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Effects of HMGA2 gene
silencing on cell cycle and
apoptosis in the metastatic
renal carcinoma cell
line ACHN
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Xianfeng Liu and Ying Liu

Abstract

Objective: To explore the role of high mobility group AT-hook 2 (HMGA2) in the regulation of

the cell cycle and apoptosis.

Methods: The renal carcinoma cell line ACHN was transiently transfected with small interfering

RNA to knock down the expression of the HMGA2 gene. Cell cycle analysis was undertaken using

flow cytometry. The mRNA and protein levels of HMGA2, E2F transcription factor 1 (E2F1),

cyclin D1, cyclin dependent kinase 6 (CDK6), B-cell lymphoma-2 (Bcl-2), caspase-3 and caspase-9

were analysed using reverse transcription quantitative real-time polymerase chain reaction and

Western blot analysis.

Results: The mRNA and protein levels of HMGA2 were significantly higher in renal carcinoma

cell lines compared with the human renal proximal tubular epithelial cell line HKC. After HMGA2

gene-specific silencing, more cells entered the G0/G1 phase, while fewer cells entered the G2/M

phase; and the cells exhibited early and late apoptosis. HMGA2 gene-specific silencing significantly

reduced the mRNA and protein levels of E2F1, cyclin D1, CDK6 and Bcl-2; and increased the

mRNA and protein levels of caspase-3 and caspase-9.

Conclusion: The HMGA2 gene may be involved in the tumorigenesis and development of renal

cancer, thus inhibiting HMGA2 gene expression might provide a potential therapeutic target in the

future.
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Introduction

High mobility group AT-hook 2 (HMGA2)
is a non-histone protein that binds to chro-
mosomes, but lacks transcriptional activity
itself.1 HMGA2 can regulate the transcrip-
tion of target genes by binding to
DNA and can change the structure of chro-
matin to bend, stretch, curl, loop or
unchain.2Hence, it is also called the construc-
tive transcription factor.3 HMGA2 plays an
important role in tumorigenesis, the cell cycle
and apoptosis, and has become one of the
most studied oncogenes in recent years.4

Previous studies have reported that
HMGA2 was upregulated in renal carcinoma
compared with either being at low levels or
absent in benign renal neoplasms and healthy
renal tissues, making HMGA2 a biomarker
for renal carcinoma.5–9

Due to the occult onset of renal cell car-
cinoma, there are no special symptoms in
the early stage. The main reason for this is
that the biological behaviour of renal carci-
noma is highly changeable and the tradi-
tional histopathological stages and grades
have some limitations in predicting the bio-
logical behaviour of renal carcinoma.10,11

At present, surgical therapy is the main
treatment for renal carcinoma. During a
median follow-up of 62 months, 25.3%
and 41.5% patients with clinical stage T1a
renal cancer died following partial or radi-
cal nephrectomy, respectively.12 Moreover,
since renal carcinoma cells are insensitive to
radiotherapy and chemotherapy,13 in-depth
studies examining the molecular mechanism
underlying the development of renal carci-
noma could provide novel gene targets and

therapeutic choices for clinical treatment in
renal carcinoma.

This current study investigated the role
of HMGA2 in cell cycle regulation and apo-
ptosis in the human metastatic renal carci-
noma cell line ACHN using HMGA2 gene
silencing with RNA interference (RNAi)
methodology. E2F transcription factor
1 (E2F1), cyclin D1, cyclin dependent
kinase 6 (CDK6), B-cell lymphoma-2
(Bcl-2), caspase-3 and caspase-9 mRNA
and protein levels were measured in order
to determine their roles in the regulation of
the cell cycle and apoptosis.

Materials and methods

Cell lines and culture conditions

The human renal proximal tubular epithe-
lial cell line (HKC), human renal carcinoma
cell lines (786-O and 769-P) and the ACHN
cell line were purchased from Chenyu
Biotechnology (Dalian, China) and
Jiangsu Kaiji Biotechnology (Nanjing,
China). The HKC, 786-O, 769-P and
ACHN cell lines were cultured in RPMI-
1640 (Jiangsu Kaiji Biotechnology)
medium supplemented with 10% fetal calf
serum (Jiangsu Kaiji Biotechnology) at
37�C with 5% CO2. The adherent cells
were sub-cultured once every 2–3 days.

Transient transfection with small
interfering RNA (siRNA)

Cells were assigned to three groups:
HMGA2-siRNA group, mock-siRNA
group and non-transfected control group
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(HMGA2-siRNA and mock-siRNA; Jima
Pharmaceutical Technology, Shanghai,
China). RNAi was applied for transient
transfection in ACHN cells. Transient cell
transfection was implemented according to
the instructions of the LipofectamineVR 2000
reagent kit (Thermo Fisher Scientific,
Rockford, IL, USA). Briefly, two high-
pressure sterilized Eppendorf tubes were
used; and 10 ml siRNAþ 240 ml serum-
free RPMI-1640 medium and 10 ml
LipofectamineVR þ 240 ml serum-free RPMI-
1640 were added to each tube, respectively.
After gentle mixing, these tubes were incu-
bated at room temperature for 20min to
form an siRNA-LipofectamineVR complex.
The mixed liposomes and siRNA solution
were added to each well dropwise and cul-
tured in an incubator. Then, the RNA was
extracted after 24 h for subsequent reverse
transcription quantitative real-time poly-
merase chain reaction (RT-qPCR)
(Thermo Fisher Scientific) analysis as
described below. The protein was extracted
after 48 h for Western blot analysis as
described below.

RNA extraction and RT-qPCR analysis of
mRNA levels

Total RNA was extracted from 1.0� 107

cells using TRIzolTM reagent (Thermo
Fisher Scientific). The concentration of the
RNA sample was measured using a spectro-
photometer. Then, 5 ll RNA samples were
collected and added into 495 ll 1X TE
buffer. Next, 2 mg RNA was reverse
transcribed into cDNA. The specific
procedures were performed as described
by instructions of the corresponding kit
(RT kit/PCR kit/The quantitative real-
time PCR kit; Takara Bio, Dalian, China).
The HMGA2 sequence number is NM
001300918.1 and the length of the primer
(Aoke Biotechnology, Beijing, China)
was 85 base pairs (bp). The forward
primer sequence for HMGA2 was

50 -TCCACTTCAGCCCAGGGACAAC-
30; and the reverse primer sequence was 50-T
TGGTTCTTGCTGCTGCTTCCT-30. The
glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) sequence number is NM
001101.4 and the length of the primer was
90 bp. The forward primer sequence for
GAPDH was 50-AGATCATCAGCAAT
GCCTCCT-30; and the reverse primer
sequence was 50-TGAGTCCTTCCACGA
TACCAA-30. The length of the primer of
the E2F1 was 111 bp. The forward primer
sequence for E2F1 was 50-CCTGAGGG
ATCAAAGCCTGGAA-30; and the reverse
primer sequence was 50-TGGAGCCTGA
GACACGATTCTG-30. The length of the
primer of the cyclin D1 was 96 bp. The for-
ward primer sequence for cyclin D1 was 50-
CCATTCACGCCGCCAGTTGT-30; and
the reverse primer sequence was 50-TTCC
TGCCCATTCTGCTCTCCT-30. The length
of the primer of the CDK6 was 98 bp. The
forward primer sequence for CDK6 was 50-
ACGACCTAACCTGCTGCCTGT-30; and
the reverse primer sequence was 50-
AGTTCCCACCTGCCCACTGTT-30. The
length of the primer of the Bcl-2 was 82 bp.
The forward primer sequence for Bcl-2 was
50-TGGACAACATCGCCCTGTGGAT-30;
and the reverse primer sequence was 50-G
CATCCCAGCCTCCGTTATCCT-30. The
length of the primer of caspase-3 was
120bp. The forward primer sequence for
caspase-3 was 50-GCCGTGGTACAGAAC
TGGACTG-30; and the reverse primer
sequence was 50-AACCAGGTGCTGTGG
AGTATGC-30. The length of the primer of
caspase-9 was 120 bp. The forward primer
sequence for caspase-9 was 50-TTGGTGA
TGTCGGTGCTCTTGA-30; and the reverse
primer sequence was 50-CGGACTCACGGC
AGAAGTTCA-30. The cycling programme
(ABI Veriti 96 well thermal cycler; Thermo
Fisher Scientific) involved preliminary
denaturation at 95�C for 5min, followed
by 40 cycles of denaturation at 95�C for
15 s, annealing at 60�C for 20 s, and
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elongation at 72�C for 40 s, followed by a
final elongation step at 60�C for 1min.
Each sample was repeated three times.
The PCR products were visualized under
UV light (SHIMADZU, Shanghai,
China). A fluorescence quantitative PCR
thermal cycler (ABI Step one plus real
time-PCR system; Thermo Fisher
Scientific) was used to quantify the PCR
products . The product specificity was ana-
lysed using the dissolution curve and the Cq
value was recorded when the reaction was
finished. The comparative DDCq method
was applied for relative quantitative analy-
sis and the 2�DDCq method was used to
compute the relative mRNA levels in each
sample. GAPDH was used as the internal
reference. During the PCR analysis, the
corresponding internal reference was used
for each sample, each time. DDCq¼ (Cq of
the experimental HMGA2 gene – Cq of the
experimental internal reference) – (Cq of
the control HMGA2 gene – Cq of the con-
trol internal reference).

Western blot analysis of cellular
protein levels

At 48 h after the transfection of HMGA2-
siRNA and mock-siRNA, the ACHN cells
were collected. Then, the cells were lysed
using RIPA lysis buffer (Jiangsu Kaiji
Biotechnology). The total protein was
extracted from 1.0� 107 cells in each well
and quantified using the BCA method
(Jiangsu Kaiji Biotechnology). Protein sam-
ples were separated by sodium dodecyl sul-
phate–polyacrylamide gel electrophoresis.
The proteins were transferred to polyviny-
lidene fluoride membranes using a Trans-
blot Turbo universal protein transfer
system (Bio-Rad, Hercules, CA, USA) at
200mA constant flow for 2 h. Blocking
was performed for 1 h at 25�C with Tris-
buffered saline/0.1% Tween-20 (pH 7.5;
TBST) containing 5% skimmed milk
powder (Jiangsu Kaiji Biotechnology).

The membrane was then incubated with
rabbit anti-human HMGA2 primary anti-
body (1:1000 dilution; Thermo Fisher
Scientific) at 4�C overnight. The membrane
was washed three times with TBST for
10min at 25�C. The membrane was then
incubated with goat anti-rabbit secondary
antibody (1:3000 dilution; Thermo Fisher
Scientific) at room temperature for 1 h.
After washing three times with TBST for
5min at 25�C, the ECL Chemiluminescence
Kit (Thermo Fisher Scientific) and G:BOX
chemiXR5 imaging system (Syngene,
Cambridge, UK) was used for image anal-
ysis and the Gel-Pro32 software version 6.0
(Media Cybernetics, Houston, TX, USA)
was used for the grayscale analysis.
A rabbit anti-human GAPDH monoclonal
antibody (1:1000 dilution; Novo
Biotechnology, Beijing, China) was used
as the internal reference followed by goat
anti-rabbit secondary antibody (1:3000
dilution; Thermo Fisher Scientific).
Following the same experimental steps as
described above, rabbit anti-E2F1 (1:2000
dilution; Abcam, Cambridge, UK), rabbit
anti-cyclin D1 (1:1000 dilution; Abcam),
rabbit anti-CDK6 (1:1000 dilution;
Abcam), rabbit anti-Bcl-2 (1:2000 dilution;
Abcam), rabbit anti-cleaved-caspase-9
(1:500dilution; Abcam) and rabbit anti-
cleaved-caspase-9 (1:2000 dilution; Abcam)
were used as primary antibodies followed
by goat anti-rabbit IgG-horseradish peroxi-
dase (1:5000 dilution; Jiangsu Kaiji
Biotechnology) secondary antibody. Rabbit
anti-human GAPDH (1:5000 dilution;
Jiangsu Kaiji Biotechnology) was used as
internal reference. Experiments were per-
formed in triplicate to detect the protein
levels.

Cell cycle detection using PI staining

After 48h of transfection in 6-well plates, cells
were digested with ethylenediaminetetra-acetic
acid (EDTA)-free trypsinase for 2min and
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collected via centrifugation for 5min at 4�C
at 550 g (SorvallTM ST 16 Centrifuge;
Thermo Fisher Scientific). Cells were
washed three times with 0.01mM
phosphate-buffered saline (PBS; pH 7.2)
for 10 s at 4�C. Then, pre-cooled 70% eth-
anol was added and the cells were dispersed
rapidly into a single cell suspension, fol-
lowed by fixation at –20�C overnight.
After centrifugation for 10min at 550 g
(SorvallTM ST 16 Centrifuge; Thermo
Fisher Scientific), the fixative solution was
discarded and any residual ethanol was
thoroughly removed by washing the cell
pellet three times with 0.01mM PBS (pH
7.2) for 10 s at 4�C. Then, 600 ml of
0.075mM propidium iodide (PI; Beijing
Baiaolaibo Technology, Beijing, China)
was added to the cells and they were
placed in the dark at 4�C for 1 h. Flow
cytometry was used to detect the red fluo-
rescence and light scattering at an excita-
tion wavelength of 488 nm using a BD
FACSCaliburTM Flow Cytometer (Becton,
Dickinson and Company, Franklin Lakes,
NJ, USA). Subsequently, the percentages of
cells in the G0/G1 phase, S phase and G2/M
phase in the HMGA2-siRNA group, mock-
siRNA group and non-transfected control
group were calculated.

Cell apoptosis detection using annexin
V-FITC

After 48 h of transfection in 6-wells plates,
cells were digested with EDTA-free trypsi-
nase for 2min and collected via centrifuga-
tion at 977 g for 5min at 4�C (SorvallTM ST
16 Centrifuge; Thermo Fisher Scientific).
Then, cells were washed twice with
0.01mM PBS (pH 7.2) for 10 s at 4�C and
then centrifuged again at 977 g for 5min at
4�C. Subsequently, the supernatant was
removed and the cell pellet was retained.
Then, 100 ml 1X binding buffer was added
to resuspend the cells, followed by 5 ml
annexin V/7-AAD (Annexin V-FITC/7-AAD

Apoptosis Detection Kit; Sino Biological,
Beijing, China) and 5ml 0.075mM PI solu-
tion. These solutions were gently mixed
with the cells and then allowed to react at
room temperature in the dark for 10min.
Next, 400 ml lX binding buffer was added
and evenly mixed before flow cytometry
detection at an excitation wavelength
of 488 nm using a BD FACSCaliburTM

Flow Cytometer (Becton, Dickinson and
Company). The green fluorescence of the
fluorescein isothiocyanate (FITC) was
detected in the FL1 channel, while the red
fluorescence of the 7-AAD was detected in
the FL3 channel. Cells that were annexin
V-positive and 7-AAD-negative were
regarded as apoptotic cells in the early
phase, while annexin V and 7-AAD
double positive cells were regarded as apo-
ptotic cells in the later phase. The apoptotic
rate was the sum of these two parts.

Statistical analyses

All statistical analyses were performed
using the SPSSVR statistical package, version
17.0 (SPSS Inc., Chicago, IL, USA) for
WindowsVR . Continuous data are presented
as mean� SD and evaluated using the
Shapiro–Wilk test in order to confirm a
normal distribution. Student’s t-test was
used to compare two independent groups.
Multiple group mean comparisons were
performed using one- or two-way analysis
of variance. The least significant difference
method was used for multiple comparisons.
A P-value <0.05 was considered statistical-
ly significant.

Results

To obtain the baseline HMGA2 mRNA
levels in the studied cell lines, Cq values
were retrieved using the RT-qPCR amplifi-
cation curve. The mean� SD relative
mRNA levels of HMGA2 in ACHN cells,
786-O cells, 769-P cells and HKC cells were
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1.00� 0.06, 0.90� 0.03, 0.79� 0.05 and
0.06� 0.01, respectively (Figure 1a). The
HMGA2 mRNA levels in the renal carcino-
ma cell lines were significantly higher com-
pared with that in the normal renal tubular
epithelial cell line HKC (P< 0.01 for all
comparisons).

Western blot analysis was undertaken to
determine if there was a similarity between
HMGA2 mRNA and protein levels in the
studied cell lines. The mean�SD relative
protein levels of HMGA2 in ACHN cells,
786-O cells, 769-P cells and HKC cells
were 0.72� 0.07, 0.65� 0.05, 0.57� 0.04
and 0.04� 0.01, respectively (Figure 1b).

In accordance with the RT-qPCR results,
the HMGA2 protein levels in the renal car-
cinoma cell lines were significantly higher
compared with that in the normal renal
tubular epithelial cell line HKC (P< 0.01
for all comparisons).

Based on the results that showed that
both the HMGA2 mRNA and protein
levels were higher in ACHN cells compared
with 786-O and 769-P cells, ACHN
cells were selected for further siRNA
interference studies. In total, three gene seg-
ments of HMGA2, HMGA2-siRNA1,
HMGA2-siRNA2 and HMGA2-siRNA3,
as well as mock-siRNA were selected.

Figure 1. The levels of high mobility group AT-hook 2 (HMGA2) mRNA and protein before and after small
interfering RNA (siRNA) interference in ACHN, 786-O, 769-P and HKC cell lines: (a) reverse transcription
quantitative real-time polymerase chain reaction (RT-qPCR) analysis of the mRNA levels of HMGA2 before
siRNA interference. Data presented as mean� SD. *P< 0.01 compared with HKC group, Student’s t-test;
(b) Western blot analysis of protein levels of HMGA2 before siRNA interference. GAPDH, glyceraldehyde
3-phosphate dehydrogenase; (c) RT-qPCR analysis of the mRNA levels of HMGA2 after siRNA interference
in the mock-siRNA, HMGA2-siRNA1, HMGA2-siRNA2 HMGA2-siRNA3 or non-transfected groups of
ACHN cells. Data presented as mean� SD. *P< 0.01 compared with the non-transfected and mock-siRNA
groups, Student’s t-test; (d) Western blot analysis of protein levels of HMGA2 after siRNA interference in
the mock-siRNA, HMGA2-siRNA1, HMGA2-siRNA2 HMGA2-siRNA3 or non-transfected groups of
ACHN cells.
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The sequence information is presented in
Table 1.

Total RNA was extracted from ACHN
cells 24 h after transfection with HMGA2-
siRNA and mock-siRNA. The mean�SD
relative HMGA2 mRNA levels as deter-
mined using RT-qPCR in the non-
transfected control group, mock-siRNA
group, HMGA2-siRNA1 group, HMGA2-
siRNA2 group and HMGA2-siRNA3
group, were 1.00� 0.04, 1.05� 0.05,
0.08� 0.00, 0.04� 0.00 and 0.12� 0.02,
respectively (Figure 1c). The HMGA2
mRNA levels in the transfected HMGA2-
siRNA groups were significantly lower
compared with those in the transfected
mock-siRNA group and the non-
transfected control group (P< 0.01 for all
comparisons).

Total protein was extracted from cells
48 h after transfection with HMGA2-
siRNA and mock-siRNA for Western blot
analysis. The mean�SD relative HMGA2
protein levels in the non-transfected control
group, mock-siRNA group, HMGA2-
siRNA1 group, HMGA2-siRNA2 group
and HMGA2-siRNA3 group were 0.75�
0.09, 0.68� 0.07, 0.07� 0.02, 0.02� 0.00
and 0.11� 0.04, respectively (Figure 1d).
The HMGA2 protein levels in the trans-
fected HMGA2-siRNA groups were signif-
icantly lower compared with those in the
transfected mock-siRNA group and non-
transfected control group (P< 0.01 for all
comparisons). These results suggested that
HMGA2 mRNA and protein levels were
successfully knocked down by the siRNA
interference. Compared with the other two

HMGA2-siRNA groups, the mRNA and

protein levels were the lowest in the

HMGA2-siRNA2 transfection group so

this gene segment was selected for subse-

quent studies.
To study the effects of HMGA2 on the

cell cycle, the ACHN cells in each group

were collected after 48 h of transfection

and changes in the cell cycle were detected

using flow cytometry after PI staining. As

presented in Figures 2a–2c and 3A, com-

pared with those in the mock-siRNA

group and non-transfected group, the

HMGA2-siRNA group had a significantly

increased number of cells in the G0/G1

phase and a decreased number of cells in

the G2/M phase (P< 0.05 for all compari-

sons), suggesting that HMGA2-siRNA led

the arrest of ACHN cells in the G1 phase.

These data were obtained from �3 indepen-

dent experiments.
To investigate whether HMGA2 affects

the apoptosis of ACHN cells, HMGA2 was

knocked down in ACHN cells and apopto-

sis was analysed using annexin V-FITC. As

shown in Figures 2d–2f, the upper left

quadrant represented a group of mechani-

cally damaged cells, the upper right quad-

rant represented a group of necrotic cells,

the lower left quadrant represented a group

of living cells and the lower right quadrant

represented a group of apoptotic cells. The

total apoptotic rate in HMGA2-

knockdown ACHN cells increased from

5.69% in the non-transfected group to

16.52% in the HMGA2-siRNA group

(P< 0.05).

Table 1. Sequence information for the small interfering RNA (siRNA) used in this study.

siRNA Sense (50–30) Antisense (30–50)

HMGA2-siRNA1 CCU AAG AGA CCC AGG GGA ATT UUC CCC UGG GUC UCU UAG GTT

HMGA2-siRNA2 GCA GAA GCC ACU GGA GAA ATT UUU CUC CAG UGG CUU CUG CTT

HMGA2-siRNA3 CCA GGA AGC AGC AGC AAG ATT UCU UGC UGC UGC UUC CUG GTT

Mock-siRNA GAAGGTGAAGGTCGGAGTC GAAGATGGTGATGGGATTTC
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To elucidate the molecular mechanism

involved in the effect of HMGA2 on the

cell cycle, the effects of HMGA2 knock-

down on the mRNA levels of cell cycle reg-

ulators, including E2F1, cyclin D1 and

CDK6, were studied. HMGA2 knockdown

significantly reduced the mRNA levels of

E2F1, cyclin D1 and CDK6 in ACHN

cells (P< 0.05 for all comparisons)

(Figure 3b). The protein levels of E2F1,

cyclin D1 and CDK6 in ACHN cells were

significantly attenuated compared with non-

transfected control and mock-siRNA groups

(P< 0.05 for all comparisons) (Figure 3c).

To elucidate the molecular mechanism

involved in the effect of HMGA2 on apo-

ptosis, the effects of HMGA2 knockdown

on the levels of apoptosis regulators, includ-

ing Bcl-2, caspase-3 and caspase-9, were

studied. HMGA2-siRNA results in lower

levels of Bcl-2 mRNA but higher levels

of caspase-3 and caspase-9 mRNA in

ACHN cells (P< 0.05 for all comparisons)

(Figure 3d). HMGA2-siRNA results in

lower levels of Bcl-2 protein but higher

levels of caspase-3 and caspase-9 protein

in ACHN cells (P< 0.05 for all compari-

sons) (Figure 3e).

Figure 2. Flow cytometric analysis of the effects of high mobility group AT-hook 2 (HMGA2) knock down
on cell cycle and apoptosis in ACHN cells. The cell cycle was analysed using propidium iodide staining:
(a) ACHN cells transfected with HMGA2-small interfering RNA (siRNA); (b) ACHN cells transfected with
mock-siRNA; (c) non-transfected ACHN cells. Apoptosis was detected using annexin V/7-AAD staining:
(d) non-transfected ACHN cells; (e) ACHN cells transfected with mock-siRNA; (f) ACHN cells transfected
with HMGA2-siRNA.

8 Journal of International Medical Research



Discussion

Renal carcinoma is one of the most
common malignant neoplasms of the uro-
genital system.14 Several recent studies have
reported that HMGA2 is highly expressed
in renal carcinoma.15–17 However, the
underlying molecular mechanisms remain
to be elucidated. As a structural transcrip-
tion factor, HMGA2 can regulate the tran-
scription and activation of a large number

of genes, especially those associated with

cell cycle and apoptosis.18,19

Cyclin D1 and CDK6 are key proteins

that regulate the progression of the cell

cycle and they interact to form the cyclin

D1-CDK6 complex, which affects the trans-

formation of cells from G1 phase to S

phase.20,21 Transcription factor E2F1 is an

important factor involved in cell cycle reg-

ulation.22 E2F1 is able to enhance the levels

Figure 3. The effects of high mobility group AT-hook 2 (HMGA2) knock down on cell cycle and apoptosis
regulatory factors in ACHN cells. (a) Proportion of ACHN cells in the three cell cycle phases after small
interfering RNA (siRNA) interference in the mock-siRNA, HMGA2-siRNA or non-transfected groups. Data
presented as mean� SD. *P< 0.05 compared with HMGA2-siRNA group, Student’s t-test. (b) Reverse
transcription quantitative real-time polymerase chain reaction (RT-qPCR) analysis of cell cycle regulation-
related mRNA levels (E2F transcription factor 1 [E2F1], cyclin D1, cyclin dependent kinase 6 [CDK6]) after
siRNA interference in ACHN cells. Data presented as mean� SD. *P< 0.05 compared with HMGA2-siRNA
group, Student’s t-test. (c) RT-qPCR analysis of apoptosis regulation-related mRNA levels (B-cell lymphoma-2
[Bcl-2], caspase-3, caspase-9) after siRNA interference in ACHN cells. Data presented as mean� SD.
*P< 0.05 compared with HMGA2-siRNA group, Student’s t-test. (d) Western blot analysis of cell cycle
regulation-related protein levels (E2F1, cyclin D1, CDK6) after siRNA interference in ACHN cells. GAPDH,
glyceraldehyde 3-phosphate dehydrogenase. (e) Western blot analysis of apoptosis regulation-related
protein levels (Bcl-2, caspase-3, caspase-9) after siRNA interference in ACHN cells.
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of key cell cycle regulators, such as cyclin
D, cyclin A and CDK, which makes it of
great significance for cell cycle, prolifera-
tion and apoptosis regulation.23,24 Cell
cycle disturbance is considered to be a
common feature of tumorigenesis and accu-
mulating evidence suggests that HMGA2
promotes tumour cell proliferation by upre-
gulating the levels of cell cycle-related
genes.25 The detailed mechanisms are as fol-
lows: (i) HMGA2 may activate the tran-
scription factor E2F1 to promote cell
dysplasia, thereby inducing the transforma-
tion of the cell cycle G2/M phase and
inducing tumour growth;26 (ii) HMGA2
increases the levels of cyclin D1 and
CDK6, promotes the formation of the
cyclin D1-CDK6 complex, accelerates the
process of cell cycle G1, promotes the trans-
formation of G2/M phase, interferes with
cell cycle and promotes tumorigenesis;27

(iii) the overexpression of HMGA2 may
destroy the DNA repair system.28

Previous studies reported that the level
of HMGA2 in renal carcinoma was higher
compared with that in benign renal neo-
plasms and normal renal tissues; and the
level of HMGA2 was correlated with
TNM stage and lymph node metastasis.29,30

For example, the higher the tumour stage,
the higher the level of HMGA2 and the
shorter the survival time of patients.5

Therefore, it was suggested that HMGA2
may contribute to the development of
renal carcinoma. More interestingly,
HMGA2 knockdown caused the arrest of
ACHN cells in the G1 phase in the current
study. Thus, it was suggested that HMGA2
may play an oncogenic role in the develop-
ment of renal carcinoma. The dysregulation
of the cell cycle and the inhibition of apo-
ptosis are the key factors that make the
treatment of renal carcinoma diffi-
cult.14,31,32 Therefore, the present study
aimed to further investigate the effect of
the HMGA2 gene on the biological charac-
teristics of renal carcinoma, so as to clarify

the molecular mechanism of its oncogenic
effect.

To further elucidate the molecular mech-
anisms of HMGA2 in the pathogenesis of
renal carcinoma, experiments in the current
study were undertaken to detect the dynam-
ic levels of three key cell cycle-related pro-
teins in the HMGA2-knockdown ACHN
cells. The present results demonstrated
that HMGA2 knockdown significantly
reduced the mRNA levels of E2F1, cyclin
D1 and CDK6 in ACHN cells (P< 0.05),
suggesting that HMGA2 may promote the
occurrence and development of renal carci-
noma via the E2F1/cyclin D1/CDK6
signalling pathway, and this may be a
potential therapeutic target for renal
carcinomas.

Apoptosis is an active suicide form of
cell death for physiological cells and is reg-
ulated primarily by cell cycle regulators.33

The dynamic balance between cell prolifer-
ation and apoptosis is important for normal
development, homeostasis maintenance, the
formation of immune tolerance and the
onset of malignant tumours in organisms.34

Dysregulation of apoptosis is critical in
tumorigenesis and development, and DNA
breakage is a key feature of apoptosis in the
late stage.35 The HMGA2 gene is widely
expressed during embryonic development,
while its expression is low or absent in
mature tissues.36,37 Previous studies have
shown that HMGA2 may inhibit cell apo-
ptosis mainly by destroying the DNA repair
system.38,39 In the present study, annexin
V/7-AAD and PI staining was used to ana-
lyse the three groups of ACHN cells via flow
cytometry. It was found that the apoptotic
rate in the HMGA2-siRNA group was sig-
nificantly higher compared with that in the
mock-siRNA and non-transfected control
groups, suggesting that a high expression
level of the HMGA2 gene could inhibit the
apoptosis of renal carcinoma cells.

B-cell lymphoma-2 is one of the most
important oncogenes in the study of
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apoptosis and the main target molecule in
the study of the molecular mechanisms of
apoptosis.40,41 The caspase family of pro-
teins is a group of proteases with similar
structures that exist in the cytoplasm and
are involved in the regulation of cell
growth, differentiation and apoptosis.42,43

Among them, caspase-3 and caspase-9 are
the key enzymes involved in apoptosis.44–46

Once the signal transduction pathway is
activated, caspase-3 and caspase-9 are acti-
vated. 44–46 This is followed by a cascade of
apoptotic proteases, in which enzymes are
activated to degrade important proteins in
the cell and eventually lead to irreversible
apoptosis.41,42,44 HMGA2 can affect
apoptosis through the Bcl-2-caspase-3-
caspase-9 signalling pathway and promote
the occurrence and development of renal
cancer cells.18,30,41,43,47 The findings of the
current study showed that low levels of
HMGA2 mRNA and protein reduced the
levels of Bcl-2 mRNA and protein in
HMGA2-siRNA transfected ACHN cells,
which activated the downstream genes for
caspase-3 and caspase-9, initiating the cas-
pase cascade reaction. The inverse correla-
tion between the mRNA and protein levels
of Bcl-2 and the two caspases demonstrated
in the current study appears to promote the
apoptosis of renal cancer cells. These cur-
rent findings suggest that HMGA2 may
promote the occurrence and development
of renal carcinoma via the Bcl-2-caspase-
3-caspase-9 signalling pathway and this
may be a potential therapeutic target for
renal carcinomas.

Currently, there are many ways to treat
cancer, including surgery, radiotherapy,
chemotherapy, targeted therapy and immu-
notherapy. Compared with other treatment
methods, targeted therapy has the advan-
tages of providing more specific treatment
effects and reduced side-effects.48

Therefore, it is important that the therapeu-
tic targets of renal cancer are studied in
detail. At present, a variety of potential

therapeutic targets for renal cancer,

including SMAD Family Member 2

(SMAD2), SMAD3, Snail, transforming

growth factor receptor, E-cadherin and

N-cadherin, are being actively investigat-

ed.49–51 According to the reports published

to date, the molecular mechanisms involved

in the development of renal cancer are very

complex and may even contain multiple sig-

nalling pathways.52–54 Elucidating the

mechanisms involved will involve the joint

research efforts of multiple laboratories

around the world.
This current study had several limitations.

First, the effects of HMGA2 on cell cycle

and apoptosis regulation in renal cancer

were only explored in detail in the ACHN

cell line. Additional cell lines, such as 786-O

and 769-P, were not included to verify the

results, so this will need to be addressed in

future work. Secondly, only in vitro experi-

ments were undertaken, so in vivo experi-

ments will be the focus of future research.
In conclusion, the levels of HMGA2

mRNA and protein in human renal carci-

noma cell lines were significantly higher

compared with those in a normal human

renal tubular epithelial cell line. HMGA2-

siRNA interference knocked down

HMGA2 gene expression in ACHN cells,

which disturbed the cell cycle and induced

cell apoptosis. These current findings sug-

gest that the HMGA2 gene may be involved

in the tumorigenesis and development of

renal cancer, thus inhibiting HMGA2 gene

expression might provide a potential thera-

peutic target in the future.
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