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Background: Colorectal cancer (CRC) is one of the most common cancers worldwide, and more than half of CRC patients
have CRC liver metastasis (CRCLM). Mounting evidence indicates that high mobility group protein A1(HMGA1)
is overexpressed in many cancer types, but its role in CRCLM has been obscure.

Material/Methods: Using immunohistochemistry, we assessed the expression of HWGAL1 in 73 patients with CRCLM, and compared
HMGA1 mRNA in 17 pairs of CRCs, CRCLM tissues, and normal liver tissues. The clinical significance of HMGA1
was evaluated by analyzing its correlation with the clinicopathological factors and overall survival (OS) rates.
The function of HMGA1 in CRC invasion was investigated and the underlying mechanism of HMGA1-induced
invasion was explored with in vitro experiments.

Results: In CRCLMs, the high-HMGA1 and low-HMGA1 patients accounted for 53.42% and 46.58% of all patients, respec-
tively. High HMGA1 expression in CRCLM was significantly associated with low OS rates. In vitro experiments
demonstrated that HMGA1 promoted glucose transporter 3 (GLUT3) transcription and expression in CRC cells.
GLUT3 was required in HMGA1-involved invasion, and GLUT3 expression was associated with poor prognosis
of CRCLM.

Conclusions: High HMGA1 and GLUT3 expression in CRCLM was significantly correlated with poor prognosis of CRCLM.
HMGA1 promoted CRC invasion by elevating GLUT3 transcription and expression.
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Background

Colorectal cancer (CRC) is one of the most common cancers
worldwide, with 1.8 million new cases in 2018 and approxi-
mately one-third of patients presenting with metastatic dis-
ease [1]. The liver is the most common metastatic destination of
CRC metastasis because of the hepatic artery and portal drain-
age [2]. The 5-year overall survival (OS) rate of patients diag-
nosed with synchronous liver metastases of colorectal cancer
(CRCLM) is less than 15% [3]. CRC metastatic lesions in the liv-
er account for two-thirds of deaths from colorectal cancer [4].
Although the 5-year OS rate is 58% after liver resection for
CRCLM, more than half of patients develop tumor recurrence
after surgical resection [5]. Distant metastasis is still the major
cause of death in patients with colorectal cancer, and markers
for better distinguishing the heterogeneous groups are need-
ed to develop more precise therapeutic strategies.

High mobility group proteins (HMGs) regulate the transcrip-
tion of numerous genes by interacting with transcription fac-
tors and modulating the structure of chromatin [6]. The HMG
family can be classified into 3 subgroups based on the DNA-
binding motif. HMGA members have DNA-binding AT hooks,
HMGB members have HMG-boxes, and HMGN members have
nucleosomal-binding domains [7]. As architectural transcrip-
tion factors, HMG proteins do not have transcriptional activi-
ty [8], but they can regulate the transcription of target genes
by binding with the structures. In HMG family, HWGAT1 is the
most well-studied member and mounting evidence shows that
HMGAT1 is overexpressed in many cancer types and promotes
the occurrence and metastasis of cancer, including the ovari-
an cancer, breast cancer, and pancreatic cancer [9-12]. In CRC,
HMGA1 was reported to be upregulated in CRC and microar-
ray analysis showed it is involved in CRC metastasis [13,14],
but the correlation between HMGA1 and CRC hepatic metas-
tasis has not been previously reported.

In the present study, we assessed the expression of HWGAL1 in
73 patients with CRCLM using immunohistochemistry (IHC), and
compared HWGA1 mRNA in 17 pairs of CRCs, CRCLM tissues,
and normal liver tissues. The clinical significance of HMGA1
was evaluated by analyzing its correlation with the clinicopath-
ological factors and the OS rates. The function of HMGA1 in
CRC invasion was investigated and the underlying mechanism
of HMGA1-induced invasion was explored.

Material and Methods

Ethics

All the specimens were obtained with written consent of pa-
tients. The entire study was approved and supervised by the
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Ethics Committee of YIDU Central Hospital and Linyi Central
Hospital (approval no. 2019053512).

Patients and follow-ups

A total of 103 patients underwent radical surgery of CRCLM
from 2010 to 2018 in YIDU Central Hospital and Linyi Central
Hospital. From these 103 patients, we enrolled 73 patients (29
males and 44 females) who had received standard adjuvant
therapy and follow-ups. The duration of follow-up ranged from
3 to 78 months, with an average follow-up of 17.6 months.
The fresh tissues were obtained during surgery without inter-
fering with the diagnosis, and the paraffin-embedded tissues
were obtained from the Pathology Department.

Cells and agents

Human CRC cell line SW480 cells were purchased from the
American Type Culture Collection (ATCC, Manassas, VA, USA),
and cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 100 U/mL
penicillin, and 100 pg/mL streptomycin. FGF2 were from
PeproTech Company. Antibodies were as follows: HMGA1 anti-
bodies (Abcam, Cat#ab129153), Glucose transporter 3 (GLUT3)
(Santa Cruz Biotechnology, Cat#sc-74399), and B-actin anti-
body (Sigma-Aldrich, Cat#A5316).

Real-time quantitative PCR

Total mRNA was extracted from 17 pairs of CRCs, CRCLM tis-
sues, and normal liver tissues with Trizol reagent (Thermo
Fisher Scientific, Waltham, MA, USA) according to the manu-
facturer’s instructions. The total of 1 pg of mRNA was reversely
transcribed into cDNA using the SuperScript cDNA Kit (Thermo
Fisher Scientific) following the instructions. SYBR green meth-
od with PCR master mix (Thermo Fisher Scientific) was applied
for quantitative PCR, with GPADH as an internal control. Gene
expression levels were normalized by HMGA1 level in normal
liver as 1.0. The primers were as follows:

HMGA1: GGAAAAGGACGGCACTGAGA;
TGGTGGTTTTCCGGGTCTTG.

GLUT3: CAGCGAGACCCAGAGATGC;
GACCCCAGTGTTGTAGCCAA.

GAPDH: GAGTCAACGGATTTGGTCGT;
GACAAGCTTCCCGTTCTCAG.

Immunohistochemistry and score

IHC analysis of the 73 cases of CRCLMs was performed as de-
scribed in a previous study [15]. The results of IHC scores were
semi-quantified according to the IHC score, which was the com-
bination of staining intensity and positive cell percentage. The
scores for percentage of positive tumor cells were defined as:
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score 1 (0-25% positive tumor cells), 2 (25-50% positive tu-
mor cells), and 3 (more than 50% positive tumor cells). The
scores for staining intensity were defined as 1 (no staining),
2 (weak staining), and 3 (strong yellow). The final score was
the product of these 2 scores multiplied, ranging from 0 to
9. All the patients were divided into low and high HMGA1 or
GLUT3 groups according to the cut-off, which was defined by
the ROC curve based on a previous study [16]. In our study, the
cut-offs of HMGA1 and GLUT3 were 2.5 and 3.5, respectively.

Overexpression and knockdown

The pcDNA3.1 vector carrying GLUT3 was transfected into U118
cells for GLUT3 overexpression. Two independent siRNAs of
HMGA1 and GLUT3 were used for the knockdown of HGMA1
and GLUT3. All transfections were achieved by lipofectamine
2000 according to the manual. The siRNAs were purchased
from Santa Cruz Biotech (Santa Cruz, CA, USA).

Luciferase assay

Luciferase assay of GLUT3 was performed with the Dual
Luciferase Reporter Assay Kit (Promega, Madison, WI, USA)
according to a previous study [17]. The human GLUT3 pro-
moter region ranged from nucleotides ~1007 to +1 (relative to
the transcription initiation site) and was cloned into the Kpnl/
Hindlll sites of the PGL3-basic dual luciferase reporter as lu-
ciferase reporters. PGL3-basic plasmid was set as the empty
control. siRNA of HMGA1 was transfected into U118 cells for
knockdown using lipofectamine 2000. At 48 h after sSiHMGA1
transfection, the cells were treated with the Dual Luciferase
Reporter Assay Kit (Promega, Madison, WI, USA) according to
the manufacturer’s instructions.

Immunoblotting assays

Western blot analysis was performed to detect the protein
expressions according to our previous methods [18]. In brief,
RIPA lysis buffer was used to lyse the cells. The total cell ly-
sates were centrifuged at 10 000 g for 30 min and the super-
natants were mixed with the loading buffer and boiled for
10 min. A total of 10 pg protein was subjected to SDS-PAGE
electrophoresis and then transferred to polyvinylidene difluo-
ride membranes (Thermo Fisher). After incubation in 5% bo-
vine serum albumin, the membranes were immersed with pri-
mary antibodies overnight and the corresponding secondary
antibodies for 1 h. ECL agents were finally applied to visual-
ize the proteins.

Invasion assays

The transwell assay was applied for the invasion assay, as pre-
viously described [18]. In brief, 3x10* cells were passaged into
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the matrigel-precoated chamber and cultured for 12 h for ad-
hesion. We added 10 ng/ml FGF2 into the lower chamber as a
chemoattractant. After 24-h culture, the invaded cells in the
lower chamber were fixed and stained. Cell numbers were
counted from at least 5 random visual fields under microscope.
The data were from 3 independent experiments.

Statistical analysis

All statistical analyses were performed using SPSS 24.0.
Correlations between HMGA1 expression levels and clinico-
pathological features were analyzed with the chi-square test.
The correlation between HMGA1 and GLUT3 mRNA were an-
alyzed with Spearman correlation analysis. OS curves were
displayed with Kaplan-Meier method and the statistical sig-
nificances were calculated with the log-rank test. For cellular
experiments, data were compared using the t test. P less than
0.05 was considered as statistically significant.

Results

Expression of HMGA1 in CRCLMs

We detected HMGA1 expression in 73 CRCLMs by IHC. All cases
were pathologically diagnosed as synchronous liver metastasis
of CRC (Figure 1A). According to the IHC score, the CRCLMs were
divided into high-HMGA1 and low-HMGA1 groups (Figure 1B),
which accounted for 53.42% and 46.58% of patients, respec-
tively (Table 1). The CRCLM tissues, normal liver tissues, and
primary tumors of CRC from 17 patients with synchronous
CRCLM were used for mRNA extraction and HMGA1 mRNA
detection. HMGA1 expression in CRCLMs were significantly
higher than in CRCs and normal liver tissues, suggesting that
HMGA1 promotes liver metastasis (Figure 1C). Interestingly,
HMGAT1 levels in CRCLMs and CRCs were significantly higher
than in normal colon tissues in a high-throughput sequenc-
ing (GSE144259), but the HMGA1 level in CRCLMs and CRCs
were not significantly different (Figure 1D).

Clinical significance of HMGA1 in CRC metastasis

We evaluated the correlations between HMGA1 in CRCLMs and
other clinicopathological factors by the chi-square test to as-
sess its clinical significance. The enrolled clinicopathological
factors included sex, age, tumor differentiation, lymph node
invasion, liver metastases number, and distribution. However,
we found no factors that were significantly associated with
HMGA1 expression (Table 2).

The prognostic value of the relationships between all the above
factors and the OS rates was analyzed with univariate anal-
ysis using the log-rank test (Table 3). In univariate analysis,
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Figure 1. Expression of HMGA1 in CRCLM. (A) The metastasis of CRC was pathologically confirmed by HE staining. (B) HMGA1

expression in 73 CRCLMs was detected using IHC. Patients were categorized into HMGA1 low and high expression groups.
(€) HMGA1 expression was detected with qRT-PCR in the 17 synchronous CRCLM tissues. (D) HMGA1 mRNA in normal colon
tissues, CRC, and CRCLM was compared with mRNA sequencing.

HMGA1 had a significant correlation with the OS rate of CRCLM
and indicated a poor prognosis (P=0.014). The median survival
times of patients with low and high HMGA1 levels in CRCLM
were 34.0 and 17.7 months, respectively (Figure 2A). Besides
HMGA1, CRCLM number was also associated with a poor prog-
nosis of CRCLM (Figure 2B). Intriguingly, we also demonstrated
that younger patients usually had poorer prognosis compared
with older patients (>60 years old) (Figure 2C).

Using a Cox-regression model, we performed multivariate anal-
ysis to determine the independent prognostic factors (Table 3).
HMGA1 (P=0.007) and patient age (P=0.012) were confirmed as
independent prognostic factors of CRCLM, indicating poor prog-
nosis. Due to the significant interaction with HMGA1, GLUT3
was not identified as an independent biomarker (P=0.054).

HMGA1 promoted GLUT3 expression in CRCLMs

The expression of many proteins involved in tumor progres-
sion were reported to be regulated by HWGA1. Here, we as-
sessed the influence of HMGA1 on GLUT3 expression because
GLUT3 is an essential protein involved in tumor invasion and
metastasis [19]. GLUT3 expression was first detected with
IHC and semi-qualified with IHC scores in CRCLMs (Figure 3A).

Consequently, patients with high CRCLM HMGAT1 also had el-
evated GLUT3 expression, indicating that HWGA1 and GLUT3
had a close association in CRCLM (Figure 3B). Results of chi-
square testing showed a significant positive association be-
tween HMGA1 and GLUT3 (Table 2). The mRNA of GLUT3 was
detected in the 17 fresh tissues of CRCLM, which showed that
GLUT3 mRNA was upregulated with HMGA1 mRNA (Figure 3C).
All the above results suggest there is a relationship between
HMGA1 and GLUT3. Our in vitro experiments showed the
change of GLUT3 expression after silencing HMGA1 with 2
SiRNAs. As a result, GLUT3 expression was decreased after
HMGA1 knockdown in SW480 cells (Figure 3D), indicating that
HMGAT1 regulated GLUT3 expression. Moreover, luciferase as-
say results showed the effect of HMGA1 on GLUT3 transcrip-
tion (Figure 3E). After HMGA1 knockdown, the luciferase ac-
tivity of GLUT3 reporter plasmid was dramatically decreased,
suggesting that HWGA1 induced GLUT3 expression by pro-
moting its transcription.

GLUT3 was required in HMGA1-induced invasion
The influence of HGMA1 on tumor invasion was detected by si-

lencing HMGA1. In SW480 cells, HMGA1 knockdown substantially
impaired the invasion ability (Figure 4A, Supplementary Figure 1A),
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Table 1. Basic characteristics of patients with CRCLM.

Factors Number Percentage

indicating the essential role of GLUT3 in CRC invasion. Similar
results were observed when GLUT3 was silenced (Figure 4B,
Supplementary Figure 1B), which suggested that GLUT3 was
also involved in CRC invasion. To investigate the role of GLUT3
in HMGA1-induced CRC, we knocked down HMGA1 and overex-
pressed GLUT3 for rescue (Figure 4C). The results showed that
GLUT3 overexpression extensively reversed the invasion attenu-
ation caused by HMGA1 knockdown (Figure 4D, Supplementary
Figure 1C), indicating that GLUT3 was required in HMGA1-induced
CRC invasion. We also evaluated the prognostic value of GLUT3
expression by univariate analysis. Similar to HMGA1, high ex-
pression of GLUT3 was significantly associated with the OS rate
of CRCLM (Figure 4E). The median survival times of low and high
GLUT3 were 29.5 and 22.6 months, respectively (Table 3)

Discussion

The recurrence of metastasis after radical surgery is the main
risk for patients with CRC and more than 50% patients had

CLINICAL RESEARCH

Table 2. Correlations between HMGA1 and CRCLM
characteristics.

Factors

* Chi-square test.

disease recurrence within 2 years after CRCLM resection.
Patients with CRCLM need more accurate risk stratification
and prediction of prognosis. For example, somatic mutations
of RAS/TP53 and APC/PIK3CA are important biomarkers as-
sociated with outcome after CRCLM resection [20]. Here, we
demonstrated that HMGA1 was upregulated in CRCLMs, and it
was a prognostic biomarker of CRCLM. These results could be
used to stratify the patients with CRCLM more precisely and
provide more evidence for the individual treatment of CRC.

HMGAT1 is widely accepted to play an important role in neo-
plastic transformation in many cancer types, such as thy-
roid, lung, breast, bladder, prostate, colon, pancreas, and he-
matopoietic system [21]. Moreover, it is interesting to note
that HMGA1 expression is low or undetectable in normal tis-
sues [21]. In CRC, HMGA1 was significantly elevated in CRCs
compared to adjacent, nonmalignant tissues, and drive met-
abolic alterations that contributed to CRC carcinogenesis [22].
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Table 3. The prognostic value of HWGA1 and other factors.

Factors

Univariate
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Multivariate

95% ClI

High 22.6 0.58 0.10-3.46 0.554
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Figure 2. The association between HMGA1 expression, metastatic lesion number, patients age, and OS rate. High expression of
HMGA1 (A), presence of more than 3 tumors (B) and age under 60 years were significantly associated with lower OS rates.
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Figure 3. HMGA1 induced the expression and transcription of GLUT3 in CRCLM. (A) Representative IHC images of GLUT3 high and
low expression. (B) Patients with high HMGA1 expression had higher IHC scores of GLUT3. The t test showed a statistically
significant difference. (C) In the qPCR of 17 synchronous CRCLMs, GLUT3 expression changed along with the HMGA1 mRNA.
Spearman correlation analysis showed a statistically significant difference. (D) HMGA1 knockdown substantially decreased
the expression of GLUT3. In SW480 cells, HWGA1 was silenced by 2 independent siRNAs. (E) HMGA1 knockdown decreased
the transcription of GLUT3. The transcription of GLUT3 was detected with luciferase in SW480 cells after silencing HMGA1.

A study using comprehensive gene expression profiles veri-
fied that HMGAL1 is an important oncogene [23]. However, no
direct evidence has elucidated the role of HMGA1 in CRC pro-
gression and prognosis, and no studies have investigated the
relationship between HMGA1 and CRCLM. The present study is
the first to show that HWGA1 promotes invasion and hepatic
metastasis of CRC by elevating GLUT3 expression. Our results
strengthen evidence showing the oncogenic role of HMGAT in
CRC and also provide new insights into its role in CRC progres-
sion. However, our conclusions lack the support of in vivo exper-
iments. Further experiments could be performed to elucidate
the molecular mechanism by which GLUT3 affects metastasis.

Numerous data support the tumorigenic potency of HMGA1,
and the molecular mechanism is complicated. As a transcrip-
tion factor, HMGA1 usually influences cellular processes by
regulating downstream effectors. The expression and tran-
scription of many target genes involved in tumor progression
were reported to be regulated by HMGA1, including Kinesin-
like protein KIFC1 (KIFC1), c-Myc, and Forkhead box protein
M1 (FOXM1) [17,24,25]. The present study demonstrates that

HMGAT1 can promote the expression of GLUT3, but we did not
screen for the binding sequence of HMGAL. In fact, all HMG
proteins interact with chromatin structures by their function-
al motif rather than recognizing specific nucleotide sequenc-
es of DNA or chromatin [26]. In the present study, we found
that GLUT3 was the effector responsible for HWGA1-induced
invasion and metastasis, suggesting that therapies targeting
GLUT3 signaling may suppress the CRC metastasis and help
prolong survival time.

GLUT3 is a facilitative glucose transporter and it also medi-
ates the uptake of various other monosaccharides, including
the galactose, mannose, xylose, and fucose [27,28]. Increased
sugar uptake has been widely proved to promote oncogen-
esis in many cancers. GLUT3 is a known driver of a cancer
stem cell phenotype, enabling cancer cells to survive glucose
deprivation [29]. GLUT3 was previously reported to be in-
volved in tumorigenesis, progression, or prognosis of several
cancer types, including glioblastoma, hepatocellular carcino-
ma, bladder cancer, and lung cancer [30-32]. In CRC, GLUT3-
YAP-dependent signaling was important in the metastasis of
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Figure 4. GLUT3 was required in HMGA1-induced invasion. (A, B) HMGA1 (A) or GLUT3 (B) knockdown significantly impaired the
invasion of SW480. The invasion of SW480 was detected with transwell assay.(C) SW480 cells were transfected with GLUT3
plasmid for rescue assay in the presence of HMGA1 knockdown. (D) GLUT3 overexpression rescued the invasion decrease
caused by HMGA1 knockdown. (E) High GLUT3 in CRCLM was significantly associated with poorer prognosis.

metastatic colorectal cancer [19]. GLUT3 addiction has been
regarded as a druggable vulnerability in some special tumor
types such as glioblastoma [33]. Our findings show that GLUT3
is essential in CRC invasion and is correlated with the progno-
sis of CRCLM, which also indicates the potency of GLUT3 as a
druggable target of CRCLM.

Conclusions

In CRCLMs, the high-HMGA1 and low-HMGA1 patients account-
ed for 53.42% and 46.58% of all patients, respectively. High
HMGA1 expression in CRCLM was significantly associated with

low OS rates. In vitro experiments demonstrated that HMGA1
promoted the GLUT3 transcription and expression in CRC cells.
GLUT3 was required in HMGA1-involved invasion, and GLUT3
expression was also related with the poor prognosis of CRCLM.
All these results demonstrate that high HWGA1 and GLUT3 ex-
pression in CRCLM is significantly correlated with poor prog-
nosis of CRCLM. HMGA1 promotes CRC invasion via elevating
GLUT3 transcription and expression.
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Supplementary Figure 1. (A) Representative transwell images of Figure 4A. (B) Representative transwell images of Figure 4B.
(€) Representative transwell images of Figure 4D.
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