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1  | INTRODUC TION

Tumor angiogenesis plays a critical role in the growth and metastasis 
of solid tumors, although the mechanism remains unclear.1 Tumor cells 

secrete and release a series of angiogenesis-related factors that may 
require the activation of the endothelial cells to form a vascular net-
work within the tumors.2,3 Further, these new vessels will promote the 
growth of tumor masses and metastasis to distant organs.4 Angiogenic 
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Abstract
Tumor angiogenesis is a crucial step in the further growth and metastasis of solid 
tumors. However, its regulatory mechanism remains unclear. Here, we showed that 
TARBP2, an RNA-binding protein, played a role in promoting tumor-induced angio-
genesis both in vitro and in vivo through degrading the mRNAs of antiangiogenic fac-
tors, including thrombospondin1/2 (THBS1/2), tissue inhibitor of metalloproteinases 
1 (TIMP1), and serpin family F member 1 (SERPINF1), by targeting their 3′untranslated 
regions (3′UTRs). Overexpression of TARBP2 promotes tumor cell–induced angio-
genesis, while its knockdown inhibits tumor angiogenesis. Clinical cohort analysis re-
vealed that high expression level of TARBP2 was associated with poor survival of lung 
cancer and breast cancer patients. Mechanistically, TARBP2 physically interacts with 
the stem-loop structure located in the 3′UTR of antiangiogenic transcripts, leading to 
mRNA destabilization by the dsRNA-binding domains 1/2 (dsRBDs1/2). Notably, the 
expression level of TARBP2 in human tumor tissue is negatively correlated with the 
expression of antiangiogenic factors, including THBS1/2, and brain-specific angio-
genesis inhibitor 1 (BAI1). Moreover, TARBP2 expression is strongly associated with 
tumor angiogenesis in a group of human lung cancer samples. Collectively, our results 
highlight that TARBP2 is a novel tumor angiogenesis regulator that could promote 
tumor angiogenesis by selectively downregulating antiangiogenic gene expression.
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factors include proangiogenic factors, such as interleukin 1β (IL1β), inter-
leukin 8 (IL8), matrix metalloproteinases (MMPs), vascular endothelial 
growth factor (VEGF),5 and antiangiogenic factors, such as THBS1/2,6,7 
TIMP1/3,8,9 BAI1,10 and SERPINF1.11 The balance between proangio-
genic and antiangiogenic factors determines whether angiogenesis is 
induced or inhibited.12 Normally, most tumor angiogenesis is caused 
either by increasing the expression of proangiogenic factor genes or 
by decreasing the expression of antiangiogenic factor genes. Although 
recent advances have broadened our understanding of tumor angio-
genesis, the mechanism for controlling the post-transcriptional regula-
tions of angiogenesis factors, in particular, the role and mechanism of 
RNA-binding proteins during this process, remains unclear.

TARBP2, a double-stranded RNA-binding protein encoded by the 
TARBP2 gene,13 was able to regulate microRNA processing and mat-
uration.14-16 TARBP2 is an essential molecular partner of Dicer1 and 
required for the RNA interference pathway.17 Mice deficient of tarbp2 
die at weaning, indicating its important role during development.18 
It is believed that TARBP2 functions in many biological and patho-
logical processes, including virus replication,19,20 stress response,21 
and tumor progression.22,23 Higher cytoplasm TARBP2 expression in 
triple-negative breast cancer patients was strongly associated with 
poor survival.24 TARBP2 can promote tumor metastasis in mela-
noma25 and breast cancer by destabilizing the mRNAs of metastasis-
related genes via binding the hairpin structures in the 3′UTR.26 
TARBP2 is also involved in controlling the cleavage and degradation 
of cancer-related pre-mRNAs to regulate lung cancer growth.27 It has 
been recently reported that TARBP2 could trigger chemoresistance in 
breast cancer28 and hepatocellular carcinoma29 and thus might act as a 
tumor promoter. However, evidence from another report showed that 
TARBP2 could suppress cell proliferation in osteosarcoma.30 The role 
and mechanism of TARBP2 in cancer progression remain uncertain.31

In this study, we identify that TARBP2 is a potent tumor angio-
genesis modulator by selectively suppressing the expression of anti-
angiogenic genes, including THBS1/2, TIMP1, and SERPINF1. TARBP2 
expression is increased in human lung and breast cancer tissues, and its 
expression is negatively correlated with antiangiogenic factors. Ectopic 
expression of TARBP2 in human lung and breast tumor cells promoted 
tumor angiogenesis both in vitro and in vivo, whereas knocking down 
of TARBP2 with shRNAs suppressed tumor angiogenesis. TARBP2 
expression was associated with the poor survival of lung cancer and 
breast cancer patients.32 By analyzing a group of human lung cancer 
samples, we found that higher TARBP2 expression is strongly asso-
ciated with tumor angiogenesis. The results suggest that TARBP2 is 
a potential tumor angiogenesis inducer involved in regulating the an-
giogenic pathway by suppression of antiangiogenic gene expression.

2  | MATERIAL S AND METHODS

2.1 | Cell culture

Human lung cancer cell lines (A549, NCI-H23), breast cancer cell 
line (MDA-MB-468), and liver cancer cell line (HepG2) cells were 

obtained from ATCC and cultured in RPMI-1640 or DMEM with 
10% FBS plus 1% Peni/Stro, respectively. Immortalized human um-
bilical vein endothelial cell (HUVEC), HEK293, and HEK293T cells 
were obtained from National Infrastructure of Cell Line Resource 
(Beijing, China). The antibodies and reagents were listed in Doc. S1 
Supplementary Materials and Methods.

2.2 | Wound-healing assay

1 × 104 HUVECs were seeded in each well of a 96-well plate in trip-
licates and incubated at 37℃ for 12 hours. After the cells formed 
a monolayer, a scratch was created using a pipette tip on the cell 
monolayer and incubated for 24 hours. The images of the scratch 
were obtained using a microscope equipped with a charged couple 
device camera (Zeiss), the distance of the wound was calculated, and 
the open area was measured.

2.3 | Tube formation assay

The tumor cell culture medium was changed to serum-free RPMI-
1640 or DMEM medium for 48 hours and then collected, centrifuged, 
and filtered to obtain tumor conditioned medium (CM). The 96-well 
plate was coated with 50  µl prethawed Matrigel (BD Biosciences) 
and incubated for 1 hour in an incubator at 37°C. HUVECs were cul-
tured in endothelial cell medium (ECM) (ScienCell) with 5% serum for 
24 hours prior to the assay, and 1 × 104 HUVECs were seeded on the 
gel with 200 µL of CM concentrated using an ultrafiltration device 
(Millipore). The tube formation of HUVECs was observed after incu-
bation of 12 hours using a microscope (Zeiss).

2.4 | PCRArray

The QIAGEN Human Angiogenesis PCRArray Kit was used to ana-
lyze angiogenesis-related gene expression. Total RNA was extracted 
with TRIzol from A549/TARBP2 and A549/GFP cells, reverse-
transcribed to cDNA, and added to each well of the PCRArray plates 
combined with SYBRGreen qRT-PCR MasterMix. Data analysis was 
based on the ΔΔCt method, with normalization to three different 
housekeeping genes.

2.5 | RNA-sequencing analysis

Total RNA was extracted using the TRIzol method. RNA sequencing 
was completed by Allwegene Technology Inc in Beijing. The cDNA 
library was then constructed using PCR amplification. RNA-seq 
was performed with the PE150 sequencing strategy by the Illumina 
second-generation high-throughput sequencing platform. RNA-seq 
reads with inferior quality or adapters were filtered. Clean reads data 
were processed using Tophat2 and Cufflinks software to complete 
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the alignment of transcriptomes. Genes not expressed in any sample 
were excluded from further analysis. Differentially expressed genes 
and transcripts were then filtered for false discovery rate (FDR)-
adjusted P-values less than or equal to .05. RNA-seq data have been 
deposited (PRJNA637758).

2.6 | RNA immunoprecipitation

TARBP2/GFP fusion protein was expressed in A549/TARBP2 cells, 
and then whole-cell lysates were precleared with isotype IgG, fol-
lowed by incubation with anti-GFP antibody at 4℃ for 4 hours. The 
protein-RNA complexes were then pulled down by protein G aga-
rose beads (Santa Cruz Biotechnology) and total RNA extracted with 
TRIzol, followed by detection of angiogenesis-related genes with 
RT-PCR.

2.7 | Luciferase reporter assays

Luciferase assay was performed as described previously.33 pGL3 
luciferase reporter constructs containing full-length or segment 
of the 3′UTR of different genes were transfected into HEK293 
cells along with TARBP2/GFP and GFP-control constructs, re-
spectively. All transfections were conducted in triplicate and re-
peated at least three times. The luciferase activity was measured 
36 hours after transfection using a dual-luciferase reporter assay 
system (Promega).

2.8 | RNA-EMSA and supershift

Twenty femtomole of the 3′-end biotin-labeled WT and other 
probes (Tsingke) (Table S3) were incubated with 15  μg of total 
cell lysates containing TARBP2/GFP fusion protein for 30  min-
utes at room temperature with 20  μl of binding buffer contain-
ing 10 mmol/L Tris, 50 mmol/L KCl, and 1 mmol/L dithiothreitol 
(DTT) (pH 7.5). RNA-protein complexes were resolved by 6% non-
denaturing polyacrylamide gel electrophoresis, and the gel was 
transferred onto a nylon membrane and UV-cross linked. The 
membrane was then subjected to detection by a chemilumines-
cent EMSA kit (Pierce) following the manufacturer's protocol. The 
supershift assay was performed in the same manner, except that 
2  μg anti-GFP and anti-TARBP2 antibodies were added into the 
reaction.

2.9 | shRNA lentivirus

Two lentiviral shRNAs (TRCN0000019339; TRCN0000330578) 
targeting human TARBP2 mRNA were purchased from Sigma. A 
scramble control shRNA was used as a control. Lentiviral particles 
were packaged in HEK293T cells by cotransfecting shRNA-pLKO.1, 

pCMV-dR8.2, and pMD2.G constructs. Virus supernatants were col-
lected and centrifuged to discard cell debris and then added to tar-
get cells with 1 µg/mL polybrene for overnight. After two rounds of 
infection, the target cells were selected with puromycin (1.5 µg/mL) 
for 2 weeks, followed by further study.

2.10 | Statistical analysis

Data in bar graphs represent mean  ±  SEM of at least three bio-
logical repeats. Statistical analysis was performed using Student's 
t-test by comparing treatment versus vehicle control or other-
wise as indicated. P-value < .05 was considered to be statistically 
significant.

3  | RESULTS

3.1 | TARBP2 promotes tumor angiogenesis in vitro 
and in vivo

To investigate the role of TARBP2 in tumor-induced angiogenesis, 
TARBP2/GFP fusion protein was stably expressed in human lung 
cancer cells A549, NCI-H23, breast cancer cells MDA-MB-468, and 
liver cancer cells HepG2, respectively, and confirmed by Western 
blotting (Figure S1A,B). CMs from TARBP2-overexpressing tumor 
cells could significantly promote cell migration (Figure 1A) and tube 
formation (Figure 1B) of HUVEC compared with the control group. 
Moreover, CMs from different types of tumor cells did not affect the 
proliferation of endothelial cells (Figure S1C). To examine the impact 
of TARBP2 on in vivo angiogenesis, TARBP2-overexpressing A549/
TARBP2 and MDA-MB-468/TARBP2 cells and their control A549/
GFP and MDA-MB-468/GFP cells were subcutaneously injected into 
the back of nude mice to establish tumor models. The tumors with 
overexpressed TARBP2 were found to grow faster than their control 
(Figure 1C,D). Metastatic nodules in the lungs of nude mice bearing 
TARBP2-overexpressed tumors were more than those of the control 
group (Figures 1E,F and S1D), which is not surprising and consistent 
with previous reports.21,26 To evaluate angiogenesis within the tu-
mors, we performed immunohistochemistry (IHC) staining on tumor 
tissue sections using anti-CD31 (a classical vascular marker) antibody. 
Strikingly, there was significant increase in vascular density in both 
tumor tissues with overexpressed TARBP2 compared with their con-
trol groups, respectively (Figure 1G,H). These findings demonstrated 
that TARBP2 could promote tumor angiogenesis in vitro and in vivo.

3.2 | TARBP2 selectively downregulated 
antiangiogenic factor mRNAs via their 3′UTRs

To clarify how TARBP2 regulates tumor angiogenesis, we per-
formed RNA sequencing using A549/TARBP2 and MDA-MB-468/
TARBP2, as well as their control A549/GFP and MDA-MB-468/
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GFP cells. The mRNA expression of the antiangiogenic factors, in-
cluding angiopoietin-like protein 4 (ANGPTL4), THBS1/2, TIMP1, en-
dostatin (COL18A1), and SERPINF1, was downregulated by TARBP2 
(Figure 2A,B) and that of the proangiogenic factors, such as HIF1α, 
IL8, VEGFA/C, MMP2/14, and IL1β, upregulated (Figure 2C,D, Table 
S1). We further confirmed their expression by PCR array after ex-
tracting the total RNA of A549/TARBP2 and the control cells. 
Clearly, the antiangiogenic factor mRNAs were downregulated, 
and proangiogenic factor mRNAs were upregulated in tumor cells 
(Figure 2E, Table S2). qRT-PCR was used to verify our RNA-seq and 
PCRarray data. Indeed, TARBP2 could downregulate the antian-
giogenic factor mRNAs in a time-dependent manner in both tumor 
cells (Figures 2F and S2A). However, the upregulated mRNA expres-
sion of proangiogenic factors did not show any time dependence 
(Figures 2G and S2B). At the protein level, the antiangiogenic factor 
THBS1, which was downregulated by TARBP2, was also downregu-
lated in a time-dependent manner in two tumor cells (Figure 2H,I). 
Meanwhile, the protein content of THBS1 in the CMs of two tumor 

cells with overexpressed TARBP2 was also reduced, as obtained 
from the ELISA results (Figure S2C,D).

To further investigate how TARBP2 regulates the expression 
of these mRNAs, RNA pulldown experiment was performed using 
anti-GFP antibody and isotype control IgG in A549 cells expressing 
TARBP2/GFP fusion protein, followed by detecting the bound mRNAs 
by RT-PCR. All four antiangiogenic gene mRNAs were amplified by 
PCR, but not the proangiogenic mRNAs (Figures 2J and S2E). ZNF395 
was used as a positive control. We next examined whether TARBP2 
was targeting the 3′UTRs of antiangiogenic factor mRNAs. A series 
of reporter vectors containing the 3′UTRs of antiangiogenic factor 
genes, including THBS1, TIMP1, SERPINF1, THBS2, were constructed 
(Figure S2F). Luciferase assay showed that TARBP2 could reduce the 
luciferase activity of reporters containing different 3′UTRs of antian-
giogenic factor genes (Figure 2K). However, TARBP2 could not reduce 
the activity of the reporter containing 3′TURs of proangiogenic factor 
genes (Figure S2G). These results suggested that TARBP2 preferen-
tially targeted and bound to the antiangiogenic mRNAs by the 3′UTRs.

F I G U R E  1   TARBP2 promotes tumor-induced angiogenesis in vitro and in vivo. A, Wound-healing assays were performed to detect the 
cell migration induced by indicated conditioned mediums (CMs) from TARBP2-overexpressing tumor cells in HUVECs; n = 3. 100×. B, Tube 
formation assays were also deployed to verify the tube-formed HUVECs after treatment with CMs from TARBP2-overexpressing tumor 
cells; n = 3. 100×. C, D, Tumor growth curves in nude mice received TARBP2-overexpressing A549/TARBP2 (C), MDA-MB-468/TARBP2 (D), 
and their control cells, respectively; n = 6. E, F, H&E staining of lung tissue sections from nude mice bearing A549 or MDA-MB-468 tumors; 
n = 3. Scale bar: 50 µm. G, H, Representative histological sections from A549 and MDA-MB-468 xenografts stained with a specific anti-
CD31 antibody; n = 3. Scale bar: 50 µm. *P < .05, **P < .01, ***P < .0001
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3.3 | TARBP2 destabilizes the mRNAs of 
antiangiogenic factors via the dsRBD1/2 domains

Based on the above findings that TARBP2 inhibits the mRNA ex-
pression of antiangiogenic genes and the characteristics of TARBP2 
destabilizing mRNAs,26 we hypothesized that TARBP2 might desta-
bilize mRNAs of antiangiogenic genes. To confirm it, TARBP2/GFP 
was expressed in A549 cells and the de novo mRNA synthesis was 
blocked with ActD (5 μg/mL) and DRB (5 μg/mL), followed by meas-
uring the remaining mRNAs at different times.33 The half-lives of the 
antiangiogenic mRNAs were shortened about twofold in TARBP2-
overexpressing cells compared with the control cells (Figure  3A). 
However, TARBP2 overexpression had little impact on the half-lives 
of proangiogenic mRNAs (Figure S3A), indicating that TARBP2 spe-
cifically reduced the stability of antiangiogenic factor mRNAs rather 
than that of the proangiogenic factor mRNAs.

To establish the domains of TARBP2 responsible for the degra-
dation of mRNA, three truncated mutants of TARBP2 were prepared 

(Figure 3B) and identified by Western blotting (Figure 3C). After tran-
sient transfection, wild type (wt), mutant aa 1-77, and aa 1-207 sup-
pressed the mRNA expression of antiangiogenic genes (Figure 3D) and 
the luciferase activities of their 3′UTR reporters (Figure 3E), while aa 
207-346 mutant completely lost the inhibitory function.34 Besides, the 
CMs from A549 cells respectively transfected wt, aa 1-77, and aa 1-
207 mutants could significantly promote the migration (Figures 3F and 
S3B) and tube formation (Figures 3G and S3C) of HUVEC, but not aa 
207-346 mutant. These results demonstrated that the dsRBD1/2 do-
mains of TARBP2 were essential for the degradation of antiangiogenic 
mRNAs and the induction of tumor angiogenesis.

3.4 | TARBP2 binds to the conserved stem-loop 
structure in the 3′UTR of THBS1 for mRNA degradation

TARBP2 is known to destabilize mRNA via the stem-loop structure.26 
When comparing the 3′UTR sequences of all four antiangiogenic 

F I G U R E  2   TARBP2 downregulates the expression of antiangiogenic factor mRNAs via targeting 3′UTRs. A, B, RNA-seq data showing 
the antiangiogenic factor mRNAs were downregulated in TARBP2-expressing A549 cells (A) and MDA-MB-468 cells (B). C, D, Proangiogenic 
factor mRNAs were upregulated by TARBP2 in A549 (C) and MDA-MB-468 cells (D). E, Human angiogenesis pathway PCR array was 
performed in A549/TARBP2 cells. F, G, mRNA expressions of the indicated antiangiogenic (F) and proangiogenic (G) genes were measured 
by qRT-PCR in TARBP2-overexpressing A549 cells. H, I, Cell lysates were isolated from the A549/TARBP2 (H) and MDA-MB-468/TARBP2 (I) 
cells followed by Western blot analysis with GFP, THBS1, and β-actin antibodies. J, RNA-IP was performed using anti-GFP antibody or IgG in 
the extraction of A549/TARBP2 cells. Antiangiogenic factor transcripts were enriched by TARBP2. GAPDH transcript was used as a negative 
control. K, Luciferase assays were performed by cotransfecting HEK293 cells with reporter constructs containing 3′UTRs of the indicated 
genes as well as TARBP2 expression vector and empty vector. The ratio of luciferase activity in cells transfected with TARBP2 relative to 
empty vector was determined, respectively; n = 3. *P < .05
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genes among different species, a conserved sequence was identi-
fied. Interestingly, a stem-loop structure could be formed by the 
conserved sequences when analyzing with the RNAfold web server 
(Figure S4A-D). To determine whether these stem-loop structures 
are necessary for TARBP2-mediated degradation of antiangiogenic 
mRNAs, THBS1 was selected for further analysis. First, we gener-
ated a deletion reporter construct by removing the sequence con-
taining the stem-loop sequence in the 3′UTR of THBS1 (Figure 4A) 
and then performed reporter assay. TARBP2 suppressed the lu-
ciferase activities of reporters with full-length THBS1 3′UTR and 
stem-loop sequence, but did not influence the activity of report-
ers without the stem-loop structure, indicating that the stem-loop 
sequence is necessary for the decay of mRNA (Figure 4B). To fur-
ther determine whether the secondary configuration of the stem-
loop structure is necessary for mRNA decay, two 3′UTR mutants of 
THBS1 were generated. For mutant1, the stem-loop structure was 
disrupted by replacing six nucleotides, and mutant2 still retained the 
stem-loop structure though four nucleotides were replaced in the 

stem (Figure 4C). Disruption of the stem-loop structure in the 3′UTR 
reduced the inhibitory effect of TARBP2, whereas the mutants 
with the intact stem-loop structure were still sensitive to TARBP2 
suppression (Figure  4D). RNA-EMSA was performed to determine 
whether TARBP2 physically binds to the stem-loop in the 3′UTR of 
THBS1. A unique RNA-protein binding complex formed only by the 
wt probe but not by the mutant probe of THBS1 (Figure 4E). To con-
firm TARBP2 binding, anti-GFP and anti-TARBP2 antibodies were 
added to the cytoplasmic proteins and supershift RNA-EMSA was 
performed. After adding GFP and TARBP2 antibodies, the binding 
density was substantially reduced (Figure 4F), suggesting TARBP2 
is physically bound to the stem-loop structure located in the 3′UTR 
of THBS1. A modified RNA immunoprecipitation–chromatin immu-
noprecipitation assay (RIP-ChIP) was performed to confirm that 
TARBP2 binds to the 3'UTR of THBS1 in vivo. The stem-loop se-
quence in the 3′UTR of THBS1 could be amplified in the group pulled 
down with GFP antibody but not the IgG (Figure 4G), indicating the 
binding of TARBP2 to the 3′UTR of THBS1 mRNAs inside tumor cells. 

F I G U R E  3   TARBP2 destabilizes the mRNAs of antiangiogenic factors via the dsRBD1/2 domains. A, Half-lives of indicated antiangiogenic 
factor genes were measured in TARBP2-overexpressing A549 cells. B, Schematic representation of the domains in TARBP2 and their 
truncation mutants. C, Western blot was used to verify the expression of TARBP2 truncation mutants in A549 cells (NS, nonspecific 
band). D, qRT-PCR was used to measure the mRNA expression of indicated antiangiogenic genes in A549 cells overexpressing TARBP2 or 
its mutants; n = 3. E, Luciferase assays were performed by transfecting HEK293 cells with reporter constructs containing 3′UTRs of the 
indicated genes. The ratio of luciferase activity in cells transfected with TARBP2 and its mutants relative to empty vector was determined, 
respectively; n = 3. F, Quantification of open area in the wound-healing assay of HUVECs treated with conditioned mediums (CMs) from 
A549 cells stably expressing TARBP2 (wt) and its mutants; n = 3. G, Quantification of the number of branching points of HUVECs treated 
with indicated tumor CMs in the tube formation assay; n = 3. *P < .05, **P < .01
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These data demonstrated that TARBP2 recognized the stem-loop 
structure located in the 3′UTRs of antiangiogenic gene transcripts 
for degradation.

3.5 | Knockdown of TARBP2 increases the 
stability of antiangiogenic factor transcripts and 
inhibits tumor angiogenesis

To evaluate the effects of TARBP2 on tumor angiogenesis, we sup-
pressed TARBP2 expression with shRNAs in A549 and MDA-MB-468 
cells, respectively. The TARBP2 protein was, respectively, reduced 
by about 65%-77% by two shRNAs (Figure  5A). Corresponding to 
the overexpression results, knocking down TARBP2 increased the 
mRNA expression of antiangiogenic mRNAs within two tumor cells 
(Figure 5B,C). However, the mRNA expression of the proangiogenic 
gene did not change after TARBP2 reduced, further suggesting that 
TARBP2 disrupted the angiogenesis balance in favor of inhibiting 
antiangiogenic gene expression. As expected, the half-lives of an-
tiangiogenic mRNAs were increased after knocking down TARBP2 
in both tumor cells (Figure 5D,E, S5C-E). The protein levels of THBS1 
were also increased in the CMs of A549/shTARBP2 and MDA-
MB-468/shTARBP2 cells, as indicated by ELISA data (Figure  5F). 

The CMs from A549/shTARBP2 and MDA-MB-468/shTARBP2 cells 
could significantly suppress endothelial cell migration (Figure  5G) 
and tube formation (Figure 5H). Consistent with these in vitro re-
sults, TARBP2 knockdown in vivo by injecting shTARBP2-expressing 
adenovirus significantly reduced tumor growth (Figure  5I,J, S5F), 
metastasis (Figure S5G), and the number of CD31-positive mi-
crovessels (Figure 5K) compared with the scrambled control group. 
Collectively, these results confirmed that the repression of TARBP2 
indeed suppressed tumor angiogenesis through stabilizing antian-
giogenic transcripts.

3.6 | TARBP2 suppresses antiangiogenic factor 
gene expression in human tumor tissues and is 
associated with increased tumor angiogenesis and 
poor prognosis

To determine the relationship between TARBP2 and antiangiogenic 
factor gene expression in human tumors, we analyzed the expres-
sion of THBS1 in TARBP2-overexpressing A549 and MDA-MB-468 
tumors by qRT-PCR. The mRNA levels of THBS1 were significantly 
reduced in these two tumor models (Figure S6A). Besides, a total 
of 17 human lung cancer samples were analyzed by IHC staining 

F I G U R E  4   TARBP2 binds to conserved guanine cytosine-rich stem-loop structure in THBS1 3′UTR. A, Schematic representation of 
the luciferase reporter constructs of THBS1 containing truncated 3′UTRs with/without the stem-loop structure. B, Relative luciferase 
activities of the indicated reporters were determined by luciferase assay; n = 3. C, The predicted stem-loop structure of THBS1 (left) in its 
3′UTR and mutation strategy (asterisks indicate base substitution). Mutant1 becomes unable to form a stem-loop structure (middle), while 
Mutant2 forms a stem-loop structure (right). D, Relative luciferase activities of the indicated reporters were evaluated by luciferase assay. 
E, RNA-EMSA was performed with biotin-labeled probes corresponding to the THBS1 3′UTR, including WT probe and mutant probe, in the 
presence of whole-cell lysates (WCL) extracted from A549/TARBP2 cells. F, Supershift assay was performed using anti-TARBP2 or anti-GFP 
antibodies, followed by performing EMSA assay as described above. G, RNA-ChIP assay was conducted in A549 cells after TARBP2/GFP 
fusion protein expression. *P < .05
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using anti-TARBP2 antibody, of which nine samples showed high 
TARBP2 expression (TARBP2-positive) and eight samples showed 
low TARBP2 expression (TARBP2-negative). Also, the THBS1 level 
in TARBP2-positive tumor tissues was significantly lower than that 
in TARBP2-negative tumor tissues (Figure 6A). TARBP2 mRNA ex-
pression was increased in human lung cancers (Figure  6B), breast 
cancers (Figure S6B), and liver cancers (Figure S6D),35 while THBS1 
mRNA levels were reduced (Figures  6C and S6C,D). Moreover, a 
negative correlation between TARBP2 and THBS1, THBS2, and BAI1 
expression was shown in the above human cancers (Figures  6D-F 
and S6E-I). Interestingly, more CD31-positive microvessels were ob-
served in TARBP2-positive tumor tissues than in TARBP2-negative 
tumor tissues (Figure 6G). Notably, high levels of TARBP2 in tumors 
from human lung cancer, breast cancer (Figure 6H), and liver cancer 

(Figure S6J) patients were significantly correlated with poor survival, 
respectively, while high THBS1 expression in these tumors had bet-
ter survival (Figure 6I, Figure S6K). Finally, we drew a working model 
of TARBP2 to show its role in regulating tumor angiogenesis (Figure 
S6L). TARBP2 directly downregulated antiangiogenic factor mRNAs 
through destabilizing their mRNAs by dsRBD1/2 domains via bind-
ing the stem-loop structure located in their 3′UTRs, resulting in an-
giogenesis imbalance in tumor cells.

4  | DISCUSSION

In this study, we identified the previously undiscovered role 
of TARBP2 in the regulation of tumor angiogenesis, which was 

F I G U R E  5   Knocking down TARBP2 increases the stability of antiangiogenic factor transcripts and inhibits tumor angiogenesis. A, 
Western blot was used to verify the efficiency of TARBP2 knockdown in protein level in A549 cells (upper) and MDA-MB-468 cells (lower), 
respectively. B, C, qRT-PCR was used to measure the mRNA expression of indicated antiangiogenic genes in A549 cells (B) and MDA-
MB-468 cells (C) after knockdown of TARBP2; n = 3. D, E, Half-lives of indicated antiangiogenic factor genes were measured by qRT-PCR 
after TARBP2 knockdown in A549 cells. F, ELISA quantification of THBS1 in the serum-free culture medium of TARBP2 knocked down A549 
and MDA-MB-468 cells; n = 3. G, Quantification of the open area of HUVECs treated with indicated tumor conditioned mediums (CMs) in 
the wound-healing assay; n = 3. H, Quantification of the number of branching points of HUVECs treated with indicated tumor CMs in the 
tube formation assay; n = 3. *P < .05, **P < .01. I, Tumor growth curves in nude mice after treatment with adenovirus. Black arrows indicate 
the time point of adenovirus injection. J, Western blot was used to confirm knockdown of TARBP2 in A549 xenografts. K, Representative 
histological sections from tumors treated with control adenovirus or shTARBP2-expressing adenovirus; tumor tissues stained with anti-
CD31 antibody. Scale bar, 100 µm
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confirmed by both in vitro and in vivo experiments using multiple 
types of tumor cells. Several studies and our results demonstrated 
TARBP2 promoted the metastatic progression of human lung cancer 
and breast cancer.36 To rule out the influence of tumor types, three 
types of human tumor cells were tested, including human lung can-
cer, breast cancer, and liver cancer cells. We showed that TARBP2 
could significantly promote tumor angiogenesis in several types of 
human cancers in vitro. In contrast, this could be inhibited by knock-
ing down TARBP2. In vivo studies also confirmed that TARBP2 was 
able to increase the number of microvessels in human lung tumor 
and breast tumor xenografts. These findings indicated for the first 
time that TARBP2 promoted tumor progression through tumor an-
giogenesis induction.

We used high-sensitive RNA-seq together with PCR array to 
detect angiogenesis-related gene expression precisely in tumor 
cells, confirming that TARBP2 specifically downregulates the 
mRNA expression of antiangiogenic factors. The preferential bind-
ing of TARBP2 to antiangiogenic mRNAs but not to proangiogenic 
mRNAs signified a selective targeting of TARBP2 in regulating 

tumor angiogenic mRNAs, resulting in an imbalance between an-
tiangiogenic and proangiogenic genes. The upregulation of many 
proangiogenic mRNAs might be a secondary effect of TARBP2 over-
expression because TARBP2 neither enriched the proangiogenic 
factor transcripts nor targeted their 3′UTRs. Furthermore, the ex-
pression of these genes is not affected by TARBP2 knockdown. The 
broad targets of TARBP2 in the tumor angiogenesis pathway sug-
gested that TARBP2 induces tumor angiogenesis through targeting 
multiple molecules in tumor cells.

The 3′UTR plays an important role in the RBP-mediated post-
transcriptional regulation of genes.37-39 We confirmed that TARBP2 
could suppress luciferase activity through the 3′UTRs of antiangio-
genic genes and reduced their mRNA stability. It has been reported 
that the dsRBD1 and dsRBD2 domains are essential for TARBP2-
mediated double-stranded RNA substrate recognition, binding, and 
processing.34 In this study, we demonstrate that the dsRBD1/2 do-
mains are required for the degradation of antiangiogenic genes and 
tumor angiogenesis induction by truncating the domains of TARBP2. 
Many elements, such as ARE, GRE, and the stem-loop structure, are 

F I G U R E  6   TARBP2 expression was associated with increased tumor angiogenesis and poor prognosis in human cancers. A, qRT-PCR was 
used to analyze the THBS1 expression level in TARBP2-negative (n = 8) or -positive (n = 9) human lung tumors. B, C, Comparison of TARBP2 
(B) and THBS1 (C) expression between normal tissue (0) (n = 17), lung adenocarcinoma (1) (n = 139), lung carcinoid tumor (2) (n = 20), small 
cell lung carcinoma (3) (n = 6), and squamous cell lung carcinoma (4) (n = 21). D-F, Pearson's correlation analysis between TARBP2 and THBS1 
expression levels in log2 values in human lung adenocarcinoma (D), lung squamous cell carcinoma (E), and breast cancer patients (F). G, 
Representative images of IHC staining for TARBP2 (upper) and CD31 (middle) in human lung cancer tissues. Quantification of the number of 
CD31+ vessels per section from TARBP2-negative and TARBP2-positive lung tumor tissues (lower). H, I, Kaplan-Meier overall survival curves 
for human lung and breast cancer patients with low and high tumor TARBP2 (H) and THBS1 (I) transcripts, respectively.
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localized in the 3′UTR and responsible for mRNA turnover.40-42 Our re-
sults demonstrated that TARBP2 destabilized THBS1 by binding to the 
stem-loop structure in the 3′UTR. There are no consensus stem-loop 
sequences among the antiangiogenic genes, which further supports 
our hypothesis that TARBP2 mainly recognizes the RNA secondary 
structure in the 3′UTR. The direct binding of TARBP2 to THBS1 and 
TIMP1 were also confirmed by the high-throughput sequencing of 
RNAs isolated by a crosslinking immunoprecipitation experiment.26

Finally, TARBP2 regulating tumor angiogenesis was further con-
firmed in human lung tumor samples. Our results demonstrated that 
TARBP2 is highly expressed in human lung cancer, breast cancer, and 
liver cancer, which was negatively related to the expression of antian-
giogenic mRNAs. The strong association between high TARBP2 ex-
pression in tumor samples and poor survival of cancer patients further 
demonstrated its clinical significance. Collectively, our results identi-
fied a new tumor angiogenesis regulator and might lead to improved 
prognosis using TARBP2 as a target for antiangiogenic cancer therapy.
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