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Abstract: High mobility group AT-hook 2 (HMGA2) is a transcriptional modulator that mediates motility and self-
renewal in cancer stem cells. Gastric cancer (GC) is the third leading cause of cancer-related deaths worldwide. 
GC contains a population of stem-like cells that promote tumor invasion and resistance to therapy. In the current 
study, we investigated the expression of HMGA2 and the cancer stem cell marker CD44 in 200 GC samples and 
found that HMGA2 and CD44 were significantly associated with distant metastasis, histological differentiation and 
poor prognosis in GC patients. Positive clinical correlations of HMGA2 with CD44 were also observed in tissue sec-
tions. In vitro, overexpression of HMGA2 promoted GC sphere formation and migration in MKN74/MKN28 cells, 
whereas downregulation of HMGA2 decreased GC sphere formation and migration in MKN45/MGC803 cells. In 
addition, western blot and immunofluorescent analyses showed that HMGA2 increased the expression of the stem 
cell markers CD44, ALDH1, Sox2, and Oct4 and the EMT-related factors Snail and β-catenin. In a xenograft mouse 
model, overexpression of HMGA2 promoted tumor growth. Further immunohistochemical (IHC) analysis showed 
that HMGA2 increased the expression of CD44 and β-catenin, resulting in the promotion of tumor growth. Taken 
together, our findings indicate that HMGA2 promotes GC cancer stem cell induction and cell motility by regulating 
the expression of CD44. Therefore, targeting HMGA2 in GC may be therapeutically beneficial.
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Introduction

Gastric cancer (GC) is one of the most common 
malignancies worldwide. There were more than 
700,000 deaths due to GC in 2014, making 
this disease the third most common cause of 
cancer death globally [1, 2]. Recent advances 
in surgical techniques, chemical therapies, 
radiotherapies and molecular-targeted thera-
pies for cancers have improved the prognosis 
of GC [3], but the long-term outcomes of 
patients with GC remain dismal, especially for 
advanced GC, which has a 5-year overall sur-
vival rate of 30% or less [4]. GC tumors are het-
erogeneous and contain a hierarchy of cell 
types, a small percentage of which are GC 
stem-like cells that are highly invasive and 
resistant to current therapies [5, 6]. Many can-
cer stem cell markers have been reported, 

such as CD44 [7]. The failure of current GC ther-
apeutics warrants the identification of novel tar-
gets and pathways regulating stemness, inva-
sion and tumor formation.

HMGA2 (also called HMGI-C) is a DNA binding 
protein that acts as an architectural transcrip-
tion regulator that can assemble and maintain 
enhanceosomes [8]. HMGA2 binds to the 
AT-rich minor grooves of DNA through three con-
served sequences called AT-hooks [9]. HMGA2 
can regulate the expression of both oncogenes 
and tumor suppressors [10]. HMGA2 is impor-
tant during embryonic morphogenesis [11] and 
is aberrantly expressed in cancer [8, 11-20]. 
High levels of HMGA2 in cancer are associated 
with increased invasiveness, stemness and 
poor prognosis [17-19, 21, 22]. However, the 
functional importance of HMGA2 in regulating 
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stemness and migration in GC is poorly 
understood.

In the present study, we observed that HMGA2 
was significantly associated with distant metas-
tasis and poor prognosis in GC patients and 
positively correlated with CD44 expression. In 
addition, we demonstrated that HMGA2 induc- 
ed tumor sphere formation, increased the clo-
nogenicity, proliferation and invasion of GC 
cells, and promoted tumorigenicity in vitro and 
vivo. Furthermore, HMGA2 increased the expr- 
ession of the stem cell markers CD44, ALDH1, 
Sox2, and Oct4 and the EMT-related factors 
Snail and β-catenin. Collectively, our results 
suggest that HMGA2 promotes tumorigenesis 
by increasing GC cell motility and sphere 
formation.

Materials and methods 

Patients and samples

Two hundred human GC tissue specimens were 
collected from the Tumor Tissue Bank of the 
Tianjin Cancer Hospital (Tianjin, China). The 
specimens were excised from patients with GC 
who underwent surgical resection at the Tianjin 
Medical University Cancer Institute and 
Hospital in China between March 2004 and 
December 2012. The histopathological diagno-
sis was confirmed by trained pathologists. 
Detailed pathologic and clinical data were 
recorded, including each patient’s age, gender, 
tumor size, histological differentiation, TNM 
stage, metastasis, recurrence, and survival 
time. The use of these tissue samples was 
approved by the Ethics Committee of Tianjin 
Cancer Hospital.

Immunohistochemical staining and scoring

Sections were microwaved, blocked, and incu-
bated using a series of antibodies (Table S1). 
The PicTure PV6000 staining system (Zhong- 
shan Chemical Co., Beijing, China) and Elivision 
Plus (Zhongshan Chemical Co., Beijing, China) 
were used. All sections were counterstained 
with hematoxylin, dehydrated, and mounted. 
For the negative controls, phosphate-buffered 
saline was used in place of the primary antibod-
ies. The evaluation of sections was performed 
by two independent pathologists. The sections 
were semi-quantitatively assessed for both the 
percentage of positive neoplastic cells and the 
immunostaining intensity of individual tumor 
cells (extension + intensity) [23]. For statistical 
analysis, a total score of 0-3 was considered 

negative expression, while scores of 4-6 were 
considered positive expression.

Cell culture 

The cell lines used in this study were MGC803, 
MKN45, MKN28, MKN74, and 293T. MKN28 
and MKN45 cells were cultured at 37°C in 5% 
CO2 and saturated humidity in RPMI-1640 
medium containing 10% fetal bovine serum 
(Invitrogen, USA). MKN74, MGC803 and 293T 
cells were cultured in Dulbecco’s modified 
Eagle’s medium supplemented with 10% fetal 
bovine serum (Invitrogen, USA). MGC803 and 
MKN45 were obtained from the Institute of 
Basic Medical Sciences Chinese Academy of 
Medical Sciences in 2014. The MKN28 cell line 
was obtained from KeyGEN BioTECH Co. 
(Nanjing, China) in 2014. The MKN74 cell line 
was obtained from Jenniobio Biotechnology Co. 
(Guangzhou, China) in 2015. The 293T cell line 
was obtained from Zhongshan Hospital Affili- 
ated to Fudan University (Shanghai, China) in 
2014.

Lentiviral constructs and cell infection

Full-length HMGA2 complementary DNA (cDNA) 
(catalog no.: EX-B0278-Lv201; GeneCopoeia, 
Rockville, MD, USA) was used to overexpress 
HMGA2 in MKN74 and MKN28 cells; an Omi- 
csLink short hairpin RNA (shRNA) Expression 
Clones plasmid (target sequence: CTCCTAGG- 
TTCTTAAGGATAA; catalog no.: HSH019812-
LVRU6GP GeneCopoeia, Rockville, MD, USA) 
and the respective empty vector plasmids (tar-
get sequence: TGGCTGCCATGCTATGTTGA; cata-
log no.: CSHCTR001-LVRU6GP; GeneCopoeia, 
Rockville, MD, USA) were used for HMGA2 
silencing in MGC803 and MKN45 cells. 
Lentiviruses were produced via transient trans-
fection of 293T cells with specific or negative 
control lentiviral vectors using the Lenti-Pac 
HIV packaging kit (catalog no. HPK-LvTR-20; 
GeneCopoeia, Rockville, MD, USA) according to 
the manufacturer’s instructions, and the viral 
suspension was used to infect the target cells. 

Cell maintenance of tumor spheres and colony 
formation

Mammosphere culture [24] and the colony for-
mation [25] assay were performed as previous-
ly described.

Scrape assays

In the scrape assays, cell motility was assessed 
by measuring the migration of cells into a 
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scrape. The speed of wound closure was moni-
tored after 24 and 48 h by measuring the ratio 
of the size of the wound relative to that at hour 
0. Each experiment was performed in tripli- 
cate.

3-(4, 5-Dimethylthiazol-2-yl)-2, 5-diphenyltetra-
zoliumbromide (MTT)

Human GC cells (8000 cells/well) were placed 
in 96-well plates and continually cultured for 
different periods of time (1, 2, 3, 4, 5, or 6 
days). Subsequently, 10 μl of 0.5 mg/ml MTT 
was added to each well. The cells were incu-
bated at 37°C for another 4 h, the medium was 
removed, and the precipitated formazan was 
dissolved in 100 μl of DMSO. After the solution 
was shaken for 10 min using an Eppendorf Mix 
Mate (Eppendorf, GRE), the absorbance was 
detected at 490 nm (A490) on a Bio Tek ELx800 
(Bio Tek, USA).

Immunofluorescent staining

The cells were plated onto coverslips and fixed 
with cold methanol on ice for 10 min. The cells 
were blocked with 1% BSA and incubated with 
primary antibodies against HMGA2 (1:200 dilu-
tion), CD44 (1:100 dilution) and ALDH1 (1:100 
dilution) overnight at 4°C. Then, FITC-conjugat- 
ed secondary antibodies were added, and the 
cells were incubated at 37°C for 1 h. The sec-
tions were counterstained with DAPI and 
observed using a fluorescence microscope at 
×200 magnification (80i; Nikon, Shinagawa, 
Tokyo, Japan).

Western blotting

The cell lysates were resolved by SDS-PAGE 
and transferred onto PVDF membranes (Milli- 
pore, Billerica, MA, USA). The blots were 
blocked and incubated with primary antibodies 

Figure 1. Immunohistochemical expression of HMGA2 and the CSC marker CD44. A. Immunohistochemical staining 
of HMGA2, CD44 and β-catenin in human GC samples. (magnification, ×400). B. Kaplan-Meier analysis of the cor-
relation between HMGA2 expression and overall survival in GC patients. C. Kaplan-Meier analysis of the correlation 
between CD44 expression and overall survival in GC patients. D. Kaplan-Meier analysis of overall survival in the 
HMGA2+/CD44+ group and HMGA2-/CD44- group of GC patients. 
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overnight at 4°C. The membranes were then 
incubated with the secondary antibody at 37°C 
for 2 h. The enhanced chemiluminescence 
method was used to measure protein expres-
sion, and GAPDH served as the internal control. 
Bands were imaged and analyzed using a 
C-Digit Blotting Scanner (Gene Company, Bei- 
jing, China). Details of the antibodies used are 
provided in Table S1.

Luciferase reporter assay

The c-Myc promoter was purchased from Gene- 
Copoeia. 293T cells were transfected with 
c-Myc promoter plasmids or the control plas-
mid and the HMGA2 plasmid. Forty-eight hours 

Student’s t-test, chi-square test, or Fisher’s 
exact test, as appropriate. P values (two-sided) 
less than 0.05 were considered statistically 
significant.

Results

Expression of HMGA2 is significantly upregu-
lated in GC and clinically related to the expres-
sion of CD44

A total of 200 primary human GC specimens 
were collected to detect HMGA2 expression by 
immunohistochemical analysis and analyze 
associations with clinicopathological character-
istics. As shown in Figure 1A and Table 1, in 

Table 1. The correlation of HMGA2 with the clinicopatho-
logical parameters of gastric cancer

Clinicopathological feature
HMGA2

χ2 P Value
Positive Negative

Age (years)
    <60 29 64 2.96 0.085 
    ≥60 46 61
Sex
    Male 54 81 1.108 0.293 
    Female 21 44
Tumor size (cm3)
    <3 25 60 4.126 0.042*
    ≥3 50 65
Histological differentiation
    I/II 30 71 5.293 0.021*
    III/IV 45 54
TNM satge
    I/II 22 55 4.259 0.039*
    III/IV 53 70
Lauren type
    Intestinal type 39 69 0.193 0.660 
    Diffuse type 36 56
Lymphatic metastasis
    Positive 53 76 1.193 0.158 
    Negative 22 49
Distant metastasis
    Positive 40 33 14.671 **
    Negative 35 92
Recurrence
    Positive 16 23 0.257 0.612 
    Negative 59 102
Metastasis and recurrence
    Positive 47 51 8.969 0.037*
    Negative 28 74
*P<0.05, **P<0.001. 

following transfection, luciferase activ-
ity was analyzed using the Secrete-Pair 

TM Dual Luminescence Assay Kit (Gene- 
Copoeia, Rockville, MD, USA). The 
results were obtained from three inde-
pendent experiments performed in 
duplicate.

Animal experiments

Four-week-old male BALB/c nude mice 
were injected subcutaneously with a 
suspension of 1×107 cells in the upper 
right flank region. After 4 weeks, the 
mice were sacrificed, and the xenograft 
tumors were weighed and fixed for his-
tology and immunohistochemistry (IHC) 
analyses. All studies were performed in 
accordance with the American Associ- 
ation for the Accreditation of Laboratory 
Animal Care guidelines for the humane 
treatment of animals and adhered to 
national and international standards.

Statistical analysis

Data are presented as the means ± SD. 
SPSS 22.0 software (SPSS Inc., Chi- 
cago, IL, USA) was used for statistical 
analysis. Graphical representations 
were produced using GraphPad Prism 
6 (San Diego, CA, USA) software. For 
clinicopathological analysis, the chi-
square test or Fisher’s exact test was 
performed. The survival calculations 
were illustrated with Kaplan-Meier 
curves, and differences between sur-
vival curves were tested by the log-rank 
test. Differences between two groups 
were compared with the 2-tailed 



HMGA2 promotes gastric cancer aggressiveness

264 Am J Cancer Res 2017;7(2):260-274

tumor tissues, positive HMGA2 expression was 
observed in the cell nucleus. Significantly, over-

Cultured cancer stem cells (CSCs) are believed 
to be able to form spheres with properties very 
similar to those of endogenous CSCs isolated 
from human tumor tissues [26, 27]. To investi-
gate whether HMGA2-promoted tumorigenesis 
is due to the induction of CSCs, we determined 
the effects of HMGA2 on stem sphere forma-
tion. Sphere formation ability was investigated 
in four different GC cell lines, and two GC cell 
lines formed tumor spheres (Figure 2B). Addi- 
tionally, we detected the endogenous expres-
sion of HMGA2 in these cell lines (Figure 2A). 
Taken together, these results indicated that 
HMGA2 was highly expressed in GC cell lines 
that formed spheres. 

Table 2. The correlation of CD44 with the clinicopathologi-
cal parameters of gastric cancer

Clinicopathological feature
CD44

χ2 P Value
Positive Negative

Age (years)
    <60 30 63 1.677 0.195 
    ≥60 44 63
Sex
    Male 53 82 0.91 0.340 
    Female 21 44
Tumor size (cm3)
    <3 36 49 1.817 0.178 
    ≥3 38 77
Histological differentiation
    I/II 25 76 13.13 **
    III/IV 49 50
TNM satge
    I/II 22 55 3.816 0.051 
    III/IV 52 71
Lauren type
    Intestinal type 27 81 14.504 **
    Diffuse type 47 45
Lymphatic metastasis
    Positive 53 76 2.602 0.107 
    Negative 21 50
Distant metastasis
    Positive 36 37 7.48 0.006*
    Negative 38 89
Recurrence
    Positive 13 26 0.279 0.597 
    Negative 61 100
Metastasis and recurrence
    Positive 43 55 3.899 0.048*
    Negative 31 71
*P<0.05, **P<0.001. 

expression of HMGA2 was observed in 
poorly differentiated GC tissues.

The correlations between HMGA2 
expression levels and clinicopathologi-
cal characteristics are summarized in 
Table 1. HMGA2 expression was sig-
nificantly correlated with tumor size 
(P=0.042), histological differentiation 
(P=0.021), TNM stage (P=0.039) and 
distant metastasis (P<0.001). As 
shown in Figure 1A and Table 2, the 
cancer stem cell marker CD44 was 
predominantly observed in the mem-
brane of cancer cells and was signifi-
cantly correlated with histological dif-
ferentiation (P<0.001), Lauren type 
(P<0.001) and distant metastasis 
(P=0.006). Furthermore, HMGA2 was 
positively correlated with CD44 and 
β-catenin expression (Table 3). Im- 
portantly, we examined the prognostic 
significance of HMGA2 and CD44 in 
GC patients. Kaplan-Meier analysis 
showed that overall survival was lower 
in the HMGA2 or CD44 high-expres-
sion groups than in the correspond- 
ing low-expression groups, (Figure 1B 
and 1C, HMGA2, P<0.001; CD44, 
P=0.029). In addition, the overall sur-
vival of patients with HMGA2+/CD44+ 
expression was much lower than that 
of patients with HMGA2-/CD44- expre- 
ssion (Figure 1D, P<0.001). 

HMGA2 induces sphere formation 
and promotes the expression of can-
cer stem cell markers in vitro

Table 3. Relationship between HMGA2 and 
CD44 or β-catenin expression

Variant
HMGA2

χ2 P-ValueNeg-
ative

Posi-
tive

CD44 Negative 88 38 7.831 0.005*
Positive 37 37

β-catenin Negative 74 33 4.353 0.037*
Positive 51 42

*P<0.05.
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To determine the effects of HMGA2 on sphere 
formation, we transfected the pEZ-Lv201 vec-

tor expression clone HMGA2 into MKN74 and 
MKN28 cells, which display low endogenous 

Figure 2. HMGA2 induces sphere formation in GC cells. A. Western blot showing HMGA2 expression in GC cell lines. 
B. Overexpression of HMGA2 promoted sphere formation by MKN28 and MKN74 cells, whereas knockdown of 
HMGA2 expression decreased sphere formation by MKN45 and MGC803 cells (scale bar represents 100 µm). C. 
HMGA2 upregulated the expression of CD44 and ALDH1 in MKN74 and MKN28 cells transfected with the HMGA2 
expression plasmid; in contrast, CD44 and ALDH1 were decreased by sh-HMGA2. All experiments were repeated 
three times; *indicates P<0.05.
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expression of HMGA2. Sphere formation effi-
ciency, a measure of self‑renewal, was signifi-
cantly increased in MKN74 and MKN28 cells 
overexpressing HMGA2 (Figure 2B). To verify 
the findings in a gain-of-function model, loss-of-
function experiments were performed using 
the HMGA2 inhibitor expression clone in 
MGC803 and MKN45 cells; treatment with this 
inhibitor clearly decreased the endogenous 
HMGA2 levels in MGC803 and MKN45 cells. 
When HMGA2 was downregulated, the sphere 
formation capacity was reduced in MGC803 
and MKN45 GC cells. Finally, western blot anal-
ysis was performed to detect the expression 
levels of CSC markers. The levels of both CD44 
and ALDH1 were increased in HMGA2-over- 
expressing GCSCs relative to control cells 
(P<0.001) (Figure 2C), while the protein levels 
of the above markers were decreased in human 
GC cells when HMGA2 was knocked down. 
Similarly, the immunofluorescence results 

revealed upregulated CD44 and ALDH1 expres-
sion (Figure 3). Taken together, these data indi-
cated that HMGA2 promoted the self-renewal 
of GCSCs.

HMGA2 increases the clonogenicity and prolif-
eration of GC cells

To test the hypothesis that HMGA2 promotes 
clonogenicity in GC, we performed clone forma-
tion assays in human cell lines. First, we tested 
the clonogenicity of MKN74/MKN28 cells 
transfected with HMGA2, and observed that 
the number of colonies formed was increased 
compared with the control groups (Figure 4A). 
Second, the effect of HMGA2 on the prolifera-
tion of GC cells was first examined using the 
MTT assay. MKN74 and MKN28 cells transfect-
ed with HMGA2 displayed a much higher ability 
to promote proliferation than those transfected 
with empty vector or non-transfected cells 

Figure 3. Overexpression of HMGA2 increases CD44 and ALDH1 expression in GC cell lines. Immunofluorescence 
staining showed that HMGA2 overexpression increased the expression of CD44 and ALDH1, whereas knockdown of 
HMGA2 decreased the protein expression of CD44 and ALDH1 (magnification, ×200; scale bar represents 50 µm; 
all experiments were repeated three times).
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Figure 4. HMGA2 increases the clonogenicity and proliferation of GC cells. A. A colony formation assay was performed to analyze colony formation ability. The scale 
bar represents 200 µm. B. MTT assays of HMGA2-upregulated MKN74 and MKN28 cells and HMGA2-downregulated MGC803 and MKN45 cells. C. Western blot 
showing that HMGA2 overexpression increased the expression of c-Myc, Sox2 and Oct4, whereas HMGA2 knockdown decreased the expression of c-Myc, Sox2 and 
Oct4. D. Luciferase reporter assays showed that HMGA2 promotes c-Myc gene expression. All experiments were repeated three times; *indicates P<0.05.
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Figure 5. HMGA2 regulates the migratory capacity of GC cells and increases the expression of EMT-related markers in GC cells. A. Wound healing assay (the scale 
bar represents 200 µm). Quantitative analysis showed a significant difference at 48 h for MGC803 cells and a significant difference at 72 h for MKN45, MKN28 
and MKN74 cells. B. Western blot showing that HMGA2 overexpression increased the expression of Snail and β-catenin, while HMGA2 knockdown decreased the 
expression of Snail and β-catenin. All experiments were repeated three times; *indicates P<0.05.
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(Figure 4B). In addition, loss-of-function analy-
sis was performed using shHMGA2, which strik-
ingly decreased endogenous HMGA2 levels in 
MGC803 and MKN45 cells. HMGA2 knock-
down decreased the clone formation activity 
and proliferation of GC cells (Figure 4B). Third, 
western blot analysis was performed to detect 
the expression levels of induced-pluripotent 
stem (i-PS) cell factors such as Sox2, Oct4 and 
c-Myc. As expected, enhanced HMGA2 expres-

sion led to significant elevation of Sox2, Oct-4 
and c-Myc levels, while HMGA2 knockdown 
reduced the expression of Sox2, Oct4 and 
c-Myc compared with control cells (Figure 4C). 
Furthermore, to elucidate the molecular mech-
anisms by which HMGA2 regulates stemness in 
GC, we used dual-luciferase reporter analysis. 
Expression of HMGA2 significantly promoted 
luciferase activity controlled by the promoter of 
c-Myc (Figure 4D), indicating that HMGA2 may 

Figure 6. HMGA2 promotes stem-
ness and tumorigenicity in vivo. A. 
Analysis of tumor weight showed 
that high HMGA2 expression pro-
moted tumor growth (the scale 
bar represents 2 cm). B. An in 
vivo xenograft study showed that 
tumors with higher HMGA2 ex-
pression had elevated CD44 and 
β-catenin expression. (Magnifica-
tion, ×400; *indicates P<0.05.) 
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promote gene expression through its binding 
sequence at the promoter of c-Myc.

HMGA2 regulates the migratory capacity of 
GC cells and increases the expression of EMT-
related markers in GC cells

Accumulating evidence has demonstrated that 
CSCs not only play an important role in tumori-
genicity but also promote metastasis [28, 29]; 
thus, we examined the role of HMGA2 in the 
migration of GC cells using scrape assays. As 
shown in Figure 5A and 5B, cellular migration 
was enhanced when we transfected MKN74/
MKN28 cells with the HMGA2 plasmid, while 
knocking down cellular HMGA2 reduced the 
motility of GC cells.

Recent studies have suggested that EMT is 
closely related to the CSC-like phenotype in 
prostate cancer [30], breast cancer [31], and 
GC [32, 33]. To determine the molecular mech-
anisms underlying stemness, we analyzed the 
correlation between HMGA2 and EMT markers 
such as Snail and β-catenin in GC cells. There 
was a significant difference in the protein 
expression levels of snail and β-catenin 
between the negative control and HMGA2-
transfected MKN74 and MKN28 cells (Figure 
5C). HMGA2 decreased the expression of Snail 
and β-catenin in GC cells. These results indi-
cated that HMGA2 may promote EMT. 

HMGA2 promotes stemness and tumorigenic-
ity in vivo

To validate the function of HMGA2 in vivo, 
MKN74/MKN28 cells stably transfected with 
HMGA2 and MGC803/MKN45 cells stably 
transfected with the HMGA2 inhibitor were sub-
cutaneously injected into BALB/c-nu/nu mice. 
The animals xenografted with HMGA2-trans- 
duced cells exhibited larger tumors than the 
control group by 4 weeks post-injection (Figure 
6A), and the weight of tumors with high HMGA2 
expression was higher than that of tumors with 
low HMGA2 expression (P<0.05). Consistent 
with our previous observation, IHC staining 
showed that upregulation of HMGA2 signifi-
cantly enhanced the expression of CD44 and 
β-catenin in MKN74/MKN28 cells, whereas 
downregulation of HMGA2 resulted in low 
expression of CD44 and β-catenin in MGC803/
MKN45 cells (Figure 6B). These results sug-
gested that HMGA2 promotes stemness and 
tumorigenicity in vivo. 

Discussion

As an oncofetal protein, the expression of 
HMGA2 increases with the dedifferentiation of 
cancers in many malignant tumors, such as 
pancreatic adenocarcinoma [34], liposarcoma 
[35], and bladder cancer [36]. HMGA2 might 
target different down-stream genes to maintain 
the undifferentiated status of cells in the 
embryogenesis and tumorigenesis processes 
[37-40]. HMGA2 has been reported to promote 
the self-renewal of neural stem cells by nega-
tively regulating p16Ink4a/p19Arf expression. 
However, whether the expression of HMGA2 is 
associated with the development of cancer 
stem-like cells in GC is not well understood. 
Here, we demonstrated that HMGA2 induced 
the formation of tumor spheres, increased the 
clonogenicity, proliferation and invasion of 
cells, and promoted tumorigenicity in vitro and 
vivo. In addition, HMGA2 increased the expres-
sion of the stem cell markers CD44, ALDH1, 
Sox2, and Oct4 and the EMT-related factors 
Snail and β-catenin. Furthermore, we observed 
that HMGA2 was significantly associated with 
distant metastasis and positively correlated 
with CD44 expression, markers that indicate 
poor prognosis in human GC. Our data may 
facilitate the addition of a therapeutically 
beneficial strategy to GC treatment options.

CSCs have been defined as a small subpopula-
tion of cells that can give rise to tumor masses 
[41]. CSCs can be viewed as the result of mis-
differentiation and possess self-renewal and 
differentiation potential. Recent studies have 
demonstrated that CSCs may be responsible 
for tumor initiation, invasion, distant metasta-
sis, and chemo-resistance; thus, the develop-
ment of therapies that target CSCs is increas-
ingly appealing [42]. CSCs have been found in 
many types of solid tumors, such as breast can-
cer [43], glioblastoma [44], colon cancer [45], 
and GC. Thus, it is necessary to analyze the 
relationship between HMGA2 and CSCs. We 
found that HMGA2 induced sphere formation in 
a serum-free and growth factor- containing 
medium that has been used to enrich CSCs 
from several tumors. In addition, we found that 
HMGA2 enhanced the colony formation and 
proliferation of these cells in vitro. 

Previous studies have suggested that several 
stem cell markers, such as CD44 or ALDH1, 
may be shared by CSCs in different tumor types 
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[46-50]; in human breast cancer, prostate can-
cer, and colon cancer, expression of these pro-
teins defined a subpopulation of cancer cells 
with high tumorigenic potential. These results 
indicated that the same cell marker can act as 
a CSC marker in multiple types of human can-
cer. Therefore, we detected the expression of 
CD44 and ALDH1, which revealed that HMGA2 
increased the protein levels of CD44 and 
ALDH1. The four key transcription factors of the 
POU family (Oct4, Sox2, c-Myc, and KLF4) 
together may drive patient-specific induced plu-
ripotent stem cell (i-PSC) formation [50], and 
these transcription factors play important roles 
in regulating the stemness state, self-renewal 
and pluripotency of stem cells [51]. We also 
observed that the expression of these markers 
increased significantly with HMGA2 upregula-
tion, and the dual-luciferase reporter assay 
indicated that HMGA2 bound directly to the 
promoter of c-Myc and increased the protein 
expression levels of c-Myc. Furthermore, our 
study showed that HMGA2 promotes tumor for-
mation in vivo. In addition, we found that 
HMGA2 was positively correlated with histologi-
cal differentiation, stage, metastasis and recur-
rence; Kaplan-Meier curves revealed that 
patients co-expressing both HMGA2 and CD44 
exhibited a significantly shorter survival time 
than patients in the ‘HMGA2- and CD44-’ group 
or ‘HMGA2+ or CD44+’ group. Overall, our data 
suggest that HMGA2 enhances the expression 
of CD44, which in turn induces tumor sphere 
formation and thus promotes tumorigenicity.

Some studies have demonstrated that CSCs 
may be responsible for tumor initiation, inva-
sion, and distant metastasis, which also result 
in a poor prognosis for GC. Our results showed 
that HMGA2 promoted the mobility of tumor 
cells in vitro and that HMGA2 positively corre-
lated with metastasis and recurrence in human 
GC. The Wnt pathway is a critical signaling axis 
that regulates developmental processes in the 
embryo and maintains the self-renewal and dif-
ferentiation of stem cells [52]. Inhibition of 
β-catenin has been shown to decrease the 
sphere formation ability of GC cells. In this 
study, HMGA2 downregulated the expression of 
β-catenin in GC cells, suggesting that HMGA2 
promotes the self-renewal of GC. 

In conclusion, our analyses identified HMGA2 
and CD44 co-expression as a negative marker 
of prognosis in patients with GC and indicated 

that HMGA2 exerts its effects partially by pro-
moting stemness and tumorigenicity. Increased 
HMGA2 expression in patients with GC was cor-
related with poor cellular differentiation and 
metastasis. The upregulation of HMGA2 expre- 
ssion resulted in the activation of the Wnt/β-
catenin signaling pathway and CD44, Which 
promote GC cell sphere formation and migra-
tion. Our experiments also showed that deple-
tion of HMGA2 in GC cells reduced sphere for-
mation, decreased clonogenicity and prolifera-
tion, and suppressed the tumor growth of GC 
cells in vivo, suggesting that GC stem-like cells 
require HMGA2 to maintain malignant proper-
ties. Therefore, targeting HMGA2 in GC may be 
a therapeutically beneficial strategy.
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Table S1 Details of antibodies used in this study.

Table S1. Antibodies used in this study
Antibody Catalog No. Company
Rabbit anti-HMGA2 Ab166605 Abcam, Cambridge, Massachusetts, USA
Rat anti-CD44 Ab119863 Abcam, Cambridge, Massachusetts, USA
Rabbit anti-ALDH1 Ab23375 Abcam, Cambridge, Massachusetts, USA
Rabbit anti-c-Myc LS-B7576 Lifespan, Seattle WA, USA
Rabbit anti-Sox2 GTX101507 GeneTex, Irvine, CA, USA
Goat anti-Oct4 Sc-8629 Santa cruz, Santa Cruz, CA, USA
Rabbit anti-Snail Ab180714 Abcam, Cambridge, Massachusetts, USA
Rabbit anti-β-catenin Ab-32572 Abcam, Cambridge, Massachusetts, USA
Rabbit anti-GAPDH Sc-25778 Santa cruz, Santa Cruz, CA, USA


