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HMGA1 exacerbates tumor progression by activating miR-222 through
PI3K/Akt/MMP-9 signaling pathway in uveal melanoma
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ARTICLE INFO ABSTRACT

Keywords: High-mobility group A1 (HMGA1), an architectural transcription factor, participates in different human tumors'
HMGA1 biological progression. HMGAL1 overexpression is associated with malignant cellular behavior in a wide range of
microRNA-222 cancers but the underlying mechanism remains poorly illuminated. In this study, we showed PI3K/Akt/MMP9
PI3K/Akt/MMP9

pathway activity could be positively regulated by HMGA1 using western blotting, real-time polymerase chain
reaction (RT-PCR) and immunochemistry both in vitro (C918 and MUM-2B cell lines) and in vivo (xenograft
mouse model). Later, MiRTarBase was used to identify the relationship between HMGA1 and miR-222-3p, we
found miR-222 is positively regulated by HMGA1. Moreover, the proliferation and migration of UM cells sig-
nificantly increased in the miR-222 mimics group and decreased in the miR-222 inhibitor group detected by the
Annexin V-FITC apoptosis detection kit, CCK-8 and scratch wound-healing. The p-PI3K, p-Akt and MMP9 ex-
pressions were elevated in UM cells transfected with miR-222 mimics, and suppressed in the miR-222 inhibitor
group. Together, our study highlights that HMGA1 acts as a pivotal regulator in UM tumor growth, proposing a
critical viewpoint that HMGA1 expedites progression through the PI3K/Akt/MMP9 pathway and oncogenic miR-

Uveal melanoma

222 in UM.

1. Introduction

Uveal melanoma (UM) is the most common primary intraocular
tumor in adults, the life expectancy of UM patients is mainly affected by
distant metastasis. The prognosis will be poor if the metastasis is de-
tected, usually with an average 5-8 months survival range [1]. Un-
fortunately, almost 50% UM patients have subclinical metastases at the
time of diagnosis [2,3]. Therefore, it is necessary to identify novel
target molecules to promote early diagnosis, prognosis prediction and
therapeutic strategies for UM.

High-mobility group AT-hookl (HMGA1) protein is the crucial
contributor in the assembly of transcriptional factors and cofactors to
form enhanceosomes [4]. HMGA protein binds to the minor groove of
AT-rich DNA sequences via AT-hooks in the N-terminal region. There-
fore, HMGAL could alter the transcriptional activity and regulate the
chromatin structure in multi-genes. HMGA1 overexpression has been
found in different human malignancies, such as colorectal cancer,
ovarian cancer, prostate cancer and lung cancer [5-8]. Our previous
study demonstrated that high expression level of HMGA1 was asso-
ciated with adverse clinical outcomes in UM patients [9], but the un-
derlying molecular mechanism of HMGA1 in UM progression remains
largely unknown.

MicroRNAs (miRNAs) are the small noncoding RNAs with important
regulative roles in a wide range of pathologic and biologic processes.
There is a large body of evidence stating that miRNAs may induce the
tumor cell proliferation and inhibit cell death, leading to tumor de-
velopment and progression by activating or inhibiting key genes
[10-12], as illustrated by the negative correlation between miR-200a/
miR-363 and YY1 expression in Burkitt's lymphoma [13] and the po-
tential diagnostic biomarkers of miR-196 family in head and neck
cancers [14]. In particular, aberrant miRNA expressions, including miR-
508, miR-326 and miR-222, have been found in patients with UM
through several integrated computational approaches, these miRNAs
may be regarded as prognostic biomarkers in clinic to address high-risk
patients towards more aggressive therapeutic strategies [15-17].

MiR-222, encoded in tandem from a gene cluster located on X
chromosome, contains identical seed sequences and are highly con-
served in vertebrates [18]. Under physiological conditions, they play
roles in essential processes, such as angiogenesis, vessel wound healing,
atherosclerotic and vascular aging [19,20]. However, abnormal ex-
pression level of miR-222 has been extensively studied in many human
tumors, including lung cancer, breast cancer, liver cancer, cervical
cancer, glioma and multiple myeloma [21-23]. Some studies reported
that HMGAL1 could promote cell proliferation by targeting miR-222 in
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Table 1
Detailed information of miRNA-3p sequence and primers.
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Sequences (5’-3")

Annealing temperature (-C)

Extension temperature (-C) Product size (bp)

HAS-MiR-222 mimics F-AGCUACAUCUGGCUACUGGGU
R-CCAGUAGCCAGAUGUAGCUUU
F-UUCUCCGAACGUGUCACGUTT
R-ACGUGACACGUUCGGAGAATT
F-ACCCAGUAGCCAGAUGUAGCU

F-CAGUACUUUUGUGUAGUACAA

Mimics negative control

HAS-MiR-222 inhibitor
Inhibitor negative control

HMGA1 F-TTCTCTAAGGAGCAGGTGGAA 58
R-CGCATTTGCTACCAGCG

PI3K F-AGCCGGAAGACTACACGCT 60
R-GGTCAGGTGAGGGGTCAAC

Akt F-AGCGACGTGGCTATTGTGAAG 60
R-GCCATCATTCTTGAGGAGGAAGT

MMP9 F-GCACTGCAGGATGTCATAGG 59
R-ACGACGTCTTCCAGTACCGA

B-actin F-TTGCCGACAGGATGCAGAA 60

R- GCCGATCCACACGGAGTACT

72 149
72 122
72 96

72 128
72 101

lung cancer and cervical cancer, leading to repression of PPP2R2A ex-
pression and activation of Akt signaling [21,22]. The underlying me-
chanism of HMGA1 and miR-222 in UM has not yet been fully under-
stood.

Previous studies have reported that the PI3K/Akt/MMP-9 pathway
is a distinct downstream pathway of HMGA1 [22,24], which is vital for
tumor initiation and progression in the microenvironment [25,26].
Matrix metallopeptidase-9 (MMP-9) degrades the basement membranes
and exposes cryptic peptide epitopes in the extracellular matrix, asso-
ciating with tumor dissemination [27]. It is known that epigenetic
mechanisms, including non-coding RNAs, DNA methylation and histone
modifications, have emerged as key regulators in MMP-9 expression
[28,29]. MiR-132 and miR-212 have been reported to reduce MMP-9
expression experimentally through modulating collagen remodeling
[30]. Conversely, miR-21, miR-373 and miR-520 are characterized as
oncogenic miRNA, contributing to MMP-9 gene transcription [31,32].
Accordingly, dysregulation of miRNA plays an essential role in MMP-9
expression, which in turn is involved in cancer progression and clinical
prognosis. In current study, we hypothesized that HMGA1 could en-
hance miR-222 by regulating PI3K/Akt/MMP-9 pathway in UM, ex-
ploring the molecular mechanism underlying of UM progression
mediated by HMGA1.

2. Materials and methods
2.1. Animals and ethics statement

The present study conformed to the Guide for the Care and Use of
Laboratory Animals of the United States National Institutes of Health.
The protocols were approved by the Shandong University Qilu hospital.
The BALB/c nude mice were purchased from Vitalriver (Beijing, China).

2.2. Cell culture and transfection

Human uveal melanoma cells (C918 and MUM-2B) were obtained
from Chinese Academy of Sciences Cell Bank (Shanghai, China) on June
5th, 2017. C918 and MUM-2B cells were cultured by RPMI 1640 with
10% fetal bovine serum (FBS) at 37 °C in the culture box with 5% CO2.
The culture medium was changed after 48 h. The subculture was di-
gested when the fusion degree had reached 80%. C918 and MUM-2B
cells were authenticated by DNA profiling occasionally.

The lentivirus (LV)-HMGA1-RNAi (32762-1) and negative control
(NC) lentivirus (CON077, hU6-MCS-Ubiquitin-EGFP-IRES-puromycin)
were purchased from the GeneChem Corporation (Shanghai, China)
with the 8E+ 8 transduction units (TU)/ml. The C918 and MUM-2B
were plated into 6-well plates at a density of 5x 10* cells/well and
grown to 30-40% confluence after incubated at 37 °C for 24 h, then the

lentivirus infected the UM cells at a multiplicity of infection (MOI) of
10. The cells were cultivated in enhanced infection solution for 12 h.
The cell culture medium was then replaced by normal medium con-
taining serum. After infection for 72h, cells were placed under the
fluorescent microscope to observe infection efficiency, then the 2-week
puromycin (2 ug/ml) was used for screening. The cells were collected
for cell transplantation and RNA/protein extraction. The UM cells were
divided into three groups: the cells in the blank control group (normal
group) were normally cultured without any handling, the cells in the
NC group were transfected with NC lentivirus, and the HMGAl-down
group was transfected with LV-HMGAL.

MiR-222-3p mimics, miR-222-3p inhibitor and NC oligonucleotides
were obtained from GenePharma (Shanghai, China). Cells were seeded
in 12-well plates at a density of 10° cells/well one day prior to trans-
fection. When the cells were grown to a density of 70%-80% con-
fluence, EndoFectin™ Max transfection agent (GeneCopoeia, San Diego,
CA, USA) was used to respectively transfect miR-222-3p mimics, miR-
222-3p inhibitor and two corresponding NC groups (all 100 nM) ac-
cording to the manufacturer's protocol for 48 h. MiR-222-3p mimics/NC
and miR-222-3p inhibitor/NC sequences were shown in Table 1.

2.3. Apoptosis assay

For the detection of cell apoptosis, Annexin V-FITC apoptosis de-
tection kit (Beyotime Institute of Biotechnology, C1062, Shanghai,
China) was used as described by the manufacturer's instruction. Briefly,
the C918 and MUM-2B were collected by centrifugation at 1000 r/min
for 5min and washed twice with PBS. The cells were gently re-
suspended in 195 pl Annexin V binding buffer, and then incubated with
5 ul Annexin V-FITC/10 pl propidium iodide (PI) for 15 min in the dark.
The pictures of apoptotic cells were captured by fluorescence micro-
scope.

2.4. Cell proliferation viability assay

A total of 2x 10 UM cells per well were plated into 96-well plates,
with 200 pl of culture medium and 20 pl of Cell Counting Kit-8 (CCK-8,
Beyotime, China) were added into each well. Each experiment group
has five parallel wells. CCK-8 is a kind of yellow solution that can be
reduced to orange by active cells, whose absorbance is directly pro-
portional to cell number. After 3.5h of incubation, the OD value of the
liquid in each well was measured by a microreader (Bio-Rad 680) at the
wavelength of 450 nm. The cell number was proportional to the OD
value.
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2.5. Scratch wound-healing assay

The cells were cultured into 6-well plates at a density of 3x 10°
cells/well. After being cultured for 24 h at 37 °C in an incubator with
5% CO2, the cells were then transfected with miR-222 mimics, miR-222
inhibitor and NC. A straight-line scratch was made on the bottom of the
cell culture plate using a sterile 200-ul yellow pipette tip 5h post-
transfection. Fresh and complete media were added, and the wound
healing ability was observed for 24 h. Images were captured every 8 h.
The distance migrated by the cell monolayer to close the wounded area
during this time period was measured. Results were expressed as a
migration index, the distance migrated by miRNA mimics or inhibitor
treated relative to the distance migrated by NC treated cells.

2.6. UM xenograft mouse model

Ten BALB/c nude mice were divided into two groups (6-week-old
female, 5 mice per group) and subcutaneously injected with 100 pul of
5% 10° C918 cells to the posterior flank respectively, which were
previously stably transfected with LV-HMGAL or NC lentivirus. When
the tumor mass became palpable (usually at day 7 after injection), the
tumor volume was measured with a caliper three times per week using
the formula: tumor volume (mm®) = (length x width?)/2. At day 28,
mice were sacrificed, and the tumor volume and the size were calcu-
lated. Tumor tissues were extracted and processed for subsequent RT-
PCR, western blot and immunohistochemistry (IHC) analyses.

2.7. Western blot analysis

Total protein was extracted from UM cells or tumor tissues from
BALB/c nude mice with RIPA lysis buffer (Solarbio, Beijing, China). The
tissue lysates were centrifuged at 12,000 rpm for 10 min at 4 °C, and the
supernatants were separated for further analysis. Protein samples
(20 ug protein/lane) were separated using 10% SDS-PAGE and then
transferred onto PVDF membranes (Merck Millipore, Billerica, MA,
USA). The membrane was blocked in Tris-buffered saline containing 5%
nonfat milk and 0.1% Tween 20 for 2h at room temperature and then
incubated overnight with primary antibodies: HMGA1l (ab129153,
1:10000, Abcam, Cambridge, MA, USA), PI3K(AF6241, 1:1000, Affinity
Biosciences, Jiangsu, China), p-PI3K (AF3241, 1:1000, Affinity
Biosciences), Akt (4691, 1:1000, CST, Beverly, MA, USA), p-Akt (4060,
1:2000, CST), MMP-9 (ab38898, 1:1000, Abcam), (-Actin (PR-0255,
1:300, ZSGB-BIO, Beijing, China). After the membranes were washed
with PBS, horseradish peroxidase (HRP)-conjugated goat anti-rabbit
secondary antibody was applied for 1h at room temperature. After
rinsing, the proteins were detected by enhanced chemiluminescence
(Merck Millipore). The protein levels were quantified by densitometry
and normalized to the corresponding (3-Actin level.

2.8. Real-time PCR

The total RNA from UM cells or tumor tissues from BALB/c nude
mice were extracted using TRIzol reagent (Invitrogen, Carlsbad, CA,
USA). RNA then underwent reverse transcription using the Prime Script
RT Master Mix kit (Takara, Shiga, Japan) followed by analysis using
real-time PCR (RT-PCR) with the SYBR Green PCR Master Mix
(TaKaRa) on Roche LightCycler 480 system. The PCR conditions were
30s at 95 °C for denature, followed by 40 cycles at 95 °C for 5 s and 60 °C
for 30s. Relative expression of HMGA1, PI3K, Akt and MMP-9 were
calculated by the comparative cycle threshold (CT) method using the
expression of B-Actin as the reference for mRNA. The 2~ A4AC method
was used for analysis. The specific primers applied for RT-PCR reaction
are shown in Table 1.
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2.9. Immunohistochemistry

The immunohistochemical staining of HMGA1 was performed as
previously described [33]. Briefly, IHC was performed on paraf-
ormaldehyde-fixed paraffin sections of tumor tissue from nude mice.
HMGAL1 antibody was used in IHC with streptavidin peroxidase-con-
jugated method. The immunostaining results were scored as the per-
centage of cells staining positive as follows: 0 for < 1% of cells, 1 for
1%-25% of cells, 2 for 26%-50% of cells, 3 for 51%-75% of cells and 4
for > 75% of cells.

2.10. Statistical analysis

The data were provided as the mean + standard error of the mean
(SEM). All statistical analyses were performed with Student's t-test (two
groups) or one-way ANOVA (three or more groups) using the SPSS
software (IBM SPSS statistics 21; SPSS Inc., Chicago, IL). The statistical
charts were made by GraphPad Prism 5 software (GraphPad, CA, USA).
A P-value < .05 was considered statistical significance.

3. Results

Expression of HMGA1 is downregulated by LV-HMGA1 in C918 and
MUM-2B.

After transfection of lentivirus into C918 and MUM-2B for 48 h,
fluorescence microscopy was used to observe cell transfection efficiency
marked by enhanced green fluorescent protein(EGFP). The fluorescence
showed a high transfection efficiency of ~90% in C918 (Fig. 1A-1D)
and ~80% in MUM-2B (Fig. 1E-1H). Then the protein and RNA were
extracted to detect the expression level of HMGA1 after 72h of lenti-
virus transfection, the results of HMGA1 expression were shown in
Fig. 1I-K checked by western blot and RT-PCR. The results demon-
strated that HMGAL1 expression has been effectively downregulated by
LV-HMGA1 in C918 and MUM-2B comparing with NC and blank group
(all P < 0.001).

Effects of HMGA1 inhibition on PI3K/Akt/MMP-9 pathway in UM
cells.

We used western blot and RT-PCR to test whether HMGA1 regulates
PI3K/Akt/MMP-9 pathway in UM cells. After 72 h of lentivirus trans-
fection, the RNA and protein of C918 and MUM-2B were collected. The
western blot results showed the p-PI3K, p-Akt and MMP-9 expressions
of C918 and MUM-2B cells in the LV-HMGA1 group were significantly
decreased compared to those in the NC group (all P < .001), indicating
that HMGA1 could target the PI3K/Akt/MMP-9 pathway in UM
(Fig. 2A-C). We further used RT-PCR to reconfirm the mRNA level of
this signaling pathway, the results demonstrated MMP-9 expression
declined in the LV-HMGA1 group (P < .05), which in line with the
western blot. The total mRNA of PI3K and Akt showed no difference
between two groups (Fig. 2D-E).

MiR-222 increases proliferation and migration of UM cells.

In order to investigate the biological function of miR-222 in C918
and MUM-2B, we regulated the miR-222 expression using miR-222
mimics and inhibitor. The proliferation of UM cells was detected using
the Annexin V-FITC apoptosis detection kit and CCK-8 assay, the mi-
gration function of UM cells was monitored by scratch wound-healing
assay.

The occurrence of apoptosis was obtained by double staining of the
cultures with propidium iodide (PI) and annexin V-FITC, a protein that
binds with high affinity to phosphatidylserine, which is translocated
from the inner to the outer membrane leaflet early in the apoptotic
process. C918 and MUM-2B cells represented a similar result, a majority
of cells were at an early stage of apoptosis (annexin V-positive, green
fluorescence), only a small part of cells were at the late apoptotic stage
(double positive staining, green and red fluorescence). MiR-222 mimics
induced cells showed less annexin V-positive cells comparing to the NC
group, UM cells interfered by miR-222 inhibitor showed more annexin
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Fig. 1. Observation of lentivirus packaging and infection efficiency in C918 and MUM-2B. Transfection of LV-HMGAI1 and negative control into the two UM cell lines
for 48h under fluorescence microscopy. A, C. white light fields of C918. B, D. Transfection efficiency reached to 90% of LV-HMGA1 and NC in C918 under
fluorescent. E, G. white light fields of MUM-2B. F, H. Transfection efficiency of MUM-2B has reached to nearly 80% in LV-HMGAL1 and NC. I-J. The protein expression
of HMGAL1 was significantly suppressed in LV-HMGA1 shown by western blot comparing to the control groups. Control groups were transfected with negative control
vector (NC group) or without any handling (blank group). B-Actin was used as a loading control (P < 0.001, one-way ANOVA). K. The mRNA expression of HMGA1
was significantly downregulated in LV-HMGA1 (P < 0.001, one-way ANOVA). mRNA expression was relative to -actin. *P < .05, **P < .001.

V-positive cells, which provide a strong evidence that miR-222 promote
the proliferation of UM cells and suppress their death through apoptosis
(Fig. 3A). The proliferation of C918 and MUM-2B cells was also de-
tected using the Cell Counting Kit-8 (CCK-8) assay. The CCK8 assays
proved that miR-222 mimics could enhanced the proliferative capa-
cities in UM cells (Fig. 3B), besides, proliferative capacities of C918

cells was suppressed by miR-222 inhibitor (all P < .05) (Fig. 3C). The
migration of UM cells was evaluated using a wound-healing assay.
Compared with the NC groups, the C918 and MUM-2B migration was
increased when transfected with miR-222 mimics and attenuated with
miR-222 inhibitor (all P < .05) (Fig. 3D-F). These data together sug-
gested that miR-222 is able to promote the proliferation and migration
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Fig. 2. Expression of PI3K/Akt/MMP-9 pathway in C918 and MUM-2B after lentivirus transfection. A-C. After 72 h of LV-HMGA1 and NC transfection in UM cells, the
p-PI3K, p-Akt and MMP-9 protein expressions in these two UM cell lines were significantly decreased in LV-HMGA1 group shown by representative blots and relative
gray values (P < 0.001, Student-t-test). D-E. Relative mRNA expressions of MMP-9 were significantly degraded in LV-HMGA1 group (P < 0.05, Student-t-test). 3-
Actin was used as a loading control for western blot analysis and RT-PCR. *P < .05, **P < .001.
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Fig. 3. The effect of miR-222 on UM cell apoptosis, proliferation and migration. After treating with miR-222 mimics and inhibitor, cells were stained with annexin V-
FITC and propidium iodide and analyzed by fluorescence microscopy. A. C918 induced by miR-222 mimics showed less annexin V-positive and PI-positive cells
comparing to the NC group, on the contrary, C918 cells interfered by miR-222 inhibitor showed much more annexin V-positive cells. Similar results were found in
MUM-2B. (red: stained with Annexin V-FITC, green: stained with PI, mixture: stained with Annexin V-FITC and PI both). B—C. The proliferation of C918 and MUM-2B
cells was measured by CCK-8 assay. The UM cells treated with miR-222 showed a higher 450 nm absorbance and miR-222 inhibitor-induced C918 represented a
lower value of absorbance (P < 0.05, Student-t-test). The effect of miR-222 on UM cell migration. UM cell migration treated with LV-HMGA1 and NC was performed
monitored by the wound healing assay. D-F. Migration rate of C918 and MUM-2B was enhanced with miR-222 mimics and attenuated with miR-222 inhibitor
(P < 0.05, Student-t-test). These assays were analyzed and calculated using Image J. *P < .05, **P < .001. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

of UM cells in vitro.

Modulation of miR-222-3p enhances PI3K/Akt/MMP-9 pathway
mediated by HMGA1 in UM cells.

MiRNA-222 has been reported in the progression of several malig-
nancies, including cervical cancer and lung cancer [21,22,24]. Re-
cently, HMGA1 overexpression has been proved to correlate with the
increased expression of miR-222 and HMGA1 enhances its expression
by directly binding with the proximal promoter of miR-222 in many
tumors [21]. Further, we used the miRTarBase (http://mirtarbase.mbc.
nctu.edu.tw/php/index.php) to reconfirm the relation between miR-
222-3p and its putative binding sequence of HMGA1 (Fig. 4A). How-
ever, it was still unknown whether miR-222 participated in the

miRNA:Target
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|
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HMGA1-mediated proliferation and migration of UM cells.

Expression levels of PI3K/Akt/MMP-9 signaling pathway were
checked by western blot in UM cells treated by miR-222 mimics and
inhibitor. The results showed that p-PI3K, p-Akt and MMP-9 expression
were upregulated in C918 and MUM-2B cells induced by miR-222 mi-
mics (all P < .05). In contrast, the expression of p-PI3K, p-Akt and
MMP-9 mitigated when transfecting miR-222 inhibitor in UM cells,
compared with the NC group (all P < .05) (Fig. 4B-C). We didn't find
the significant difference in pan-PI3K and pan-Akt, because the phos-
phorylated PI3K and Akt are the mainly functional proteins in this
pathway. Thus, our data revealed that miR-222 exerted an oncogenic
role in UM cells via PI3K/Akt/MMP-9, and HMGA1 is a positive
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Fig. 4. A. miRTarBase provided the evidence of correlation between HMGA1 and miR-222. Representative blots (B) and relative gray values (C) of western blot
showed that the miR-222 mimics increased the expression of p-PI3K, p-Akt and MMP-9 in C918 and MUM-2B (P < 0.001, Student-t-test) and miR-222 inhibitor
reduced the p-PI3K, p-Akt and MMP-9 expression at 48 h (P < 0.05, Student-t-test). The protein expressions were relative to B-Actin. *P < .05, **P < .001.
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Fig. 5. The impact of HMGA1 on UM growth in xenograft mouse model. For the in vivo analyses, 5x 10° C918 cells were injected subcutaneously into the posterior
flank of nude mice. The mice were continuously observed for 28 days. A-C. The sizes of generated tumors in the two groups (LV-HMGA1 and NC) were calculated and
compared in the right diagrams. Tumors in the LV-HMGA1 group have an average smaller size comparing to their NC group. Results were represented as
mean * S.D. (n = 5). D-E. Representative immunohistochemical images showed the protein expression level of HMGA1 in the tumors from the C918 cells trans-
fected with LV-HMGAL is lower than NC group. The right bars (F) show the mean density scores of the HMGA1 protein staining by using IPP 6.0 (P < 0.05, Student-t-
test). Protein was extracted from tumor tissue in xenograft mice induced by LV-HMGA1 and NC and then checked by western bolt. Representative blots (G) and
relative gray values (H) showed that HMGA1, PI3K, p-PI3K, p-Akt and MMP-9 expressions were suppressed in LV-HMGA1, comparing with the NC group (P < 0.05,
Student-t-test). The protein expressions were relative to B-Actin. *P < .05, **P < .001. I. Summary diagram of HMGA1 overexpression in UM progression through

PI3K/Akt/MMP-9 pathway and mediated the oncogenic miR-222 function.

regulator of miR-222.

HMGA1 promotes the UM tumor progression in vivo.

To confirm the effects of HMGA1 on UM tumorigenesis in vivo,
C918 cells treated by LV-HMGA1 and NC lentivirus were injected
subcutaneously into the posterior flank of nude mice, which were killed
after 28 days. Next, the sizes of the tumors were compared. As shown in
Fig. 5A-C, the average tumor size was smaller in LV-HMGA1 groups
than in the NC groups, and the individual growth velocity of tumor cells
in the LV-HMGA1 group was clearly decelerated compared to that of
their control group. These results suggest that HMGA1 facilitates UM
tumor growth in vivo.

Additionally, we further detected HMGAL1 protein expression levels
in paraffin sections of tumor tissues from nude mice tumors using IHC

analysis. Similar results were obtained for HMGA1 expression in vivo,
which showed lower expression in LV-HMGA1 groups than in the NC
groups, supporting the conclusion that HMGA1 might participate in the
tumorigenesis regulation of UM (P < .05) (Fig. 5D-F). Moreover, the
tissue protein of tumor was extracted to analyze the PI3K/Akt/MMP-9
pathway expression using western blot. HMGA1, PI3K, p-PI3K, p-Akt
and MMP-9 were dramatically attenuated in LV-HMGA1l group
(Fig. 5G-H), which is in accordance with the influence of miR-222 in
vitro.

4. Discussion

Burgeoning literatures have indicated that HMGA1 protein acts as
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an oncogene in the tumorigenesis and progression of various cancers
[34,35]. Our previous study demonstrated that HMGA1 overexpression
is associated with worse prognosis using IHC in 89 tumor samples from
UM patients [9], but the underlying mechanism of HMGA in the UM
tumorigenesis is still poorly understood. In this study, we identified that
HMGAL1 could promote the progression of UM through PI3K/Akt/MMP-
9 signaling pathway and positively regulated miR-222 in vitro and in
vivo. There are several treatment measures on UM in the clinic cur-
rently, the main approaches include enucleation, proton beam radio-
therapy and plaque radiotherapy. Despite the progress and availability
of alternative therapeutic models, the five-year survival rates of UM
patients are nearly unchanged [36-38]. Hence, there is an urgent need
to identify new therapeutic targets that represent a molecular de-
terminant of cellular progression. HMGA1 was described to function as
a potent oncogene in different cell lines and transgenic mice [39,40].
The high expression level of HMGA1 protein was found to be linked to
highly malignant phenotype of human cancers and a poor prognostic
indicator in UM patients [9], we thus speculated that HMGAl may
serve as an effective and safe therapeutic molecular target.

In this study, we highlighted the prognostic and therapeutic value of
HMGAL1, which plays an important role through the PI3K/Akt/MMP-9
signaling pathway in UM. Our results showed p-PI3K, p-Akt and MMP-9
expression levels decreased in UM cell lines treated with LV-HMGA1.
These data are similar to the previous study published by Janani
Panneerselvam et al., where they reported the overexpression of
HMGA1/miR222/AKT signaling axis in lung cancer cells [24]. PI3K/
Akt signaling pathway is involved in tumor cell proliferation, survival
and migration, which is positively mediated by HMGA1 [21-23].
Yunzhi Zhang et al. reported that HMGA1 activates Akt signaling
through a feed-forward loop targeting PPP2R2A, HMGA1 might inhibit
the transcription of PPP2R2A in lung cancer cells, which is independent
of miR-222 function [21]. HMGA1-induced cellular invasiveness is in
part due to PI3K/Akt dependent modulation of MMP-9 activity in
pancreatic adenocarcinoma, which is consistent with our findings in
UM [41]. Besides, it is well documented that HMGA1 protein phos-
phorylation reduces DNA-binding affinity and transcriptional activa-
tion, which may related to the mechanism involving the intracellular
regulatory PI3K/Akt pathway [42,43]. Chiefari et al. demonstrated in
their study that insulin is directly involved in the dynamic interaction of
HMGAL protein phosphorylation in vivo [42]. Hence, further study of
molecular mechanism underlying HMGA1 protein phosphorylation and
PI3K/Akt pathway is needed.

PI3K, a major downstream signal of growth factor receptor tyrosine
kinases, catalyze the production of the lipid second messenger phos-
phatidylinositol-3,4,5-triphosphate (PIP3) at the cell membrane, which
involved in recruitment and activation of a wide range of cellular tar-
gets including Akt. In turn, Akt is fully activated through phosphor-
ylation at threonine 308 and serine 473, the activation of Akt con-
tributes to the regulation of cellular growth, cell survival and cell cycle
progression [44,45]. Our observation that HMGA1 silencing suppressed
p-PI3K and p-Akt protein expressions is significant, however, the total
mRNA of PI3K and Akt in UM cells didn't show a significant difference.
We deduced that phosphorylated PI3K and Akt proteins reflect the ac-
tivity of PI3K/Akt signaling pathway, which explained that the p-PI3K
and p-Akt proteins showed a dramatic inhibition in lentivirus-mediated
HMGAL silencing group compared to NC group.

Recently, a better understanding of biophysics implicates that
MMPs are involved in nearly every stage of cancer metastasis.
Numerous clinical trials show that MMP inhibitors would make effec-
tive therapeutic targets and focus on more specific inhibitors, rather
than broad range inhibitors [46]. MMP-9 could degrade type IV col-
lagen, which is the main structural component of the basement mem-
brane. This biological process has a close relation with cancer cell mi-
gration [47]. Furthermore, MMP-9-mediated tumor angiogenesis
provides a favorable microenvironment to tumor cell invasion by pro-
moting gas exchange and supplying nutrients [48]. Several studies have
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demonstrated that HMGA1 may involve in the up-regulation of some
MMPs, in particular MMP-2, MMP-9 and MMP-11, which play a key
role in the proliferation and progression of various human malignancies
[49-51]. We found that HMGAL1 inhibition could downregulate the
MMP-9 expression via PI3K/Akt pathway, subsequently suppressing the
proliferation and migration of UM cells in vivo and in vitro. Therefore,
HMGA1, a regulator of the PI3K/Akt/MMP-9 pathway, could be a po-
tential target for UM patients treatment.

MiRNA is small noncoding RNA that plays a critical role in basic
biological and pathological processes, modulating target gene expres-
sion at the post-transcriptional level, mainly through binding to 3’-UTR
of target messenger RNA [52,53]. Accumulating literatures show that
miR-222 significantly overexpressed in many human malignancies, in-
cluding pancreatic cancer, breast cancer, colorectal cancer and cervical
cancer [54,55]. Our findings proved that miR-222 is able to promote
the proliferation and migration of C918 and MUM-2B cells, indicating
that silencing miR-222 might represent an intriguing approach for
therapeutic studies. Moreover, miR-222 is involved in the activation of
various pathways in cancer cells, including Akt signaling and TIMP3-
MMP2/MMP-9 axis [22,24,56]. Consistent with these findings, we
found that PI3K/Akt/MMP-9 pathway expression has been mediated by
using miR-222-3p mimics and inhibitor in UM cells. Expressions of p-
PI3K, p-Akt and MMP-9 increased in UM cells transfected by miR-222-
3p mimic and declined in cells treated with miR-222-3p inhibitor,
suggesting PI3K/Akt/MMP-9 pathway activity was regulated by miR-
222 in UM.

Our study has demonstrated a prognostic and therapeutic value of
HMGA1 and miR-222 in UM. The correlation between HMGA1 and
miR-222 has been reported in some other tumors, including lung cancer
and cervical cancer [21,22]. They indicated overexpressed HMGA1 is
responsible for dysregulation of many important oncogenic genes or
miRNAs, including miR-222. In line with our results, they reported the
high expression of HMGA1 was significantly associated with increased
levels of miR-222 in lung and cervical tumor specimens. In this regard,
the combined treatment of pharmacological inhibitors of HMGA1 and
functionally oncogenic miRNAs (such as miR-222) might acquire de-
sired anti-tumorigenic effects. Further mechanism of oncogenic-related
genes and miRNAs involved would lead to a better understanding of
UM etiology and progression.

In conclusion, our novel work establishes a link between HMGA1
and PI3K/Akt/MMP-9 pathway, suggesting HMGA1 plays an important
role in UM cell proliferation and migration. Moreover, current results
indicated that oncogenic miR-222 could be positively mediated by
HMGA1, which could be considered as diagnostic and therapeutic
biomarkers for UM (Fig. 5I). Accordingly, we hope our findings merit
further investigation of targeting HMGA1-related gene for the clinical
treatment of UM.
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