas the three AT-hook domains (amino acids
1–83) of HMGA2mediated the interaction of HMGA2 and p53. In addition,
we also found that HMGA2 physically interacted with MDM2. Deletion
mapping studies demonstrated that the two (amino acids 1–73) or three
AT-hook domains (amino acids 1–83) of HMGA2 and the central acidic
and zinc finger domains of MDM2 (amino acids 111–360) were sufficient
for their association. Ourfindings indicated that HMGA2directly interacted
with p53 and MDM2, thereby increasing MDM2-mediated p53
ubiquitination and subsequently decreasing p53 protein stability and ex-
pression [46].

HMGA2 and IL11/STAT3 pathway in CRC
Themetastasis of cancer consists of sequential processes, including EMT

[60–63]. EMT is a process in which epithelial cells lose their adherence
junctions, lose epithelial morphology, and acquire mesenchymal features.
It is an evolutionarily conserved program that is characterized by the down-
regulation of epithelial markers, including E-cadherin and ZO-1, and upreg-
ulation of mesenchymal markers, including N-cadherin, Vimentin,
Fibronectin and MMPs. Several transcription factors (Snail, Slug, Twist,
Zeb1 and Zeb2) and signaling pathways (TGF-β, Wnt/β-catenin and BMP)
are implicated in EMT [60–65]. In our study, we found that HMGA2 pro-
moted cell migration and invasion by directly activating the transcriptions
of fibronectin1 (FN1) and interleukin (IL)-11 in CRC. As an extracellular
matrix (ECM) protein, FN1 binds and interacts with cell surface integrins.
It drives cell migration through PI3K/AKT, FAK, TGF-β and JNK signaling
pathways [66–69]. IL11 belongs to the IL-6 family cytokines that share
the common signaling receptor subunit, named as gp130. IL11 hasmultiple
functions in the development and progression of cancer by activating JAK/
STAT signaling pathway [70–73]. Our findings demonstrated that HMGA2
directly bound to the FN1 promoter region of +175/+196 and IL11 pro-
moter region of −2147/−2132, and then transcriptionally induced their
expressions, thus ultimately contributing to cancer metastasis in a
pSTAT3-dependent pathway in CRC [40].

HMGA2 and other pathways in CRC
Of note, Tan et al. revealed that overexpression of HMGA2 triggered the

proliferation of acute myeloid leukemia cells via activation of PI3K/AKT/
mTOR signaling pathway [74]. In addition, HMGA2 was reported to be es-
sential for themaintenance of stemnesswith co-activation of PI3K/AKT and
RAS/MAPK pathway in prostate cancer [75]. Brandt et al. demonstrated
that mTORC1 activation inhibited IBD-associated CRC, but promoted APC
mutant-derived tumorigenesis in mouse models [76]. Faller et al. demon-
strated the roles of mTORC1 in promoting Apc-driven tumorigenesis
through increasing translational elongation rates following Wnt activation,
thus rapamycin, the mTOR inhibitor, could be used as a target with poten-
tial therapeutic effects to block CRC [77]. In our study, we found that
HMGA2 induced Wnt/β-catenin pathway by directly binding to the Dvl2
promoter region of −201/−185 and promoted its expression at the
Fig. 2. Scheme of ncRNAs and inhibit
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transcriptional level in CRC [47]. Based on the above-mentioned findings,
we speculated that HMGA2 might suppress growth of APC mutant-
derived tumors, and combination of HMGA2 inhibitors with mTOR inhibi-
tors (e.g., rapamycin) might show potential antitumor activity for patients
with APC-deficient CRC.

The findings from Kao et al. indicated that Hsp90 directly interacted
with HMGA2, and Hsp90 inhibitor downregulated HMGA2 expression by
promoting its ubiquitination and indirectly suppressing ERK signaling path-
way, suggesting that it could be used as a potential target for therapeutic in-
tervention in CRC [48]. In addition, HMGA2 was also involved in ERK and
TGF-β pathways. As mentioned above, EMT plays critical roles in embry-
onic development and carcinogenesis. ERK and TGF-β signaling induced
HMGA2 expression. HMGA2 further directly bound to the Slug promoter re-
gion of−486/−204 and stimulated its transcription, ultimately promoting
EMT and facilitating cancer progression in colon cancer [49].

In addition, different upstream factors accounted for dysregulation of
HMGA2 in CRC. For instance, KLK6 enhanced cell invasion via promoting
the expression of HMGA2 in CRC [78]. High glucose could facilitate EMT
of CRC cells by increasing HMGA2 protein [79]. ZNF382 attenuated the ex-
pression of HMGA2 through heterochromatin silencing in CRC [80].

HMGA2 and non-coding RNAs in CRC

Non-coding RNAs (ncRNAs) that do not code for proteins play pivotal
roles in regulating the expression of target genes at various levels under
both physiological and pathological states. The ncRNAs are divided into dif-
ferent subgroups accordingly to their size and biologic function, including
short interfering RNAs (siRNAs), microRNAs (miRNAs), PIWI-interacting
RNAs (piRNAs), long non-coding RNAs (lncRNAs) and circular RNAs
(circRNAs) [81–84]. Several ncRNAs are involved in regulating HMGA2
in CRC (Fig. 2).

MiRNAs are a class of small non-coding RNAs (18–25 nucleotides in
length) that mainly influence gene expression at the post-transcriptional
level via base pairing to the 3′-untranslated region (3′-UTR) of the target
mRNAs, thus degrading mRNA or repressing translation [85,86]. By acting
as tumor suppressors or oncogenes (onco-miRs), depending on the target
mRNAs they act on, the aberrant expression of miRNAs may contribute to
the progression of cancers [87–89]. Moreover, numerous miRNAs are re-
ported to be involved in HMGA2-mediated cancer development.

Several independent studies had identified HMGA2 as a downstream
target of the let-7 miRNA family, which were widely known as tumor sup-
pressor miRNAs [90–92]. Liu et al. indicated that the levels of let-7a-5p in
serum and tumor tissue could be used as biomarkers for lymph nodemetas-
tasis and clinical outcome in CRC [93]. In addition, miR-4500 andmiR-204
were reported to target HMGA2 by binding to its 3’-UTR, then negatively
regulating HMGA2 expression in CRC [94,95]. Chen et al. indicated that
p53 transcriptionally increased the expression of miR-1249, which then
post-transcriptionally repressed VEGFA and HMGA2 to suppress CRC mi-
gration and invasion [96]. Fan et al. showed that miR-543 targeted KRAS,
MTA1 and HMGA2, and then attenuated pro-oncogenic signaling path-
ways, finally inhibiting CRC progression [97]. MiR-330 mediated antitu-
mor effects by attenuating HMGA2 expression; these findings provided a
ors that regulate HMGA2 in CRC.
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new insight for understanding the role of HMGA2 in CRC [42]. MicroRNA-
204-3p and miR-150 were identified as upstream regulators of HMGA2,
which might explain their roles of tumor suppression in colon cancer
[98,99].

On the other hand, as an architectural factor, HMGA2 could directly
bind to the upstream promoters of miRNAs to influence their expressions.
The study by Chang and colleagues demonstrated that HMGA2 decreased
miR-194 expression by directly binding to its promoter in CRC [100].

In addition, lncRNAs and circRNAs are also involved in HMGA2-
mediated pathways in CRC. Acting asmiRNAs “sponges”, lncRNAs compete
with mRNAs for miRNA binding, thus regulating the expression of mRNAs
[101]. Compared with miRNAs, the regulatory mechanism of lncRNA is
rather complex. It influences gene expression at multiple levels
[101,102]. LncRNA PCAT6 reduced the sensitivity of CRC cells to 5-
fluorouracil-based chemotherapy by hindering miR-204 and inducing
HMGA2 expression [103].

CircRNAs are a group of endogenous non-coding RNAs, which have a
covalently closed loop structure without 5′ or 3′ terminals generated by a
back-splicing process. They reported to be associated with various pro-
cesses, including cancer pathogenesis [104,105]. CircNSUN2 interacted
with IGF2BP2 and HMGA2 mRNA to form circNSUN2/IGF2BP2/HMGA2
RNA-protein complex, which consequently increased the stability of
HMGA2 mRNA and promoted liver metastasis in CRC [105].

HMGA2 in radiotherapy and chemoresistance of CRC

There have been extraordinary progresses for the treatment of CRC in
the past decades. Application of multiple approaches, such as surgery, che-
motherapy, radiotherapy, neoadjuvant therapy, targeted therapy and im-
munotherapy, lead to the improvement of the therapeutic efficacy and
patient survival [36–39].

It had been shown that overexpression of HMGA2 prolonged the clear-
ance of γ-irradiation-induced γ-H2AX and increased radiotherapy efficacy
in CRC, suggesting that HMGA2 could be used as a potential indicator for
predicting radiotherapy response in CRC patients [5]. Consistently,
HMGA2 induced genomic instability by impairing NHEJ and promoted
the accumulation of γ-H2AX, indicating that HMGA2 sensitized cancer
cells to radiotherapy. Both suggested the probable mechanism for the
HMGA2-augmented sensitivity to radiotherapy in cancer patients [28].

Until recently, 5-Fluorouracil (5-FU) still serves as the first-line chemo-
therapeutic agent in CRC management. It is a pyrimidine analogue by
inhibiting thymidylate synthase [106,107]. Emerging evidences implicated
the roles of HMGA2 in chemoresistance. HMGA2 promoted the
chemoresistance of CRC cells to 5-FU. In addition, we also found that
HMGA2 overexpression increased the 5-FU chemoresistance via modula-
tion of Wnt/β-catenin pathway in CRC [47]. It was reported that high
miR-204 expression induced cell sensitivity to 5-FU-based treatment
through negatively regulating HMGA2 in CRC [95]. Together, these data
indicated crucial roles of HMGA2 in regulating CRC chemoresistance.

HMGA2 inhibitors in CRC

Considering the vital roles of HMGA2 in carcinogenesis, silencing of
HMGA2 expression can be used as potential intervention independently or
in combination with other therapeutic approaches in CRC. Discovering bio-
molecules that inhibit HMGA2 expression has given us a new perspective
on CRC management. Several inhibitors are reported to participate in silenc-
ing HMGA2 in CRC (Fig. 2). In their study of the pharmacologic inhibition of
HMGA2 in CRC, Huang et al. found that the antifungal drug ciclopirox (CPX)
directly interacted with HMGA2 and attenuated its expression, which subse-
quently promoted cell cycle arrest and apoptosis, ultimately suppressing CRC
growth using in vitro cell models and in vivo xenograft mice models. This
study provided extremely strong evidence to suggest that CPX could serve
as a potential therapeutic candidate by directly targeting HMGA2 in CRC
[108]. The study by Leung and colleagues identified S100A4 as a potential
target for CRC with HMGA2 overexpression by the Connectivity Map
5

(CMap) analysis. They also reported that the antihelminthic agent
niclosamide could be used as a potential therapeutic drug by targeting
S100A4 in HMGA2-overexpressing CRC cells in vitro and in xenograft mice
in vivo [109]. Nana et al. found that tetrac inhibited β-catenin and
HMGA2, and then induced resveratrol-mediated anti-proliferation in CRC
cell lines, primary colon cancer cells and in xenograft mice model [110]. In-
triguingly, HMGA2 was also involved in the process of oxidative stress re-
sponses in colon cancer. Chen et al. stated that HMGA2 facilitated anti-
oxidant response activation. And dicoumarol suppressed migration in
HMGA2-overexpressing colon cancer cells in vitro [111].

Importantly, RNA interference (RNAi) has become as a powerful tool to
silence gene expression. Moreover, because of the advantages of siRNA
therapy, such as high specificity, low cytotoxicity, and high efficacy, it
opens a potential perspective for the development of novel therapeutic
strategy by inhibiting specific oncogenes in CRC treatment [112–114].
HMGA2 siRNA-loaded nanoliposomes were developed to target HMGA2,
which was shown to exhibit anti-tumorous activities significantly by
in vitro cell models [115]. Furthermore, the co-delivery system of encapsu-
lated HMGA2 siRNA and doxorubicin (DOX) in nanoparticles significantly
enhanced anti-cancer effects of DOX even at low concentrations, and sensi-
tized CRC cells to DOX in HT-29 cell lines in vitro. It served as a potential
therapeutic approach in CRC management [91].

Conclusion

As described above, numerous studies have defined HMGA2 as an
oncoprotein in CRC. HMGA2 is not only aberrantly overexpressed, but
also correlates with metastasis and poor prognosis in CRC. Circulating
cell-freeHMGA2mRNA has been identified as a potential screeningmarker
in discriminating between CRC patients and healthy controls. HMGA2 ap-
pears to be a key factor in the complex networks of MDM2/p53, IL11/
STAT3 and Wnt/β-catenin signaling pathways in CRC (Fig. 1). It partici-
pates in various biological processes, such as cell proliferation, apoptosis,
DNA repair and EMT, through its ability to regulate the transcription of tar-
get genes. In particular, it is well recognized that a variety of ncRNAs
(miRNAs, lncRNAs and circRNAs) are involved in the modulation of
HMGA2 in CRC (Fig. 2). Intriguingly, there is also evidence suggesting
that HMGA2 overexpression sensitizes cells to radiotherapy and increases
the chemoresistance to 5-FU in CRC. Interestingly, many agents and siRNAs
serve as potential therapeutic approaches by targeting HMGA2 for the
treatment of CRC (Fig. 2). In aggregate, an in-depth understanding of the in-
trinsic HMGA2-mediatedmachinery at the crossroads of the oncogenic net-
work will help to control chemoresistance, conceive more effective therapy
strategies, and develop novel small-molecule inhibitors of HMGA2 in CRC.
Although there is emerging knowledge about HMGA2, detailed investiga-
tions into its mechanistic function are only beginning to emerge. Several
questions remain to be elucidated: is there any interplay between HMGA2
and mutant p53 protein; how CRC cells adopt immunotolerant phenotype
to escape surveillance, and whether HMGA2 exerts a role in this network;
if so, how HMGA2 shapes and establishes immunosuppressive tumor envi-
ronment in CRC; is there any relationship between HMGA2 expression and
the efficacy and responsiveness of immune checkpoint blockade immuno-
therapy (e.g., PD-1/PD-L1 and CTLA-4); how to develop potential therapeu-
tic targets (e.g., HMGA2 inhibitors) in personalized medicine for CRC
patients and improve their benefit from treatment. In conclusion, these
findings help to invent worthy diagnostic tools and develop innovative
therapeutics for targeting HMGA2 in CRC.

CRediT authorship contribution statement

Xin Wang: Conceptualization, Writing-Original Draft, Writing-Review
& Editing. JianWang: Conceptualization,Writing-Review& Editing, Super-
vision, Funding acquisition. Jingjing Wu: Conceptualization, Writing-
Original Draft, Writing-Review & Editing, Supervision, Funding acquisi-
tion. All authors have read and approved the final version of the
manuscript.



X. Wang et al. Translational Oncology 14 (2021) 100894
Declaration of competing interest

The authors declare that they have no known competing financial inter-
ests or personal relationships that could have appeared to influence the
work reported in this paper.

Acknowledgements

This work was supported by the National Natural Science Foundation of
China (No. 81772527 and 81672342), Zhejiang Provincial Natural Science
Foundation of China (No. LY17H160034 and LY19H030012) and Funda-
mental Research Funds for the Central Universities (No. 2019QNA7028
and 2017QNA7004).

References

[1] S.M. Hammond, N.E. Sharpless, HMGA2, microRNAs, and stem cell aging, Cell 135
(2008) 1013–1016.

[2] A.R. Young, M. Narita, Oncogenic HMGA2: short or small? Genes Dev. 21 (2007)
1005–1009.

[3] J. Wu, J.J. Wei, HMGA2 and high-grade serous ovarian carcinoma, J Mol Med (Berl)
91 (2013) 1155–1165.

[4] M. Fedele, G.M. Pierantoni, R. Visone, A. Fusco, Critical role of the HMGA2 gene in pi-
tuitary adenomas, Cell Cycle 5 (2006) 2045–2048.

[5] X. Wang, X. Liu, A.Y. Li, L. Chen, L. Lai, H.H. Lin, S. Hu, L. Yao, J. Peng, S. Loera, L.
Xue, B. Zhou, L. Zhou, S. Zheng, P. Chu, S. Zhang, D.K. Ann, Y. Yen, Overexpression
of HMGA2 promotes metastasis and impacts survival of colorectal cancers, Clin. Can-
cer Res. 17 (2011) 2570–2580.

[6] K. Motoyama, H. Inoue, Y. Nakamura, H. Uetake, K. Sugihara, M. Mori, Clinical signif-
icance of high mobility group A2 in human gastric cancer and its relationship to let-7
microRNA family, Clin. Cancer Res. 14 (2008) 2334–2340.

[7] J. Wu, S. Zhang, J. Shan, Z. Hu, X. Liu, L. Chen, X. Ren, L. Yao, H. Sheng, L. Li, D. Ann,
Y. Yen, J. Wang, X. Wang, Elevated HMGA2 expression is associated with cancer ag-
gressiveness and predicts poor outcome in breast cancer, Cancer Lett. 376 (2016)
284–292.

[8] K.P. Chang, S.J. Lin, S.C. Liu, J.S. Yi, K.Y. Chien, L.M. Chi, H.K. Kao, Y. Liang, Y.T. Lin,
Y.S. Chang, J.S. Yu, Low-molecular-mass secretome profiling identifies HMGA2 and
MIF as prognostic biomarkers for oral cavity squamous cell carcinoma, Sci. Rep. 5
(2015) 11689.

[9] J. Gong, Y. Wang, B. Jiang, B. Xu, C. Hu, Impact of high-mobility-group A2 overexpres-
sion on epithelial-mesenchymal transition in pancreatic cancer, Cancer Manag. Res. 11
(2019) 4075–4084.

[10] X. Guo, J. Shi, Y. Wen, M. Li, Q. Li, X. Li, J. Li, Increased high-mobility group A2 cor-
relates with lymph node metastasis and prognosis of non-small cell lung cancer, Can-
cer Biomark 21 (2018) 547–555.

[11] S. Parisi, S. Piscitelli, F. Passaro, T. Russo, HMGA proteins in stemness and differenti-
ation of embryonic and adult stem cells, Int J Mol Sci 21 (2020).

[12] N. Krahn, M. Meier, V. To, E.P. Booy, K. McEleney, J.D. O'Neil, S.A. McKenna, T.R.
Patel, J. Stetefeld, Nanoscale assembly of high-mobility group AT-hook 2 protein
with DNA replication fork, Biophys. J. 113 (2017) 2609–2620.

[13] H. Xie, J. Wang, L. Jiang, C. Geng, Q. Li, D. Mei, L. Zhao, J. Cao, ROS-dependent
HMGA2 upregulation mediates cd-induced proliferation in MRC-5 cells, Toxicol. in
Vitro 34 (2016) 146–152.

[14] J. Nishino, I. Kim, K. Chada, S.J. Morrison, Hmga2 promotes neural stem cell self-
renewal in young but not old mice by reducing p16Ink4a and p19Arf expression,
Cell 135 (2008) 227–239.

[15] O. Li, D. Vasudevan, C.A. Davey, P. Droge, High-level expression of DNA architectural
factor HMGA2 and its association with nucleosomes in human embryonic stem cells,
Genesis 44 (2006) 523–529.

[16] L. Guo, X. Cheng, H. Chen, C. Chen, S. Xie, M. Zhao, D. Liu, Q. Deng, Y. Liu, X. Wang,
X. Chen, J. Wang, Z. Yin, S. Qi, J. Gao, Y. Ma, N. Guo, M. Shi, Induction of breast can-
cer stem cells by M1 macrophages through Lin-28B-let-7-HMGA2 axis, Cancer Lett.
452 (2019) 213–225.

[17] L. Xian, D. Georgess, T. Huso, L. Cope, A. Belton, Y.T. Chang, W. Kuang, Q. Gu, X.
Zhang, S. Senger, A. Fasano, D.L. Huso, A.J. Ewald, L.M.S. Resar, HMGA1 amplifies
Wnt signalling and expands the intestinal stem cell compartment and Paneth cell
niche, Nat. Commun. 8 (2017) 15008.

[18] L. Resar, L. Chia, L. Xian, Lessons from the crypt: HMGA1-Amping up Wnt for stem
cells and tumor progression, Cancer Res. 78 (2018) 1890–1897.

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

[20] A. Chaves-Perez, M. Yilmaz, C. Perna, S. de la Rosa, N. Djouder, URI is required to
maintain intestinal architecture during ionizing radiation, Science 364 (2019).

[21] H. Huang, H. Li, X. Chen, Y. Yang, X. Li, W. Li, C. Huang, X. Meng, L. Zhang, J. Li,
HMGA2, a driver of inflammation, is associated with hypermethylation in acute
liver injury, Toxicol. Appl. Pharmacol. 328 (2017) 34–45.

[22] C. Frankenberger, D. Rabe, R. Bainer, D. Sankarasharma, K. Chada, T. Krausz, Y. Gilad,
L. Becker, M.R. Rosner, Metastasis suppressors regulate the tumor microenvironment
by blocking recruitment of prometastatic tumor-associated macrophages, Cancer
Res. 75 (2015) 4063–4073.
6

[23] T.I. Ekanem, W.L. Tsai, Y.H. Lin, W.Q. Tan, H.Y. Chang, T.C. Huang, H.Y. Chen, K.H.
Lee, Identification of the effects of aspirin and sulindac sulfide on the inhibition of
HMGA2-mediated oncogenic capacities in colorectal cancer, Molecules 25 (2020).

[24] A.L. Richards, A.L. Muehlbauer, A. Alazizi, M.B. Burns, A. Findley, F. Messina, T.J.
Gould, C. Cascardo, R. Pique-Regi, R. Blekhman, F. Luca, Gut microbiota has a wide-
spread and modifiable effect on host gene regulation, mSystems 4 (2019).

[25] R. Okumura, K. Takeda, Roles of intestinal epithelial cells in the maintenance of gut
homeostasis, Exp. Mol. Med. 49 (2017), e338, .

[26] F. Yang, L. Zhao, D. Mei, L. Jiang, C. Geng, Q. Li, X. Yao, Y. Liu, Y. Kong, J. Cao,
HMGA2 plays an important role in Cr (VI)-induced autophagy, Int. J. Cancer 141
(2017) 986–997.

[27] H. Summer, O. Li, Q. Bao, L. Zhan, S. Peter, P. Sathiyanathan, D. Henderson, T.
Klonisch, S.D. Goodman, P. Droge, HMGA2 exhibits dRP/AP site cleavage activity
and protects cancer cells from DNA-damage-induced cytotoxicity during chemother-
apy, Nucleic Acids Res. 37 (2009) 4371–4384.

[28] A.Y. Li, L.M. Boo, S.Y. Wang, H.H. Lin, C.C. Wang, Y. Yen, B.P. Chen, D.J. Chen, D.K.
Ann, Suppression of nonhomologous end joining repair by overexpression of HMGA2,
Cancer Res. 69 (2009) 5699–5706.

[29] H. Yu, H.H. Lim, N.O. Tjokro, P. Sathiyanathan, S. Natarajan, T.W. Chew, T. Klonisch,
S.D. Goodman, U. Surana, P. Droge, Chaperoning HMGA2 protein protects stalled rep-
lication forks in stem and cancer cells, Cell Rep. 6 (2014) 684–697.

[30] R.L. Siegel, K.D. Miller, A. Jemal, Cancer statistics, 2020, CA Cancer J. Clin. 70 (2020)
7–30.

[31] R.L. Siegel, K.D. Miller, A. Goding Sauer, S.A. Fedewa, L.F. Butterly, J.C. Anderson, A.
Cercek, R.A. Smith, A. Jemal, Colorectal cancer statistics, 2020, CA Cancer J. Clin. 70
(2020) 145–164.

[32] E. Dekker, P.J. Tanis, J.L.A. Vleugels, P.M. Kasi, M.B. Wallace, Colorectal cancer, Lan-
cet 394 (2019) 1467–1480.

[33] G. Jung, E. Hernandez-Illan, L. Moreira, F. Balaguer, A. Goel, Epigenetics of colorectal
cancer: biomarker and therapeutic potential, Nat Rev Gastroenterol Hepatol 17 (2020)
111–130.

[34] L. Valle, E. Vilar, S.V. Tavtigian, E.M. Stoffel, Genetic predisposition to colorectal can-
cer: syndromes, genes, classification of genetic variants and implications for precision
medicine, J. Pathol. 247 (2019) 574–588.

[35] M.F. Kaminski, D.J. Robertson, C. Senore, D.K. Rex, Optimizing the quality of colorec-
tal cancer screening worldwide, Gastroenterology 158 (2020) 404–417.

[36] S. Kopetz, New therapies and insights into the changing landscape of colorectal cancer,
Nat Rev Gastroenterol Hepatol 16 (2019) 79–80.

[37] C. Koulis, R. Yap, R. Engel, T. Jarde, S. Wilkins, G. Solon, J.D. Shapiro, H. Abud, P.
McMurrick, Personalized medicine-current and emerging predictive and prognostic
biomarkers in colorectal cancer, Cancers (Basel) 12 (2020).

[38] K. Ganesh, Z.K. Stadler, A. Cercek, R.B. Mendelsohn, J. Shia, N.H. Segal, L.A. Diaz Jr.,
Immunotherapy in colorectal cancer: rationale, challenges and potential, Nat Rev
Gastroenterol Hepatol 16 (2019) 361–375.

[39] A. Sveen, S. Kopetz, R.A. Lothe, Biomarker-guided therapy for colorectal cancer:
strength in complexity, Nat. Rev. Clin. Oncol. 17 (2020) 11–32.

[40] J. Wu, Y. Wang, X. Xu, H. Cao, S. Sahengbieke, H. Sheng, Q. Huang, M. Lai, Transcrip-
tional activation of FN1 and IL11 by HMGA2 promotes the malignant behavior of co-
lorectal cancer, Carcinogenesis 37 (2016) 511–521.

[41] C. Rizzi, P. Cataldi, A. Iop, M. Isola, R. Sgarra, G. Manfioletti, V. Giancotti, The expres-
sion of the high-mobility group A2 protein in colorectal cancer and surrounding fibro-
blasts is linked to tumor invasiveness, Hum. Pathol. 44 (2013) 122–132.

[42] B. Mansoori, A. Mohammadi, S. Naghizadeh, M. Gjerstorff, D. Shanehbandi, S.
Shirjang, S. Najafi, U. Holmskov, V. Khaze, P.H.G. Duijf, B. Baradaran, miR-330 sup-
presses EMT and induces apoptosis by downregulating HMGA2 in human colorectal
cancer, J. Cell. Physiol. 235 (2020) 920–931.

[43] M.L. Huang, C.C. Chen, L.C. Chang, Gene expressions of HMGI-C and HMGI(Y) are as-
sociated with stage and metastasis in colorectal cancer, Int. J. Color. Dis. 24 (2009)
1281–1286.

[44] O. Pos, O. Biro, T. Szemes, B. Nagy, Circulating cell-free nucleic acids: characteristics
and applications, Eur. J. Hum. Genet. 26 (2018) 937–945.

[45] S. Sahengbieke, J. Wang, X. Li, Y. Wang, M. Lai, J. Wu, Circulating cell-free high mo-
bility group AT-hook 2 mRNA as a detection marker in the serum of colorectal cancer
patients, J. Clin. Lab. Anal. 32 (2018), e22332, .

[46] Y. Wang, L. Hu, J. Wang, X. Li, S. Sahengbieke, J. Wu, M. Lai, HMGA2 promotes intes-
tinal tumorigenesis by facilitating MDM2-mediated ubiquitination and degradation of
p53, J. Pathol. 246 (2018) 508–518.

[47] X. Xu, Y. Wang, H. Deng, C. Liu, J. Wu, M. Lai, HMGA2 enhances 5-fluorouracil
chemoresistance in colorectal cancer via the Dvl2/Wnt pathway, Oncotarget 9
(2018) 9963–9974.

[48] C.Y. Kao, P.M. Yang, M.H.Wu, C.C. Huang, Y.C. Lee, K.H. Lee, Heat shock protein 90 is
involved in the regulation of HMGA2-driven growth and epithelial-to-mesenchymal
transition of colorectal cancer cells, PeerJ 4 (2016), e1683, .

[49] Y. Li, Z. Zhao, C. Xu, Z. Zhou, Z. Zhu, T. You, HMGA2 induces transcription factor slug
expression to promote epithelial-to-mesenchymal transition and contributes to colon
cancer progression, Cancer Lett. 355 (2014) 130–140.

[50] Y. Xue, B. San Luis, D.P. Lane, Intratumour heterogeneity of p53 expression; causes
and consequences, J. Pathol. 249 (2019) 274–285.

[51] X. Wang, E.R. Simpson, K.A. Brown, p53: protection against tumor growth beyond ef-
fects on cell cycle and apoptosis, Cancer Res. 75 (2015) 5001–5007.

[52] M. Wade, Y.C. Li, G.M. Wahl, MDM2, MDMX and p53 in oncogenesis and cancer ther-
apy, Nat. Rev. Cancer 13 (2013) 83–96.

[53] X. Wang, X. Jiang, Mdm2 and MdmX partner to regulate p53, FEBS Lett. 586 (2012)
1390–1396.

[54] X. Wang, p53 regulation: teamwork between RING domains of Mdm2 and MdmX, Cell
Cycle 10 (2011) 4225–4229.

http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0005
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0005
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0010
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0010
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0015
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0015
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0020
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0020
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0025
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0025
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0025
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0025
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0030
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0030
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0030
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0035
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0035
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0035
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0035
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0040
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0040
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0040
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0040
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0045
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0045
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0045
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0050
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0050
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0050
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0055
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0055
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0060
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0060
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0060
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0065
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0065
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0065
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0070
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0070
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0070
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0075
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0075
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0075
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0080
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0080
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0080
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0080
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0085
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0085
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0085
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0085
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0090
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0090
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0095
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0095
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0095
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0100
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0100
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0105
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0105
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0105
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0110
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0110
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0110
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0110
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0115
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0115
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0115
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0120
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0120
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0120
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0125
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0125
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0130
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0130
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0130
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0135
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0135
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0135
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0135
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0140
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0140
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0140
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0145
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0145
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0145
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0150
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0150
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0155
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0155
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0155
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0160
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0160
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0165
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0165
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0165
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0170
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0170
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0170
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0175
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0175
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0180
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0180
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0185
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0185
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0185
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0190
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0190
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0190
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0195
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0195
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0200
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0200
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0200
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0205
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0205
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0205
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0210
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0210
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0210
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0210
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0215
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0215
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0215
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0220
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0220
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0225
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0225
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0225
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0230
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0230
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0230
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0235
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0235
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0235
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0240
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0240
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0240
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0245
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0245
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0245
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0250
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0250
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0255
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0255
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0260
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0260
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0265
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0265
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0270
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0270


X. Wang et al. Translational Oncology 14 (2021) 100894
[55] A. Hafner, M.L. Bulyk, A. Jambhekar, G. Lahav, The multiplemechanisms that regulate
p53 activity and cell fate, Nat Rev Mol Cell Biol 20 (2019) 199–210.

[56] K.D. Sullivan, M.D. Galbraith, Z. Andrysik, J.M. Espinosa, Mechanisms of transcrip-
tional regulation by p53, Cell Death Differ. 25 (2018) 133–143.

[57] A.M. Kaiser, L.D. Attardi, Deconstructing networks of p53-mediated tumor suppression
in vivo, Cell Death Differ. 25 (2018) 93–103.

[58] E.R. Kastenhuber, S.W. Lowe, Putting p53 in context, Cell 170 (2017) 1062–1078.
[59] J.J. Wei, J. Wu, C. Luan, A. Yeldandi, P. Lee, P. Keh, J. Liu, HMGA2: a potential bio-

marker complement to P53 for detection of early-stage high-grade papillary serous car-
cinoma in fallopian tubes, Am. J. Surg. Pathol. 34 (2010) 18–26.

[60] T. Brabletz, R. Kalluri, M.A. Nieto, R.A. Weinberg, EMT in cancer, Nat. Rev. Cancer 18
(2018) 128–134.

[61] R. Derynck, R.A. Weinberg, EMT and cancer: more than meets the eye, Dev. Cell 49
(2019) 313–316.

[62] M.A. Nieto, R.Y. Huang, R.A. Jackson, J.P. Thiery, Emt: 2016, Cell 166 (2016) 21–45.
[63] R. Kalluri, R.A. Weinberg, The basics of epithelial-mesenchymal transition, J. Clin. In-

vest. 119 (2009) 1420–1428.
[64] D. Gao, L.T. Vahdat, S. Wong, J.C. Chang, V. Mittal, Microenvironmental regulation of

epithelial-mesenchymal transitions in cancer, Cancer Res. 72 (2012) 4883–4889.
[65] J. Lim, J.P. Thiery, Epithelial-mesenchymal transitions: insights from development,

Development 139 (2012) 3471–3486.
[66] P. Qiao, Z.R. Lu, Fibronectin in the tumor microenvironment, Adv. Exp. Med. Biol.

1245 (2020) 85–96.
[67] J.W. Rick, A. Chandra, C. Dalle Ore, A.T. Nguyen, G. Yagnik, M.K. Aghi, Fibronectin in

malignancy: cancer-specific alterations, protumoral effects, and therapeutic implica-
tions, Semin. Oncol. 46 (2019) 284–290.

[68] J.P. Wang, A. Hielscher, Fibronectin: how its aberrant expression in tumors may im-
prove therapeutic targeting, J. Cancer 8 (2017) 674–682.

[69] A.J. Zollinger, M.L. Smith, Fibronectin, the extracellular glue, Matrix Biol. 60-61
(2017) 27–37.

[70] D.H. Xu, Z. Zhu, M.R. Wakefield, H. Xiao, Q. Bai, Y. Fang, The role of IL-11 in immu-
nity and cancer, Cancer Lett. 373 (2016) 156–163.

[71] M. Ernst, T.L. Putoczki, Molecular pathways: IL11 as a tumor-promoting cytokine-
translational implications for cancers, Clin. Cancer Res. 20 (2014) 5579–5588.

[72] T.L. Putoczki, M. Ernst, IL-11 signaling as a therapeutic target for cancer, Immunother-
apy 7 (2015) 441–453.

[73] T. Putoczki, M. Ernst, More than a sidekick: the IL-6 family cytokine IL-11 links inflam-
mation to cancer, J. Leukoc. Biol. 88 (2010) 1109–1117.

[74] L. Tan, X. Wei, L. Zheng, J. Zeng, H. Liu, S. Yang, H. Tan, Amplified HMGA2 promotes
cell growth by regulating Akt pathway in AML, J. Cancer Res. Clin. Oncol. 142 (2016)
389–399.

[75] M. Ruscetti, E.L. Dadashian, W. Guo, B. Quach, D.J. Mulholland, J.W. Park, L.M. Tran,
N. Kobayashi, D. Bianchi-Frias, Y. Xing, P.S. Nelson, H. Wu, HDAC inhibition impedes
epithelial-mesenchymal plasticity and suppresses metastatic, castration-resistant pros-
tate cancer, Oncogene 35 (2016) 3781–3795.

[76] M. Brandt, T.P. Grazioso, M.A. Fawal, K.S. Tummala, R. Torres-Ruiz, S. Rodriguez-
Perales, C. Perna, N. Djouder, mTORC1 inactivation promotes colitis-induced colorec-
tal cancer but protects from APC loss-dependent tumorigenesis, Cell Metab. 27 (2018)
118–135 (e118).

[77] W.J. Faller, T.J. Jackson, J.R. Knight, R.A. Ridgway, T. Jamieson, S.A. Karim, C. Jones,
S. Radulescu, D.J. Huels, K.B. Myant, K.M. Dudek, H.A. Casey, A. Scopelliti, J.B.
Cordero, M. Vidal, M. Pende, A.G. Ryazanov, N. Sonenberg, O. Meyuhas, M.N. Hall,
M. Bushell, A.E. Willis, O.J. Sansom, mTORC1-mediated translational elongation
limits intestinal tumour initiation and growth, Nature 517 (2015) 497–500.

[78] H. Chen, E. Sells, R. Pandey, E.R. Abril, C.H. Hsu, R.S. Krouse, R.B. Nagle, G.
Pampalakis, G. Sotiropoulou, N.A. Ignatenko, Kallikrein 6 protease advances colon tu-
morigenesis via induction of the high mobility group A2 protein, Oncotarget 10
(2019) 6062–6078.

[79] J. Wu, J. Chen, Y. Xi, F. Wang, H. Sha, L. Luo, Y. Zhu, X. Hong, S. Bu, High glucose in-
duces epithelial-mesenchymal transition and results in the migration and invasion of
colorectal cancer cells, Exp Ther Med 16 (2018) 222–230.

[80] Y. Cheng, H. Geng, S.H. Cheng, P. Liang, Y. Bai, J. Li, G. Srivastava, M.H. Ng, T.
Fukagawa, X. Wu, A.T. Chan, Q. Tao, KRAB zinc finger protein ZNF382 is a
proapoptotic tumor suppressor that represses multiple oncogenes and is commonly si-
lenced in multiple carcinomas, Cancer Res. 70 (2010) 6516–6526.

[81] F.J. Slack, A.M. Chinnaiyan, The role of non-coding RNAs in oncology, Cell 179 (2019)
1033–1055.

[82] E. Anastasiadou, L.S. Jacob, F.J. Slack, Non-coding RNA networks in cancer, Nat. Rev.
Cancer 18 (2018) 5–18.

[83] B.D. Adams, C. Parsons, L. Walker, W.C. Zhang, F.J. Slack, Targeting noncoding RNAs
in disease, J. Clin. Invest. 127 (2017) 761–771.

[84] M.M. Balas, A.M. Johnson, Exploring the mechanisms behind long noncoding RNAs
and cancer, Noncoding RNA Res 3 (2018) 108–117.

[85] R.W. Carthew, E.J. Sontheimer, Origins and mechanisms of miRNAs and siRNAs, Cell
136 (2009) 642–655.

[86] D.P. Bartel, MicroRNAs: Target recognition and regulatory functions, Cell 136 (2009)
215–233.

[87] M. Dragomir, A.C.P. Mafra, S.M.G. Dias, C. Vasilescu, G.A. Calin, Using microRNA net-
works to understand cancer, Int J Mol Sci 19 (2018).

[88] R. Rupaimoole, G.A. Calin, G. Lopez-Berestein, A.K. Sood, miRNA deregulation in can-
cer cells and the tumor microenvironment, Cancer Discov 6 (2016) 235–246.

[89] M.V. Iorio, C.M. Croce, MicroRNA dysregulation in cancer: diagnostics, monitoring
and therapeutics, A comprehensive review, EMBO Mol Med 4 (2012) 143–159.
7

[90] V. Haselmann, A. Kurz, U. Bertsch, S. Hubner, M. Olempska-Muller, J. Fritsch, R.
Hasler, A. Pickl, H. Fritsche, F. Annewanter, C. Engler, B. Fleig, A. Bernt, C. Roder,
H. Schmidt, C. Gelhaus, C. Hauser, J.H. Egberts, C. Heneweer, A.M. Rohde, C.
Boger, U. Knippschild, C. Rocken, D. Adam, H. Walczak, S. Schutze, O. Janssen, F.G.
Wulczyn, H. Wajant, H. Kalthoff, A. Trauzold, Nuclear death receptor TRAIL-R2 in-
hibits maturation of let-7 and promotes proliferation of pancreatic and other tumor
cells, Gastroenterology 146 (2014) 278–290.

[91] H. Siahmansouri, M.H. Somi, Z. Babaloo, B. Baradaran, F. Jadidi-Niaragh, F. Atyabi, H.
Mohammadi, M. Ahmadi, M. Yousefi, Effects of HMGA2 siRNA and doxorubicin dual
delivery by chitosan nanoparticles on cytotoxicity and gene expression of HT-29 colo-
rectal cancer cell line, J. Pharm. Pharmacol. 68 (2016) 1119–1130.

[92] Y.S. Lee, A. Dutta, The tumor suppressor microRNA let-7 represses the HMGA2 onco-
gene, Genes Dev. 21 (2007) 1025–1030.

[93] T.P. Liu, C.C. Huang, K.T. Yeh, T.W. Ke, P.L. Wei, J.R. Yang, Y.W. Cheng, Down-
regulation of let-7a-5p predicts lymph nodemetastasis and prognosis in colorectal can-
cer: implications for chemotherapy, Surg. Oncol. 25 (2016) 429–434.

[94] F.Y. Yu, Y. Tu, Y. Deng, C. Guo, J. Ning, Y. Zhu, X. Lv, H. Ye, MiR-4500 is epigeneti-
cally downregulated in colorectal cancer and functions as a novel tumor suppressor
by regulating HMGA2, Cancer Biol Ther 17 (2016) 1149–1157.

[95] H. Wu, Y. Liang, L. Shen, L. Shen, MicroRNA-204 modulates colorectal cancer cell sen-
sitivity in response to 5-fluorouracil-based treatment by targeting high mobility group
protein A2, Biol Open 5 (2016) 563–570.

[96] X. Chen, K. Zeng, M. Xu, X. Liu, X. Hu, T. Xu, B. He, Y. Pan, H. Sun, S. Wang, P53-
induced miR-1249 inhibits tumor growth, metastasis, and angiogenesis by targeting
VEGFA and HMGA2, Cell Death Dis. 10 (2019) 131.

[97] C. Fan, Y. Lin, Y. Mao, Z. Huang, A.Y. Liu, H. Ma, D. Yu, A. Maitikabili, H. Xiao, C.
Zhang, F. Liu, Q. Luo, G. Ouyang, MicroRNA-543 suppresses colorectal cancer growth
and metastasis by targeting KRAS, MTA1 and HMGA2, Oncotarget 7 (2016)
21825–21839.

[98] X. Xi, M. Teng, L. Zhang, L. Xia, J. Chen, Z. Cui, MicroRNA-204-3p represses colon can-
cer cells proliferation, migration, and invasion by targeting HMGA2, J. Cell. Physiol.
235 (2020) 1330–1338.

[99] Z.C. Zhang, G.P. Wang, L.M. Yin, M. Li, L.L. Wu, Increasing miR-150 and lowering
HMGA2 inhibit proliferation and cycle progression of colon cancer in SW480 cells,
Eur. Rev. Med. Pharmacol. Sci. 22 (2018) 6793–6800.

[100] H.Y. Chang, S.P. Ye, S.L. Pan, T.T. Kuo, B.C. Liu, Y.L. Chen, T.C. Huang, Overexpres-
sion of miR-194 reverses HMGA2-driven signatures in colorectal cancer, Theranostics
7 (2017) 3889–3900.

[101] I. Tsagakis, K. Douka, I. Birds, J.L. Aspden, Long non-coding RNAs in development and
disease: conservation to mechanisms, J. Pathol. 250 (2020) 480–495.

[102] M.D. Paraskevopoulou, A.G. Hatzigeorgiou, Analyzing MiRNA-LncRNA interactions,
Methods Mol. Biol. 1402 (2016) 271–286.

[103] H. Wu, Q. Zou, H. He, Y. Liang, M. Lei, Q. Zhou, D. Fan, L. Shen, Long non-coding RNA
PCAT6 targets miR-204 to modulate the chemoresistance of colorectal cancer cells to
5-fluorouracil-based treatment through HMGA2 signaling, Cancer Med 8 (2019)
2484–2495.

[104] S.P. Barrett, J. Salzman, Circular RNAs: analysis, expression and potential functions,
Development 143 (2016) 1838–1847.

[105] R.X. Chen, X. Chen, L.P. Xia, J.X. Zhang, Z.Z. Pan, X.D. Ma, K. Han, J.W. Chen, J.G.
Judde, O. Deas, F. Wang, N.F. Ma, X. Guan, J.P. Yun, F.W. Wang, R.H. Xu, X. Dan, N
(6)-methyladenosine modification of circNSUN2 facilitates cytoplasmic export and sta-
bilizes HMGA2 to promote colorectal liver metastasis, Nat. Commun. 10 (2019) 4695.

[106] S. Vodenkova, T. Buchler, K. Cervena, V. Veskrnova, P. Vodicka, V. Vymetalkova, 5-
Fluorouracil and other fluoropyrimidines in colorectal cancer: past, present and future,
Pharmacol. Ther. 206 (2020) 107447.

[107] R. Akhtar, S. Chandel, P. Sarotra, B. Medhi, Current status of pharmacological treat-
ment of colorectal cancer, World J Gastrointest Oncol 6 (2014) 177–183.

[108] Y.M. Huang, C.H. Cheng, S.L. Pan, P.M. Yang, D.Y. Lin, K.H. Lee, Gene expression
signature-based approach identifies antifungal drug ciclopirox as a novel inhibitor of
HMGA2 in colorectal cancer, Biomolecules 9 (2019).

[109] S.W. Leung, C.J. Chou, T.C. Huang, P.M. Yang, An integrated bioinformatics analysis
repurposes an antihelminthic drug niclosamide for treating HMGA2-overexpressing
human colorectal cancer, Cancers (Basel) 11 (2019).

[110] A.W. Nana, Y.T. Chin, C.Y. Lin, Y. Ho, J.A. Bennett, Y.J. Shih, Y.R. Chen, C.A.
Changou, J.Z. Pedersen, S. Incerpi, L.F. Liu, J. Whang-Peng, E. Fu, W.S. Li, S.A.
Mousa, H.Y. Lin, P.J. Davis, Tetrac downregulates beta-catenin and HMGA2 to pro-
mote the effect of resveratrol in colon cancer, Endocr. Relat. Cancer 25 (2018)
279–293.

[111] C.H. Chen, Y.C. Hsieh, P.M. Yang, Y.R. Liu, E.C. Cho, Dicoumarol suppresses HMGA2-
mediated oncogenic capacities and inhibits cell proliferation by inducing apoptosis in
colon cancer, Biochem. Biophys. Res. Commun. 524 (2020) 1003–1009.

[112] A.D. Kacsinta, S.F. Dowdy, Current views on inducing synthetic lethal RNAi responses
in the treatment of cancer, Expert. Opin. Biol. Ther. 16 (2016) 161–172.

[113] B. Ballarin-Gonzalez, M.F. Ebbesen, K.A. Howard, Polycation-based nanoparticles for
RNAi-mediated cancer treatment, Cancer Lett. 352 (2014) 66–80.

[114] K. Uchino, T. Ochiya, F. Takeshita, RNAi therapeutics and applications of microRNAs
in cancer treatment, Jpn. J. Clin. Oncol. 43 (2013) 596–607.

[115] A. Mohammadi, B. Mansoori, P. Savadi, V. Khaze, M. Minouei, N.A.J. McMillan, S.
Hallaj-Nezhadi, B. Baradaran, Targeting of highmobility group A2 by small interfering
RNA-loaded nanoliposome-induced apoptosis and migration inhibition in gastrointes-
tinal cancer cells, J. Cell. Biochem. 120 (2019) 9203–9212.

http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0275
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0275
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0280
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0280
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0285
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0285
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0290
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0295
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0295
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0295
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0300
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0300
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0305
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0305
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0310
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0315
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0315
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0320
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0320
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0325
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0325
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0330
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0330
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0335
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0335
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0335
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0340
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0340
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0345
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0345
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0350
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0350
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0355
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0355
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0360
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0360
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0365
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0365
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0370
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0370
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0370
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0375
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0375
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0375
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0375
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0380
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0380
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0380
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0380
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0385
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0385
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0385
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0385
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0385
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0390
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0390
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0390
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0390
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0395
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0395
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0395
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0400
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0400
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0400
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0400
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0405
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0405
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0410
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0410
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0415
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0415
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0420
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0420
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0425
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0425
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0430
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0430
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0435
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0435
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0440
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0440
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0445
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0445
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0450
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0450
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0450
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0450
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0450
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0450
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0450
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0455
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0455
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0455
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0455
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0460
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0460
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0465
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0465
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0465
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0470
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0470
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0470
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0475
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0475
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0475
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0480
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0480
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0480
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0485
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0485
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0485
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0485
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0490
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0490
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0490
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0495
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0495
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0495
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0500
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0500
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0500
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0505
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0505
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0510
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0510
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0515
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0515
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0515
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0515
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0520
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0520
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0525
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0525
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0525
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0525
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0530
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0530
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0530
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0535
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0535
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0540
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0540
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0540
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0545
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0545
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0545
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0550
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0550
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0550
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0550
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0550
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0555
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0555
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0555
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0560
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0560
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0565
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0565
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0570
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0570
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0575
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0575
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0575
http://refhub.elsevier.com/S1936-5233(20)30386-7/rf0575

	Emerging roles for HMGA2 in colorectal cancer
	Introduction
	HMGA2 and colorectal cancer
	HMGA2 expression in colorectal cancer (CRC)
	Cell-free HMGA2 mRNA in CRC
	HMGA2 and signaling pathways in CRC
	HMGA2 and MDM2/p53 pathway in CRC
	HMGA2 and IL11/STAT3 pathway in CRC
	HMGA2 and other pathways in CRC

	HMGA2 and non-coding RNAs in CRC
	HMGA2 in radiotherapy and chemoresistance of CRC
	HMGA2 inhibitors in CRC

	Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	References




