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Abstract: Twist2 is a member of the basic helix-loop-helix (bHLH) family and plays a critical 

role in tumorigenesis. Growing evidence has proven that Twist2 is involved in tumor progres-

sion; however, the role of Twist2 in human kidney cancer and its underlying mechanisms 

remain unclear. Real-time polymerase chain reaction and Western blot analysis were used 

to detect the expression of Twist2 in kidney cancer cells and tissues. Cell proliferation, cell 

cycle, apoptosis, migration, and invasion assay were analyzed using the Cell Count Kit-8, flow 

cytometry, wound healing, and Transwell analysis, respectively. In this study, we showed that 

Twist2 was upregulated in human kidney cancer tissues compared with normal kidney tissues. 

Twist2 promoted cell proliferation, inhibited cell apoptosis, and augmented cell migration and 

invasion in human kidney-cancer-derived cells in vitro. Twist2 also promoted tumor growth 

in vivo. Moreover, we found that the knockdown of Twist2 decreased the levels of ITGA6 and 

CD44 expression. This result indicates that Twist2 may promote migration and invasion of 

kidney cancer cells by regulating ITGA6 and CD44 expression. Therefore, our data demonstrated 

that Twist2 is involved in kidney cancer progression. The identification of the role of Twist2 

in the migration and invasion of kidney cancer provides a potential appropriate treatment for 

human kidney cancer.
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Introduction
Kidney cancer is one of the ten most common lethal cancers in adults, and approximately 

27,000 patients are diagnosed with kidney cancer every year in the US.1–3 Accord-

ing to the morphology and immunohistochemistry of cancer cells, kidney cancer is 

divided into four types, which include clear-cell renal carcinoma (RCC), papillary renal 

carcinoma, chromophobe renal carcinoma, and renal oncocytoma.4 RCC is the most 

common type of adult kidney malignancy and constitutes about 80% of all primary 

renal neoplasms. Because of its resistance to conventional chemotherapy and radia-

tion therapy, radical nephrectomy has been regarded as the only curative and standard 

treatment for RCC patients.5 However, a high risk of local or distant recurrence makes 

prognosis poor for RCC patients after surgical resection. Therefore, finding out the 

molecular mechanisms of cancer cell metastases from primary lesions is crucial for 

the improvement of treatment and prediction of prognosis.6

Twist2 belongs to the basic helix–loop–helix (bHLH) family that comprises a 

series of transcription factors controlling cell differentiation in different tissues during 
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embryogenesis.7 The bHLH family members regulate gene 

expression by binding the gene’s promoters.8–10 The bHLH 

family members are divided into three classes: class A bHLH 

factors comprise E2-2, HEB, and E proteins; the tissue-

restricted class B bHLH factors; and the inhibitory HLH 

proteins, constituted by the Id proteins, which lack DNA 

binding domain. Twist1, Twist2, Paraxis, Scleraxis, Hand1, 

and Hand2 form a subfamily of class B bHLH factors. Twist1 

and Twist2 are highly homogeneous, suggesting that their 

functions might be redundant.8,11–13

Current evidence shows that some signaling pathways 

which are critical to early development also exhibit key 

regulatory effects on tumor biology, such as the Wnt, Notch, 

and Twist pathways.14,15 Identification of these signaling 

molecules, which play a physiological role in early devel-

opmental processes, provides an opportunity to define the 

biological cause for various tumor attributes16 and is a valu-

able chance for diagnostic or therapeutic implementation.

Twist2 is a highly conserved bHLH transcription 

factor that plays a critical role in embryogenesis and 

tumorigenesis.7,17,18 Twist2 is significantly overexpressed 

in various human solid tumors and contributes to tumor 

progression.19 Twist proteins inhibit differentiation of mes-

enchymal cell lineages, notably muscle and bone, during 

embryogenesis,20–22 and promote the migration of neural 

crest cells by facilitating epithelial-to-mesenchymal transi-

tions (EMTs) during embryogenesis.23 Twist proteins induce 

EMT in cancer cells, which is the key step in the metastatic 

dissemination of cancer cells.19 Nevertheless, the function 

and the precise mechanism underlying the effects of Twist2 

in human kidney cancer are less understood.

Materials and methods
cell lines and patient samples
Kidney-cancer-derived cell lines (CaKi-1, CaKi-2, ACHN, 

and 786-0) and normal kidney cells (HK-2) were obtained 

from the Shanghai Cell Bank, Chinese Academy of Sciences 

(Shanghai, People’s Republic of China), and mycoplasma 

testing was performed as previously described.24 Cells 

were cultured in Dulbecco’s Modified Eagle’s Medium 

(DMEM) (Thermo Fisher Scientific, Inc, Rockford, IL, USA) 

supplemented with 10% fetal bovine serum (FBS) (Thermo 

Fisher Scientific), 100 units/mL penicillin (Thermo Fisher 

Scientific), and 100 μg/mL streptomycin (Thermo Fisher 

Scientific), and then incubated in a humidified atmosphere 

at 37°C with 5% CO
2
. A total of 21 pairs of kidney cancer 

tissues and their matched adjacent normal kidney tissues were 

obtained from patients who underwent surgery at Huadong 

Hospital. All tissues were immediately snap-frozen in liquid 

nitrogen and stored at -80°C until total RNA was extracted. 

The study protocol was approved by the Ethics Review 

Committee of the Institutional Review Board of Huadong 

Hospital, and written informed consents were obtained from 

all participants in this study.

reverse transcription and real-time Pcr
Total RNA was isolated using Trizol reagent (Thermo Fisher 

Scientific). Reverse transcription reactions were performed 

as previously described.25 Briefly, cDNA was reverse tran-

scribed from RNA using a cDNA synthesis kit (Thermo Fisher 

Scientific, Inc, Rockford, IL, USA). The cDNA synthesis 

conditions were as follows: 37°C for 60 minutes, followed 

by 85°C for 5 minutes, and 4°C for 5 minutes. Real-time 

polymerase chain reaction (RT-PCR) was performed using 

a standard SYBR Green PCR kit (Takara Biotechnology Co, 

Ltd, Dalian, People’s Republic of China) and an ABI7500 

(Applied Biosystem Life Technologies, Foster City, CA, 

USA) thermal cycler. The PCR cycling conditions were as 

follows: 95°C for 10 minutes, followed by 40 cycles at 95°C 

for 15 seconds and 60°C for 45 seconds, and a final extension 

step of 95°C for 15 seconds, 60°C for 1 minute, 95°C for 15 

seconds, and 60°C for 15 seconds. The following primers 

(Sangon Biotech Co, Ltd, Shanghai, People’s Republic of 

China) were used: Twist2 (forward [F]: 5′-AGAAGTCGAG

CGAAGATG-3′; reverse [R]: 5′-CCTGGTAGAGGAAGTC

TATG-3′), ITGA6 (F: 5′-TGACATCCTCCAGATAGTG-3′; 
R: 5′-CCAATGGCATAGTCTTGTG-3′), CD44 (F: 

5′-GGCAAGAAACCTGGGATTGG-3′; R: 5′-CCC 

GTGGTGTGGTTGAAATG-3 ′),  and GAPDH (F: 

5 ′-CACCCACTCCTCCACCTTTG-3 ′ ;  R: 5 ′-CCA 

CCACCCTGTTGCTGTAG-3′). The gene expression was 

calculated using the 2-∆∆Ct method.26 Relative quantification 

of the signals was performed by normalizing the gene signals 

with those of GAPDH.

Vector construction
pLKO.1-EGFP, pWPXL, VSV-G, and pol/gag (biosafety 

level, BSL-2) were purchased from Addgene (Cambridge, 

MA, USA). Plasmid containing the full length of Twist2 

was purchased from Sangon Biotech Co, Ltd. Oligonucle-

otides encoding shRNA directed against human Twist2 

(CAAGATCCAGACGCTCAAACT) and scramble shRNA 

were purchased from Sangon Biotech Co, Ltd. These oligo-

nucleotides were annealed and digested using AgeI and EcoRI, 

and then were ligated into pLKO.1-EGFP, giving rise to a 

pLKO.1-EGFP-Twist2-shRNA construct. The full length of 
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Twist2 was amplified using PCR. Then the PCR products were 

digested using BamHI and NdeI and cloned into pWPXL.

lentiviral production and transduction
Twist2 and Twist-shRNA were delivered into 786-0 and 

ACHN cells by using the lentiviral transfection system. Briefly, 

239T cells were seeded in 60 mm culture dishes, and after 24 

hours, they were cotransfected with 2 μg of the plasmid vector, 

1 μg pWPXL/pLKO.1-EGFP-scramble, 0.1 μg VSV-G, and 

0.9 μg pol/gag by using Lipofectamine 2000 (Thermo Fisher 

Scientific), according to the manufacturer’s instructions. The 

recombinant lentivirus pLKO.1-EGFP-Twist2 (shTwist2) and 

pWPXL-Twist2 were collected 48 hours after transfection and 

used to infect 786-0 cells and ACHN cells at a multiplicity of 

infection (MOI) of 20 in the presence of 8 μg/mL polybrene 

(Sigma-Aldrich, St Louis, MO, USA), respectively. The recom-

binant lentivirus pLKO.1-EGFP-scramble shRNA (shNC) and 

black pWPXL were used as the negative control.

Western blot
Cultured or transfected cells were harvested and washed 

twice with phosphate-buffered saline and lysed in an ice-cold 

radioimmunoprecipitation assay buffer (RIPA; Beyotime, 

Shanghai, People’s Republic of China) with a freshly added 

0.01% protease inhibitor cocktail (Sigma-Aldrich), and 

then incubated on ice for 30 minutes. Cells were lysed by 

centrifugation at 13,000 rcf for 10 minutes at 4°C, and the 

supernatant (20–30 μg of protein) was run on 10% sodium 

dodecyl sulfate–polyacrylamide gel electrophoresis and 

transferred electrophoretically to a polyvinylidene fluoride 

membrane (Sigma-Aldrich). The blots were blocked with 

5% skim milk, followed by incubation with rabbit polyclonal 

antibody anti-ITGA6 (catalogue [cat] no ab75737; 1:50; 

Abcam, Cambridge, MA, USA), rabbit monoclonal antibody 

anti-Ki67 (cat no ab92742; 1:500; Abcam), rabbit mono-

clonal antibody anti-GAPDH (cat no 5174; 1:1,500, Cell 

Signaling Technology, Inc., Danvers, MA, USA), and mouse 

monoclonal antibody anti-CD44 (cat no 3570; 1:1,000, Cell 

Signaling Technology, Inc). Blots were then incubated with 

goat anti-mouse or anti-rabbit secondary antibody (cat no 

0208; 1:1,000; Beyotime) and visualized using enhanced 

chemiluminescence (ECL; Thermo Fisher Scientific, Inc). 

GAPDH antibody was used as an internal control.

cell proliferation assay
Cell viability was assessed by using a Cell Counting Kit 

(CCK)-8 (Tongren, Shanghai, People’s Republic of China). 

Briefly, 4×103 of shTwist2- or pWPXL-Twist2-transfected 

786-0 and ACHN cells were seeded in each 96-well plate, 

and further incubated for 0, 12, 24, 48, and 72 hours, respec-

tively. At the indicated time points, CCK-8 solution (10 μL 

in 100 μL DMEM) was added to each well and incubated for 

1 hour at 37°C. The optical density 450 nm value in each well 

was determined by a microplate reader (SM600 Labsystem; 

Shanghai Utrao Medical Instrument Co, Ltd, Shanghai, 

People’s Republic of China). Experiments were repeated at 

least three times, each time in triplicate.

cell cycle assay
After 48 hours of transfection, cells were harvested and cell 

cycle distribution was analyzed using propidium iodide (PI; 

Sigma-Aldrich) staining on a flow cytometer (BD Accuri 

C6, software version 1.0.264.21; BD Biosciences, Franklin 

Lakes, NJ, USA). Briefly, 4×103 of shTwist2- or pWPXL-

Twist2-transfected 786-0 and ACHN cells were collected 

and fixed in 70% ethanol at -20°C overnight. The cells were 

subsequently resuspended in a staining solution, containing 

20 μg/mL PI and 200 μg/mL RNase A. Experiments were 

repeated at least three times, each time in triplicate.

cell apoptosis assay
After 48 hours of transfection, cells were harvested and cell 

apoptosis analyzed using Annexin V/propidium iodide (PI) 

staining (BD Biosciences) and flow cytometric analysis. 

Briefly, 4×103 shTwist2- or pWPXL-Twist2-transfected 

786-0 and ACHN cells were collected and incubated with 

annexin V-fluorescein isothiocyanate (FITC) and PI, prior to 

analysis by flow cytometry. Experiments were repeated at 

least three times, each time in triplicate.

Wound healing assay
shTwist2- or pWPXL-Twist2-transfected 786-0 and ACHN 

cells were seeded in 35 mm tissue culture dishes at a density 

of 8×105 and further seeded until they reached 100% con-

fluence. Then the confluent cultures were scratched using 

a pipette tip. After scratching, the well was gently washed 

twice with medium to remove the detached cells. Scratched 

cultures were photographed under a microscope at 0, 12, and 

24 hours. Migration of cells was established by measuring the 

width of the scratched area at each time point in the scratched 

area at a magnification of ×200. Experiments were repeated 

at least three times, each time in triplicate.

invasion assay
The upper well of the Transwell (Sigma-Aldrich Co., St Louis, 

MO, USA) was coated with Matrigel (BD Biosciences) at 
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37°C in a 5% CO
2
 incubator for 1 hour. The cells were serum-

starved for 24 hours, and subsequently, 1×105 of shTwist2- or 

pWPXL-Twist2-transfected 786-0 and ACHN cells in 500 μL 

DMEM were seeded into the upper wells of the precoated 

Transwell chamber. Cell culture medium, supplemented with 

10% FBS, was added into the lower well of the chamber. 

After 48 hours of incubation, the cells on the upper well and 

the membranes coated with Matrigel were swabbed with a 

Q-tip. The cells that migrated into the lower well were fixed 

with methanol and stained with 0.5% methylrosanilinium 

chloride solution for 30 minutes. The cells were counted at 

a magnification of ×200, and the mean number of cells was 

recorded. Experiments were repeated at least three times, 

each time in triplicate.

animal experiments
Care of the laboratory animals and animal experimentation 

were performed in accordance with animal ethics guidelines 

and approved protocols. All animal studies were approved by 

the Animal Ethics Committee of Huadong Hospital. For tumor 

growth assay, 786-0 cells transfected with shNC or shTwist2 

were trypsinized, and then washed and resuspended in DMEM 

without FBS. Cell concentration and viability were determined 

using trypan blue. Then, a total of 2×106 786-0 cells transfected 

with shNC or shTwist2 were injected subcutaneously into 

the left armpit of nude mice (5-week-old, six per group). The 

tumor size was determined every 3–4 days after tumor was 

formed (around 1–2 weeks) as previously described.27 Tumor 

volume was measured and calculated using the following for-

mula: V (mm3) =0.5× larger diameter × smaller diameter2. At 

46 days after injection, the animals were euthanized and the 

tumors were weighed on a digital balance. Experiments were 

repeated at least three times, each time in triplicate.

statistical analysis
Experimental data were presented as mean ± standard devia-

tion. All assays were performed in triplicate and repeated at 

least three times. All statistical analyses were performed using 

GraphPad Prism 5 software (GraphPad Software, La Jolla, CA, 

USA). Statistical significance was determined by the paired, 

two-tailed Student’s t-test and one-way analysis of variance. 

Differences were considered significant at values of P,0.05.

Results
Twist2 is upregulated in kidney cancer 
cell lines and tissues
The expression of Twist2 was examined in four kidney 

cancer cell lines (CaKi-1, CaKi-2, ACHN, and 786-0) and 

normal kidney cells (HK-2). RT-PCR analysis showed that 

higher levels of Twist2 expression were found in the four 

kidney cancer cell lines compared with HK-2 cells, with the 

highest Twist2 mRNA expression found in 786-0 cells and 

the lowest Twist2 mRNA expression found in ACHN cells 

(Figure 1A and B). These two cell lines were therefore used 

for subsequent experiments. The mRNA expression level 

of Twist2 was significantly upregulated in kidney cancer 

tissues when compared with corresponding normal tissues 

(Figure 1C). Similar Twist2 protein levels were also found 

in randomly selected four paired normal and kidney cancer 

tissues (Figure 1D), and the protein levels in other paired 

normal and kidney cancer tissues are shown in Figure S1. 

Taken together, these results support the notion that Twist2 

may act as an oncogene in kidney cancer.

effect of Twist2 on kidney-cancer-derived 
cell proliferation
To explore the biological significance of Twist2 in kidney 

cancer tumorigenesis, we established Twist2 knockdown 

cell lines of 786-0 cells with a stabilized lentivirus infection. 

Decreased expression of Twist2 was confirmed by Western 

blot at 48 hours after transfection (Figure 2A). Forty-eight 

hours after transfection, cell proliferation was analyzed 

through a CCK-8 assay. We found that knockdown of 

Twist2 significantly decreased the proliferation of 786-0 cells 

compared with the corresponding shNC group (Figure 2B). 

However, overexpression of Twist2 in ACHN cells showed 

significant increases in Twist2 protein level (Figure 2C) and 

cell proliferation (Figure 2D) compared with the ACHN cells 

without Twist2 overexpression.

effect of Twist2 on kidney-cancer-derived 
cell cycle and cell apoptosis
To further validate the effect of Twist2 on cell proliferation, 

the cell cycle was analyzed in 786-0 cells (Figure 3A). Cell 

cycle analysis showed that the knockdown of Twist2 through 

RNAi by Twist2 shRNA notably increased the number of 

cells in G
0
–G

1
 phase and reduced S phase cell population 

in 786-0 cell lines. However, overexpression of Twist2 in 

ACHN cells showed a significantly decreased rate of G
0
–G

1
 

phase cells, and increased S and G
2
–M phase cell popula-

tions (Figure 3B), compared with the ACHN cells without 

Twist2 overexpression.

Then, we evaluated the apoptotic function of Twist2 in 

786-0 cells by using an Annexin V–FITC/PI staining assay. 

As shown in Figure 3C, flow cytometry analysis revealed 

that the reduction of Twist2 in 786-0 cells significantly 
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induced cell apoptosis by 16-fold compared with the 

corresponding shNC group. However, overexpression of 

Twist2 in ACHN cells significantly decreased the apoptotic 

rate by 55.97% (Figure 3D) compared with the ACHN 

cells without Twist2 overexpression. Taken together, 

these data suggest that Twist2 promotes cell proliferation 

and cell cycle, and suppresses apoptosis of kidney cancer 

cells in vitro.

effect of Twist2 on kidney-cancer-derived 
cell migration and invasion
A previous study showed that Twist2 induced cancer cell 

EMT, which is the first step for metastasis in a cancer 

cell.28 To investigate the migration-promoting function of 

Twist2 in kidney-cancer-derived cells, the migration capac-

ity of 786-0 cells was evaluated by a wound healing assay. 

Knockdown of Twist2 in 786-0 cells significantly reduced 

the cell migration ability in a time-dependent manner com-

pared with the corresponding shNC group (Figure 4A). 

However, overexpression of Twist2 in ACHN cells showed 

significantly increased cell migration (Figure 4B) compared 

with the ACHN cells without Twist2 overexpression. Also, 

the Transwell assay showed that the knockdown of Twist2 

in 786-0 cells also significantly reduced cell invasion, 

compared with the corresponding shNC group (Figure 4C). 

However, overexpression of Twist2 in ACHN cells showed 

significantly increased cell invasion (Figure 4D), compared 

with the ACHN cells without Twist2 overexpression. Taken 

Figure 1 Twist2 is upregulated in kidney cancer cell lines and tissues.
Notes: (A, B) The expression of Twist2 in the normal human kidney cell line and four human kidney cancer cell lines was assessed by rT-Pcr and Western blot. (C) mrna 
expression of Twist2 in 21 paired primary kidney cancer tissues (Tumor) and their corresponding normal tissues (normal) assessed by rT-Pcr. (D) expression of Twist2 in 
four primary kidney cancer tissues and their corresponding normal tissues measured by Western blot. *P,0.01, **P,0.001 compared with corresponding normal controls.
Abbreviations: n, normal tissues; T, tumor tissues; rT-Pcr, real-time polymerase chain reaction.
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Figure 2 effect of Twist2 on kidney cancer cell proliferation.
Notes: (A) Successful knockdown of Twist2 was confirmed by Western blot at 48 hours after infection with shTwist2 or shNC control lentivirus. (B) 786-0 cell proliferation 
was detected using cKK-8 assay at 0, 12, 24, 48, and 72 hours. (C) Successful overexpression of Twist2 was confirmed by Western blot at 48 hours after infection with 
pWPXl-Twist2 or black pWPXl (nc) control lentivirus. (D) achn cell proliferation was detected using ccK-8 assay at 0, 12, 24, 48, and 72 hours. *P,0.001 compared 
with shnc or nc.
Abbreviations: shnc, recombinant lentivirus plKO.1-egFP-scramble shrna; nc, black pWPXl; ccK, cell counting Kit; shTwist2, recombinant lentivirus plKO.1-
egFP-Twist2.

Figure 3 (Continued)
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Figure 4 effect of Twist2 on kidney cancer cell migration and invasion.
Notes: (A, B) The migration of 786-0 and achn cells was performed in in vitro scratch wound healing assay, and photographs were taken 0, 24, and 48 hours after the 
wound was made. (C, D) The invasion of 786-0 and achn cells was performed by Transwell assay, and photographs were taken at 48 hours after incubation in Matrigel 
precoated Transwell chamber (× 200). *P,0.001 compared with shnc or nc.
Abbreviations: shnc, recombinant lentivirus plKO.1-egFP-scramble shrna; nc, black pWPXl; shTwist2, recombinant lentivirus plKO.1-egFP-Twist2.

Figure 3 effect of Twist2 on kidney cancer cell cycle and apoptosis.
Notes: (A, B) 786-0 and ACHN cell cycle profiles were analyzed using flow cytometry. (C, D) 786-0 and ACHN cells were stained with annexin V-fluorescein, and apoptotic 
rate was analyzed using flow cytometry. *P,0.001 compared with shnc or nc.
Abbreviations: shnc, recombinant lentivirus plKO.1-egFP-scramble shrna; nc, black pWPXl; shTwist2, recombinant lentivirus plKO.1-egFP-Twist2.
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Figure 5 effect of Twist2 on the expression of iTga6 and cD44.
Notes: The mrna and protein levels of iTga6 and cD44 were detected by rT-Pcr and Western blot in 786-0 (A, B) and achn cells (C, D). *P,0.001 compared with 
shnc or nc.
Abbreviations: rT-Pcr, real-time polymerase chain reaction; shnc, recombinant lentivirus plKO.1-egFP-scramble shrna; nc, black pWPXl; shTwist2, recombinant 
lentivirus plKO.1-egFP-Twist2.

together, these findings demonstrate that Twist2 promotes 

kidney cancer cell migration and invasion in vitro.

iTga6 and cD44 were regulated by 
Twist2
Two core proteins, ITGA6 and CD44, in the extracellular 

matrix (ECM)-receptor interaction pathway were predicted 

to be Twist2 targets. To experimentally validate Twist2 

regulation of these genes, we decreased the expression of 

Twist2 in 786-0 cells, and then we detected the mRNA lev-

els of the target genes by RT-PCR. As shown in Figure 5A, 

the mRNA levels of ITGA6 and CD44 in 786-0 cells were 

significantly suppressed by Twist2 shRNA, compared with 

the corresponding shNC group. The same results were found 

when we performed Western blotting to detect the protein 

levels of these Twist2 potential targets in the aforementioned 

cancer cell lines that were transfected with Twist2 shRNA, 

compared with the corresponding shNC group (Figure 5B). 

However, overexpression of Twist2 in ACHN cells showed 

significantly increased expression of ITGA6 and CD44 at 

both mRNA (Figure 5C) and protein levels (Figure 5D), 

compared with the ACHN cells without Twist2 overex-

pression. These results demonstrated that Twist2 promotes 

cell proliferation, migration, and invasion and inhibits cell 

apoptosis possibly by regulating the expression of ITGA6 

and CD44 in kidney cancer cells.

effect of Twist2 on tumor growth of 
kidney-cancer-derived cells in nude mice
To further examine the effects of Twist2 on in vivo tumor 

growth, 786-0 cells stably expressing shTwist2 or shNC 

were injected subcutaneously into the left armpit of nude 

mice, and tumor size was measured every 3–4 days after a 

tumor formed. As shown in Figure 6A, at 46 days, tumors 

of mice with shTwist2 injection were smaller in size than 

those seen in control and shNC-injected mice. The average 

tumor weight was also significantly decreased in shTwist2-

injected mice, compared with the shNC-injected mice 

(Figure 6B). Tumor volumes were measured and are shown 

in Figure 6C. The tumors of shTwist2-injected mice grew 

slower, whereas tumors of shNC-injected mice grew faster. 

Moreover, shTwist2-injected mice also showed decreased 

expression of Twist2 as well as Ki67, suggesting the prolif-

eration inhibitory effect of Twist2 knockdown (Figure 6D 

and E). Taken together, these data confirm that Twist2 

knockdown suppresses the tumorigenesis of kidney-cancer-

derived cells in vivo.

Discussion
Currently, radical nephrectomy is a curative and standard 

treatment in kidney cancer patients. However, there is a 

poor prognosis, because about 30% of patients have distant 

metastases after surgery.6 Therefore, the identification of the 
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Figure 6 effect of Twist2 on tumor growth in vivo.
Notes: (A) 786-0 cells transfected with shnc or shTwist2 were subcutaneously injected in athymic nude mice. Tumor growth was shown 46 days after injection (n=6). 
(B) Tumor weight in shTwist2-treated mice was significantly decreased compared with that in control and shNC mice. (C) shTwist2 decreased tumor growth in mice 
compared with that in control and shnc mice. (D, E) expression of Twist2 and Ki67 was detected by Western blot at 46 days after shnc or shTwist2 injection. scale bars: 
10 mm. *P,0.001 compared with shnc.
Abbreviations: shnc, recombinant lentivirus plKO.1-egFP-scramble shrna; nc, black pWPXl; shTwist2, recombinant lentivirus plKO.1-egFP-Twist2.

molecular mechanisms of kidney cancer development and 

metastases would provide an opportunity to improve treat-

ment and offer a chance to get a better prognosis.

Twist2 is a member of the bHLH family and plays a 

critical role in embryogenesis and tumorigenesis. Twist2 is 

overexpressed in a large number of cancer tissues and cancer-

derived cell lines, including in kidney cancer. In this study, 

Twist2 expression was significantly upregulated in tumor 

tissues at both mRNA and protein levels. Silencing of Twist2 

significantly reduced the expression levels of Twist2 in 786-0 

cells, and overexpression of Twist2 significantly increased 

the expression levels of Twist2 in ACHN cells.

Twist2 inhibits premature senescence of cancer cells 

and simultaneously promotes EMT, which favors invasion 

and metastasis of cancer.19,29 In further analysis, we dem-

onstrated that the silencing of Twist2 markedly inhibited 

the variability of 786-0 cells, while the overexpression of 

Twist2 significantly increased the variability of ACHN cells, 

and these were a consequence of the induction of apoptosis, 

as evidenced by flow cytometry analysis. The data showed 

that the fundamental event that occurred when 786-0 cells 

were treated with Twist2 shRNA is a marked decrease in the 

level of cell proliferation and arrest in G
0
–G

1
 phase. In con-

trast, ACHN cells with Twist2 overexpression revealed the 

promotion of cell cycle progression and a decrease in cell 

apoptosis.

Migration and invasion are two of the most important 

marks of cancer and function as lethal factors for malignant 

cancer in general and human kidney cancer in particular.30–32 

Management of migration and invasion will therefore con-

tribute to the improvement of the prognosis for the human 

kidney cancer patient. In cultured 786-0 cells, where Twist2 

had marked expression, silencing of Twist2 significantly 

inhibited cell invasion and migration activities, compared 

with the shNC groups. Interestingly, in cultured ACHN 

cells where Twist2 had slight expression, overexpression of 

Twist2 significantly promoted cell invasion and migration 

activities, compared with the control groups. The strong 

correlation between Twist2 expression and kidney cancer 

cell invasion and migration highlights the potential value of 

Twist2 as a novel biomarker for kidney progression.

Despite improvement in determining the molecular 

mechanisms of liver cancer tumorigenesis, the specific 

signal transduction pathways involved have not been fully 

characterized. The ITGA6 protein belongs to the integrin 

family, which participates in cell adhesion as well as cell-

surface-mediated signaling between the ECM and the cell. 

It has been reported that ITGA6 promotes cell migration 
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during embryonic development and tumorigenesis.33 CD44 

has been reported as one of the most commonly used cancer 

stem cell (CSC) markers and has prognostic value for patients 

with cancer in various solid tumors, including colon, lung, 

and breast cancer.34–36 Moreover, CD44 is found to pro-

mote migration and proliferation in gastric cancer cells.37,38 

In agreement with these results, our study revealed that 

Twist2 positively regulated the expression of ITGA6 and 

CD44 at both mRNA and protein levels.

Further, the proliferative effect of Twist2 was supported 

by our xenograft experiments in vivo. Nude mice injected 

with Twist2 shRNA-expressing 786-0 cells showed tumor 

growth reduction when compared with the NC shRNA-

expressing cells over a 46-day time period. Similar to our 

results that Twist2 promotes tumor growth in vivo, nude 

mice injected with Twist2-expressed HepG2 cells showed 

an increase in tumor growth when compared with control.39 

Collectively, these results indicate the first demonstration of 

its crucial function in kidney cancer development.

In conclusion, this study showed that Twist2 was over-

expressed in kidney cancer tissues and cell lines, and Twist2 

significantly promoted cell proliferation, invasion, migration, 

and tumor growth and inhibited cell apoptosis. Additionally, 

Twist2 positively regulated the expression levels of ITGA6 

and CD44. These results indicate that Twist2 overexpres-

sion may play an important role in cell growth, apoptosis, 

and motility and that Twist2 may be a potential therapeutic 

target for the treatment of kidney cancer.
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Figure S1 Twist2 is upregulated in kidney cancer tissues.
Notes: expression of Twist2 in 17 kidney cancers and their corresponding normal tissues measured by Western blot. *P,0.001 compared with corresponding normal 
controls.
Abbreviations: n, normal tissues; T, tumor tissues.
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