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Accumulating evidence shows that long noncoding RNA
(lncRNA) dysregulation plays a critical role in tumor angiogen-
esis. Glioma is characterized by abundant angiogenesis. Herein,
we investigated the expression and function of LINC00346 in
the regulation of glioma angiogenesis. The present study first
demonstrated that ANKHD1 (ankyrin repeat and KH domain-
containing protein 1) and LINC00346 were significantly
increased in glioma-associated endothelial cells (GECs), whereas
ZNF655 (zinc finger protein 655) was decreased in GECs. Mean-
while, ANKHD1 inhibition, LINC00346 inhibition, or ZNF655
overexpression impeded angiogenesis of GECs. Moreover,
ANKHD1 targeted LINC00346 and enhanced the stability of
LINC00346. In addition, LINC00346 bound to ZNF655 mRNA
through their Alu elements so that LINC00346 facilitated the
degradationofZNF655mRNAvia aSTAU1 (Staufen1)-mediated
mRNA decay (SMD) mechanism. Futhermore, ZNF655 targeted
the promoter region of ANKHD1 and formed an ANKHD1/
LINC00346/ZNF655 feedback loop that regulated glioma angio-
genesis. Finally, knockdown of ANKHD1 and LINC00346, com-
bined with overexpression of ZNF655, resulted in a significant
decrease in new vessels and hemoglobin content in vivo. The re-
sults identified an ANKHD1/LINC00346/ZNF655 feedback
loop in the regulation of glioma angiogenesis that may provide
new targets and strategies for targeted therapy against glioma.
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INTRODUCTION
Glioma is the most common tumor of the human central nervous
system, which is characterized by its high degree of malignancy,
high invasiveness, and poor prognosis. The median survival time
of patients with glioma is still only 12 to 18 months, despite im-
provements in surgery, radiotherapy, and chemotherapy.1

Numerous studies have shown that the formation of new blood ves-
sels is involved in the process of tumor growth and metabolism.
Thus, angiogenesis is considered to be a marker of the development
and progression of malignant tumors.2 Glioma is a solid tumor of
which the growth and metastasis are dependent on angiogenesis.3
866 Molecular Therapy: Nucleic Acids Vol. 20 June 2020 ª 2020 The A
This is an open access article under the CC BY-NC-ND license (http
Therefore, anti-angiogenesis therapy has become an effective
method for the treatment of glioma.

RNA binding proteins (RBPs) play critical roles in every step of gene
expression, especially in the regulation of transcription and post-tran-
scriptional processes.4 RBPs mediate mRNA splicing, the mainte-
nance of RNA stability, and translation through the identification
of specific mRNA components.5 Recent data suggest that RBPs are
involved in regulating the development and progression of multiple
tumors. For example, NOVA1 acts as an oncogene in melanoma
development.6 Overexpression of QKI-5 significantly decreases pro-
liferation and transformation of lung cancer cells.7 The ankyrin repeat
and KH domain-containing protein 1 (ANKHD1) is an RBP and
plays a role in the regulation of the cell cycle and transcription.8

ANKHD1 is upregulated in several tumor cells (e.g., multiple
myeloma and acute leukemia) and significantly reduces patient sur-
vival.9,10 However, the expression of ANKHD1 in glioma-associated
endothelial cells (GECs) compared with astrocyte-associated endo-
thelial cells (AECs) and the function of ANKHD1 in the regulation
of angiogenesis remain poorly defined.

Long noncoding RNAs (lncRNAs) belong to the noncoding genes
that consist of more than 200 nucleotides. Accumulating evidence
shows that lncRNAs are singularly expressed in many malignancies
and may be related to the modulation of tumor development.11 For
instance, Linc00176 is upregulated during the malignant progression
of hepatocellular carcinoma cells.12 Brain-derived neurotrophic fac-
tor-antisense (BDNF-AS) is downregulated in prostate cancer tissues
and cells and predictive of poor prognosis.13 The abnormal expres-
sion lncRNA-LINC00346 was filtered out using lncRNA microarray
analysis in our study. LINC00346 is highly expressed in bladder
uthors.
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. ANKHD1 Expression in GECs and Silencing of ANKHD1 Inhibited the Angiogenesis of GECs

(A) Immunofluorescence staining was used to detect the expression and location of ANKHD1 in GECs and AECs (red, ANKHD1; blue, 40,6-diamidino-2-phenylindole [DAPI]

nuclear staining). Scale bar, 20 mm. (B) Quantitative real-time PCR was conducted to measure the relative expression levels of ANKHD1 mRNA in AECs and GECs using

glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as an endogenous control. Data are presented as themean ± SD (n = 3, each group). *p < 0.05 versus AEC group. (C)

Western blot was used to detect ANKHD1 protein expression levels in AECs andGECs using GAPDH as an endogenous control. Data are presented as themean ± SD (n = 3,

each group). *p < 0.05 versus AEC group. (D) CCK-8 assay was conducted to evaluate the proliferation effect of overexpression or knockdown of ANKHD1 on GECs. (E)

Transwell assay was used to measure the quantification number of migration cells with overexpression or knockdown of ANKHD1. (F) Matrigel tube formation assay was

applied to determine the effect of overexpression or knockdown of ANKHD1 on the tube formation of GECs. Representative images and corresponding statistical plots are

presented. Data are presented as the mean ± SD (n = 3, each group). *p < 0.05 versus pEX-NC group; #p < 0.05 versus sh-NC group. Scale bars, 30 mm. (G and H) Western

blot analysis for ANKHD1-regulated EGFL7 (G) and ROBO4 (H) expression in GECs. The relative IDVs of EGFL7 and ROBO4 were shown using GAPDH as an endogenous

control. Data are presented as the mean ± SD (n = 3, each group). *p < 0.05 versus pEX-NC group; #p < 0.05 versus sh-NC group.
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cancer and functions as an oncogene.14 However, the expression and
function of LINC00346 in GECs remain unclear.

The Staufen1 (STAU1)-mediated mRNA decay (SMD) is involved in
the regulation of functional mRNAs and transcription.15 STAU1 is a
double-stranded RNA-binding protein that binds to the STAU1-
binding site (SBS) in the 30 untranslated region (30 UTR) of target
mRNA.16,17 UPF1 is an evolutionarily conserved and ubiquitously ex-
pressed phosphoprotein. STAU1 recruits UPF1 to mediate rapid
mRNA degradation by SMD.18

Zinc finger protein 655 (ZNF655) belongs to the Krüppel-like zinc-
finger gene family. ZNF655 regulates the cell-cycle progression of
HeLa cells.19 In this study, mRNA microarray data indicated the
differentially expressed ZNF655 in GECs treated with short hairpin
(sh)-LINC00346. However, its function in glioma angiogenesis re-
quires further investigation.

Epidermal growth factor-like domain 7 (EGFL7) and Roundabout4
(ROBO4) are both angiogenic factors that are highly expressed in
many malignant tumor tissues and cells (e.g., cervical, pancreatic,
and breast cancer20–22). EGFL7 and ROBO4 both have been recog-
nized as the biomarkers of tumor angiogenesis. Recent studies have
shown that EGFL7 and ROBO4 are both highly expressed in glioma
tissues and cells and promote glioma angiogenesis.23,24

In the present study, we investigated the expression of ANKHD1,
LINC00346, and ZNF655; their interactions in GECs; and their roles
in the regulation of glioma angiogenesis. The results of this study may
provide new targets for anti-angiogenesis therapy against glioma and
new ideas for targeted therapy.

RESULTS
ANKHD1 Is Upregulated in GECs, and Knockdown of ANKHD1

Inhibits the Angiogenesis of GECs

Immunofluorescence staining, quantitative real-time PCR and western
blot were used to detect the endogenous expression of ANKHD1.
ANKHD1 was mainly located in the cytoplasm and was significantly
increased in the GEC group (Figure 1A). The mRNA and protein
expression levels of ANKHD1 were significantly upregulated in the
GEC group (Figures 1B and 1C). A cell counting kit-8 (CCK-8) assay
was conducted to determine that overexpression of ANKHD1
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Figure 2. LINC00346 Expression in GECs and Downregulation of LINC00346 Suppressed the Angiogenesis of GECs

(A) FISH was used to detect the expression and location of LINC00346 in GECs and AECs (green, LINC00346; blue, DAPI nuclear staining). Scale bar, 20 mm. (B) Quantitative

real-time PCRwas conducted tomeasure the relative expression levels of LINC00346 in AECs and GECs using GAPDH as an endogenous control. Data are presented as the

mean ± SD (n = 3, each group). *p < 0.05 versus AEC group. (C) CCK-8 assay was conducted to evaluate the proliferation effect of overexpression or knockdown of

LINC00346 on GECs. (D) Transwell assay was used to measure the quantification number of migration cells with overexpression or knockdown of LINC00346. (E) Matrigel

tube formation assay was applied to determine the effect of overexpression or knockdown of LINC00346 on the tube formation of GECs. Representative images and

corresponding statistical plots are presented. Data are presented as the mean ± SD (n = 3, each group). *p < 0.05 versus pEX-NC group; #p < 0.05 versus sh-NC group.

Scale bars, 30 mm. (F and G) Western blot analysis for LINC00346-regulated EGFL7 (F) and ROBO4 (G) expression in GECs. The relative IDVs of EGFL7 and ROBO4 were

shown using GAPDH as an endogenous control. Data are presented as the mean ± SD (n = 3, each group). *p < 0.05 versus pEX-NC group; #p < 0.05 versus sh-NC group.
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significantly increased the viability of GECs, whereas inhibition of
ANKHD1 exhibited the opposite results (Figure 1D). A Transwell assay
was used to evaluate that overexpression of ANKHD1 significantly
increased migrating cell numbers of GECs, whereas inhibition of
ANKHD1 exhibited the opposite results (Figure 1E). A Matrigel tube
formation assay was conducted to verify that overexpression of
ANKHD1 significantly increased relative tube length and number of
branches of GECs, whereas inhibition of ANKHD1 exhibited the oppo-
site results (Figure 1F). Further, EGFL7 and ROBO4 protein expression
were significantly increased in the pEX-ANKHD1 group, whereas inhi-
bition of ANKHD1 led to a marked decrease (Figures 1G and 1H).

LINC00346 Is Upregulated in GECs, and Knockdown of

LINC00346 Inhibits the Angiogenesis of GECs

With the use of lncRNA microarray analysis and quantitative real-
time PCR, we demonstrated that LINC00346 was significantly
decreased in GECs treated with sh-ANKHD1 (Figures S1A and
S1B) so that we selected LINC00346 for research, for which the
change in expression was the most obvious. Fluorescence in situ hy-
bridization (FISH) was used to demonstrate that LINC00346 was
mainly located in the cytoplasm and was markedly upregulated in
the GEC group (Figure 2A). Further, quantitative real-time PCR
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was used to detect that LINC00346 was remarkably highly expressed
in the GEC group (Figure 2B). In addition, overexpression of
LINC00346 significantly promoted the proliferation, migration, and
tube formation of GECs, whereas inhibition of LINC00346 showed
a prominent inhibitory effect (Figures 2C–2E). In addition, EGFL7
and ROBO4 protein expression was significantly increased in the
pEX-LINC00346 group, whereas the protein expression was signifi-
cantly decreased in the sh-LINC00346 group (Figures 2F and 2G).

ANKHD1 Targets LINC00346 and Regulates the Angiogenesis of

GECs via Stabilizing LINC00346

With the use of bioinformatics databases (RBPmap), we predicted that
ANKHD1might bind toLINC00346.RNA immunoprecipitation (RIP)
results showed that the enrichment of LINC00346 was higher in the
anti-ANKHD1 group than that in the anti-immunoglobulin G (IgG)
group (Figure 3A). Meanwhile, we examined the expression of
LINC00346 in GECs transfected with ANKHD1. LINC00346 expres-
sion was significantly decreased in the sh-ANKHD1 group (Figure 3B).
Besides, the results indicated that there was no significant difference of
the relative expression of nascent LINC00346 in pEX-ANKHD1 (Fig-
ure 3C). Furthermore, we detected that the half-life of LINC00346
was significantly shortened in sh-ANKHD1, for which GECs were



Figure 3. ANKHD1 Regulated the Angiogenesis of GECs by Targeting and Stabilizing LINC00346

(A) LINC00346 was identified in the ANKHD1 complex by the RIP assay. Relative enrichment of LINC00346 was measured using quantitative real-time PCR. Data are

presented as themean ± SD (n = 3, each group). *p < 0.05 versus anti-IgG group. (B) Quantitative real-time PCR for ANKHD1-regulated LINC00346 expression in GECs. The

relative expression of LINC00346 was shown using GAPDH as an endogenous control. Data are presented as the mean ± SD (n = 3, each group). *p < 0.05 versus pEX-NC

group; #p < 0.05 versus sh-NC group. (C) Quantitative real-time PCRwas conducted to measure the expression of nascent LINC00346 in the control group, pEX-NC group,

and pEX-ANKHD1 group. (D) The graph represented the relative levels of the LINC00346 at the different actinomycin D treatment times in the control group, sh-NC group,

and sh-ANKHD1 group. (E) CCK-8 assay was conducted to evaluate the proliferation effect of ANKHD1 and LINC00346 on GECs. (F) Transwell assay was used to measure

the quantification number of migration cells with the expression of ANKHD1 and LINC00346. (G) Matrigel tube formation assay was applied to determine the effect of

ANKHD1 and LINC00346 on the tube formation of GECs. Representative images and corresponding statistical plots are presented. Data are presented as the mean ± SD

(n = 3, each group). *p < 0.05 versus control group; #p < 0.05 versus control group. Scale bars, 30 mm. (H and I) Western blot analysis for ANKHD1 combined with

LINC00346-regulated EGFL7 (H) and ROBO4 (I) expression in GECs. The relative IDVs of EGFL7 and ROBO4were shown using GAPDH as an endogenous control. Data are

presented as the mean ± SD (n = 3, each group). *p < 0.05 versus control group; #p < 0.05 versus control group.
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treated with actinomycin D (Figure 3D).Moreover, simultaneous over-
expression of ANKHD1 and LINC00346 significantly increased the
proliferation,migration, and tube formationofGECs, and simultaneous
inhibitionofANKHD1andLINC00346 showedaprominent inhibitory
effect, whereas there were no significant changes in glioma angiogenesis
in the pEX-ANKHD1 + sh-LINC00346 group and sh-ANKHD1 +
pEX-LINC00346 group (Figures 3E–3G). Further, simultaneous over-
expression of ANKHD1 and LINC00346 significantly increased
EGFL7 and ROBO4 protein expression, and simultaneous inhibition
of ANKHD1 and LINC00346 significantly decreased the protein
expression, whereas there were no significant changes in the protein
expression in the pEX-ANKHD1 + sh-LINC00346 group and sh-
ANKHD1 + pEX-LINC00346 group (Figures 3H and 3I).

ZNF655 Is Downregulated in GECs, and Overexpression of

ZNF655 Inhibits the Angiogenesis of GECs

With the use of mRNAmicroarray analysis and quantitative real-time
PCR, we verified that ZNF655 was significantly increased in GECs
treated with sh-linc00346 (Figures S1C and S1D), so that we selected
ZNF655 for research. ZNF655 was found to be located in both nucleus
and cytoplasm in the cells and was decreased in GECs (Figure 4A).
Also, ZNF655 mRNA and protein expression both exhibited low
expression levels in GECs (Figures 4B and 4C). Further, overexpres-
sion of ZNF655 significantly inhibited the proliferation, migration,
and tube formation of GECs, whereas inhibition of ZNF655 showed
the opposite results (Figures 4D–4F). Moreover, EGFL7 and
ROBO4 protein expression was significantly decreased in the
ZNF655+ group, whereas the protein expression was significantly
increased in the ZNF655� group (Figures 4G and 4H).

LINC00346 Binds to STAU1 and Involves SMD to Promote the

Degradation of ZNF655 mRNA by Targeting ZNF655 mRNA and

Forming the SBS

With the use of IntaRNA software, we analyzed that ZNF655 mRNA-
targeted LINC00346 in a sequence-specific manner in the 30 UTR.
Dual-luciferase gene reporter assays were conducted to demonstrate
the interaction between LINC00346 and ZNF655 mRNA. Two putative
binding siteswere identified inZNF655mRNA.The luciferase activity in
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Figure 4. ZNF655 Was Lowly Expressed in GECs, and Overexpression of ZNF655 Restrained the Angiogenesis of GECs

(A) Immunofluorescence staining was used to detect the expression and location of ZNF655 in GECs and AECs (green, ZNF655; blue, DAPI nuclear staining). Scale bar,

20 mm. (B) Quantitative real-time PCR was conducted to measure the relative expression levels of ZNF655 mRNA in AECs and GECs. Data are presented as the mean ± SD

(n = 3, each group). *p < 0.05 versus AEC group. (C) Western blot was used to detect ZNF655 protein expression levels in AECs and GECs. Data are presented as the mean ±

SD (n = 3, each group). *p < 0.05 versus AEC group. (D) CCK-8 assay was conducted to evaluate the proliferation effect of overexpression or knockdown of ZNF655 on

GECs. (E) Transwell assay was used to measure the quantification number of migration cells with overexpression or knockdown of ZNF655. (F) Matrigel tube formation assay

was applied to determine the effect of overexpression or knockdown of ZNF655 on the tube formation of GECs. Representative images and corresponding statistical plots

are presented. Data are presented as the mean ± SD (n = 3, each group). *p < 0.05 versus ZNF655 (+)-NC group; #p < 0.05 versus ZNF655�-NC group. Scale bars, 30 mm.

(G and H) Western blot analysis for ZNF655-regulated EGFL7 (G) and ROBO4 (H) expression in GECs. The relative IDVs of EGFL7 and ROBO4 were shown using GAPDH as

an endogenous control. Data are presented as the mean ± SD (n = 3, each group). *p < 0.05 versus ZNF655+-NC group; #p < 0.05 versus ZNF655�-NC group.
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the ZNF655-wild-type (WT) + LINC00346 group was significantly
reduced comparedwith that in the ZNF655-WT+ LINC00346-negative
control (NC) group, whereas the luciferase activity in the ZNF655-
mutant (Mut) groups were not affected (Figure 5A). However, the lucif-
erase assaysZNF655-WT1+LINC00346 did not influence the luciferase
activity (Figures S2A and S2B). The results support the hypothesis that
there is a putative-targeted combination between LINC00346 and
ZNF655 mRNA 30 UTR. RIP and RNA pull-down results further clari-
fied the combination of LINC00346 and ZNF655 mRNA (Figures 5B
and 5C). Furthermore, RIP results proved that LINC00346 and
ZNF655 mRNA were both combined with STAU1 (Figures 5D and
5E). In addition, the half-life of ZNF655 mRNA was prolonged in
GECs, respectively, treated with sh-LINC00346, STAU1�, or UPF1�

(Figures 5F–5H). Moreover, immunofluorescence staining was used to
detect the observably highly expressed ZNF655 in the sh-LINC00346
group compared with the sh-NC group (Figure 5I). Then, we demon-
strated that ZNF655 protein expression was significantly increased in
the sh-LINC00346 group (Figure 5J). Besides, ZNF655 protein expres-
870 Molecular Therapy: Nucleic Acids Vol. 20 June 2020
sion was significantly increased in the STAU1� and UPF1� group,
respectively (Figures 5K and 5L). Moreover, ZNF655 protein exhibited
a high expression, and the half-life of ZNF655 mRNA was dramatically
prolonged in the sh-LINC00346+ STAU1� group (Figures 5Mand5N).

LINC00346 Interacts with ZNF655 to Regulate the Angiogenesis

of GECs

The results showed that the proliferation, migration, and tube forma-
tion of GECs were significantly increased in the pEX-LINC00346 +
ZNF655� group and decreased in the sh-LINC00346 + ZNF655+

group, whereas there were no significant changes in the pEX-
LINC00346 + ZNF655+ group and sh-LINC00346 + ZNF655� group
(Figures 6A–6C). Besides, the EGFL7 and ROBO4 protein expression
was significantly increased in the pEX-LINC00346 + ZNF655� group
and decreased in the sh-LINC00346 + ZNF655+ group, whereas there
were no significant changes in the protein expression in the
pEX-LINC00346 + ZNF655+ group and sh-LINC00346 + ZNF655�

group (Figures 6D and 6E).



Figure 5. LINC00346 Combined with ZNF655 and Promoted the ZNF655 mRNA Degradation via SMD

(A) The predicted LINC00346 binding site in ZNF655 (ZNF655-WT) and/or the designed mutant sequence (ZNF655-Mut) were indicated. Luciferase reporter assay of

HEK293T cells cotransfected with ZNF655-WT or ZNF655-Mut and LINC00346 or the LINC00346-NC. Data are presented as the mean ± SD (n = 3, each group). *p < 0.05

versus ZNF655-WT + LINC00346-NCgroup. (B) LINC00346was identified in the ZNF655 complex. Relative enrichment of LINC00346wasmeasured using quantitative real-

time PCR. Data are presented as the mean ± SD (n = 3, each group). *p < 0.05 versus anti-IgG group. (C) RNA pull-down determined that ZNF655 combined with

LINC00346. ZNF655 and GAPDH protein levels in immunoprecipitation with LINC00346 were detected via western blots, and the expression levels of ZNF655 and GAPDH

proteins were shown. (D and E) RIP assay confirmed that STAU1 bound to both LINC00346 (D) and ZNF655 (E). Relative enrichment of LINC00346 and ZNF655 mRNA was

evaluated using quantitative real-time PCR. Data are presented as the mean ± SD (n = 3, each group). *p < 0.05 versus anti-IgG group. (F–H) The graphs, respectively,

represented the different relative levels of the ZNF655 mRNA at the different actinomycin D treatment times. The groups were divided into the following: (F) control group, sh-

NC group, and sh-LINC00346 group; (G) control group, STAU1�-NC group, and STAU1� group; and (H) control group, UPF1�-NC group, and UPF1� group. (I) Effect of

LINC00346 on the expression of ZNF655 by immunofluorescence staining. ZNF655 (green) labeled with secondary antibody against ZNF655 antibody; nuclei (blue) are

labeled with DAPI. Images are representative of 3 independent experiments. Scale bar, 30 mm. (J) Western blot analysis for LINC00346-regulated ZNF655 expression in

GECs. (K) Western blot analysis for STAU1-regulated ZNF655 expression in GECs. (L) Western blot analysis for UPF1-regulated ZNF655 expression in GECs. (M) Western

blot analysis for LINC00346 combined with STAU1-regulated ZNF655 expression in GECs. The relative IDVs of ZNF655 were shown using GAPDH as an endogenous

control. Data are presented as themean ±SD (n = 3, each group). (J) *p < 0.05 versus pEX-NC group; #p < 0.05 versus sh-NC group; (K) *p < 0.05 versus STAU1�-NC group;

(L) *p < 0.05 versus UPF1�-NC group; and (M) *p < 0.05 versus sh-NC + STAU1�-NC group. (N) The graph represents the relative levels of the ZNF655mRNA at the different

actinomycin D treatment times in the control group, pEX-NC + STAU1�-NC group, pEX-LINC00346 + STAU1� group, sh-NC + STAU1�-NC group, and sh-LINC00346 +

STAU1� group.
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ZNF655 Inhibits ANKHD1 Expression via Targeting Its Promoter

Region and Forms the ANKHD1/LINC00346/ZNF655 Feedback

Loop

Chromatin immunoprecipitation (ChIP) assays were performed to
verify whether ZNF655 could bind to the promoter region of
EGFL7, ROBO4, and ANKHD1, respectively. With the search
for bioinformatic database Wilmer Bioinformatics, we predicted
a potential binding site within the promoter region of EGFL7,
ROBO4, and ANKHD1, and the individual putative ZNF655 bind-
ing sites were identified by scanning the DNA sequence in the
2,000-bp region upstream and 200-bp region downstream of the
transcription start site (TSS). In the meantime, we respectively
amplified the 1,000-bp-upstream region of the individual putative
ZNF655 binding sites on EGFL7, ROBO4, and ANKHD1 as the
Molecular Therapy: Nucleic Acids Vol. 20 June 2020 871
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Figure 6. ZNF655 Reversed the Promotion Effect of LINC00346 in the Regulation of Angiogenesis of GECs

(A) A CCK-8 assay was conducted to evaluate the proliferation effect of LINC00346 and ZNF655 on GECs. (B) Transwell assay was used to measure the quantification

number of migration cells with the expression of LINC00346 and ZNF655. (C) Matrigel tube formation assay was applied to determine the effect of LINC00346 and ZNF655

on the tube formation of GECs. Representative images and corresponding statistical plots are presented. Data are presented as the mean ± SD (n = 3, each group). *p < 0.05

versus control group; #p < 0.05 versus control group. Scale bars, 30 mm. (D and E) Western blot analysis for LINC00346 bound to ZNF655-regulated EGFL7 (D) and ROBO4

(E) expression in GECs. The relative IDVs of EGFL7 and ROBO4 were shown using GAPDH as an endogenous control. Data are presented as the mean ± SD (n = 3, each

group). *p < 0.05 versus control group; #p < 0.05 versus control group.
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corresponding negative control. The results demonstrated that
there was a direct association of ZNF655 with the putative binding
site of EGFL7, the putative binding site of ROBO4, and the puta-
tive binding site of ANKHD1, respectively, whereas there was no
association of ZNF655 with all of the control regions (Figures
7A–7C). Also, we used quantitative real-time PCR to, respectively,
detect the relative DNA enrichment of EGFL7, ROBO4, and,
ANKHD1 (Figure 7D). Meanwhile, luciferase reporter assays veri-
fied that ZNF655 inhibited the transcription of EGFL7, ROBO4,
and ANKHD1 by binding to their promoter region, respectively
(Figures 7E–7G). In addition, EGFL7, ROBO4, and ANKHD1
mRNA expression was significantly decreased in the ZNF655+

group compared with the ZNF655+-NC group, whereas the oppo-
site results were shown in the ZNF655� group (Figures 7H–7J).
Besides, overexpression of ZNF655 significantly decreased
ANKHD1 protein expression (Figure 7K). Further, ZNF655 pro-
tein expression was significantly decreased in the pEX-ANKHD1
group, whereas inhibition of ANKHD1 led to a marked increase
(Figure 7L). Also, there were no significant changes in the protein
expression of ZNF655 in the pEX-ANKHD1 + sh-LINC00346
group and sh-ANKHD1 + pEX-LINC00346 group (Figure 7M).
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Knockdown of ANKHD1 and LINC00346 Combined with

Overexpression of ZNF655 Restrains Glioma Angiogenesis

In Vivo

Matrigel plug assay was conducted to further evaluate the glioma
angiogenesis in vivo. As shown in Figures 8A and 8B, the amount
of hemoglobin in the sh-ANKHD1 group, sh-LINC00346 group,
ZNF655+ group, and sh-ANKHD1 + sh-LINC00346 + ZNF655+

group was significantly decreased compared with the control group.
At the same time, the amount of hemoglobin in the sh-ANKHD1 +
sh-LINC00346 + ZNF655+ group exerted a marked decrease
compared with the sh-ANKHD1 group, sh-LINC00346 group, and
ZNF655+ group, respectively. These results demonstrate that with
the combination of ANKHD1 knockdown, LINC00346 knockdown,
and ZNF655 overexpression present, the more prominent inhibitory
effect on glioma angiogenesis in vivo.

DISCUSSION
In this study, we demonstrated that ANKHD1 was upregulated in
GECs. The knockdown of ANKHD1 impeded the GEC proliferation,
migration, and tube formation. ANKHD1 enhanced the stability of
LINC00346 and increased its expression. Inhibition of ANKHD1



Figure 7. ZNF655, Respectively, Bound to the Promoter of Target Genes and Exerted the Transcriptional Inhibitory Role

(A–C) ZNF655 targeted the promoters of EGFL7 (A), ROBO4 (B), and ANKHD1 (C) in GECs, respectively. Each transcription start site (TSS) was designated as +1. Putative

ZNF655 binding sites are illustrated, respectively. Immunoprecipitated DNA was amplified by PCR. Normal rabbit IgG was used as a negative control. (D) Quantitative real-

time PCR analysis for the enrichment value of ZNF655 immunoprecipitated chromatin was calculated by IgG immunoprecipitated chromatin as a negative control. Data are

presented as the mean ± SD (n = 3, each group). *p < 0.05 versus IgG group. (E–G) Luciferase reporter assays were conducted to detect the combination between ZNF655

and the target gene EGFL7 (E), ROBO4 (F), and ANKHD1 (G) promoter, respectively. Data are presented as themean ±SD (n = 3, each group). *p < 0.05 versus NC group. (H–

J) Quantitative real-time PCR for ZNF655, respectively, regulated EGFL7 (H), ROBO4 (I), and ANKHD1 (J) mRNA expression in GECs. Each of the relative expressions of

EGFL7, ROBO4, and ANKHD1 mRNA in GECs was shown using GAPDH as an endogenous control. Data are presented as the mean ± SD (n = 3, each group). *p < 0.05

versus ZNF655+-NC group; #p < 0.05 versus ZNF655�-NC group. (K) Western blot analysis for ZNF655-regulated ANKHD1 expression in GECs. The relative IDV of ANKHD1

was shown using GAPDH as an endogenous control. Data are presented as the mean ± SD (n = 3, each group). *p < 0.05 versus ZNF655+-NC group; #p < 0.05 versus

ZNF655�-NC group. (L) Western blot analysis for ANKHD1-regulated ZNF655 expression in GECs. The relative IDV of ZNF655 was shown using GAPDH as an endogenous

control. Data are presented as the mean ± SD (n = 3, each group). *p < 0.05 versus pEX-NC group; #p < 0.05 versus sh-NC group. (M) Western blot analysis for ANKHD1

(legend continued on next page)
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shortened the half-life of LINC00346, which was normally expressed at
high levels in GECs. The knockdown of LINC00346 inhibited the
angiogenesis of GECs. In addition, ANKHD1 targeted LINC00346,
and overexpression of LINC00346 reversed the inhibitory effect of
silencing ANKHD1 in the regulation of glioma angiogenesis.
ZNF655 exhibited low expression levels in GECs. ZNF655 overexpres-
sion suppressed GEC proliferation, migration, and tube formation.
LINC00346 specifically bound to ZNF655 mRNA via their Alu ele-
ments. Furthermore, we found that LINC00346 facilitated the degrada-
tion of ZNF655 mRNA via SMD and regulated the angiogenesis of
GECs. Moreover, ZNF655 targeted the promoter region of ANKHD1,
inhibited transcription, and formed an ANKHD1/LINC00346/
ZNF655 feedback loop that regulated glioma angiogenesis.

In the present study, we found, for the first time, that ANKHD1 was
expressed at high levels in GECs. Recent studies have indicated that
RBPs play a role in regulating tumor development. For example,
SRSF6 is upregulated in colorectal cancer (CRC) samples and cell
lines. High SRSF6 expression promotes CRC cell proliferation metas-
tasis in vitro and in vivo.25 ANKHD1 is highly expressed in human
prostate and breast cancer and significantly reduces patient survival
time.26,27 However, the function of ANKHD1 in glioma and in regu-
lating GECs is still unclear. In this study, inhibition of ANKHD1
significantly suppressed the proliferation, migration, and tube forma-
tion of GECs and reduced the expression of EGFL7 and ROBO4,
which are the biomarkers of tumor angiogenesis. This indicated
that ANKHD1 promoted angiogenesis of GECs. The above research
results indicate that ANKHD1, which is highly expressed in GECs,
plays an oncogenic role in regulating angiogenesis of glioma.

Further, we explored the target genes that were directly regulated by
ANKHD1. The microarray analysis results showed that LINC00346
was significantly decreased in GECs after downregulation of
ANKHD1. Accumulating evidence has demonstrated that lncRNA
is abnormally expressed in many malignant tumors and serves as a
molecular marker in the diagnosis and treatment of cancer.28–30

Studies have shown that the upregulated expression of LINC00346
in non-small cell lung cancer promotes the cell proliferation, whereas
inhibits the apoptosis.31 However, there has not been any research
about the expression and function of LINC00346 in glioma angiogen-
esis. The results from The Cancer Genome Atlas (TCGA) database
analysis indicated that LINC00346 is highly expressed in glioma tis-
sues, and the expression of LINC00346 is significantly, positively
correlated with the poor prognosis of glioma patients. In this study,
we found that LINC00346 was also highly expressed in GECs. The
knockdown of LINC00346 inhibited GEC proliferation, migration,
and tube formation. Our results suggest that LINC00346 acts as an
oncogene in glioma, and inhibition of LINC00346 may abrogate gli-
oma angiogenesis. In the meantime, we detected that knockdown of
ANKHD1 significantly inhibited the expression of LINC00346 in
combined with LINC00346-regulated ZNF655 expression in GECs. The relative IDV of Z

the mean ± SD (n = 3, each group). *p < 0.05 versus control group; #p < 0.05 versus
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GECs. Thus, the above results indicated that ANKHD1 facilitated gli-
oma angiogenesis by regulating LINC00346. However, the molecular
mechanism by which ANKHD1 regulates LINC00346 during the
angiogenesis associated with glioma is still unclear; therefore, the spe-
cific mechanism has attracted our attention.

In the present study, we demonstrated that the silencing of ANKHD1 in
GECs significantly reduced the half-life of LINC00346, but there was no
significant difference for the relative expression of nascent LINC00346
in pEX-ANKHD1. With the use of RBPmap bioinformatics software,
we detected a binding site between ANKHD1 and LINC00346. Mean-
while, RIP results revealed that ANKHD1 bound to LINC00346. The
biological role of this complex is carried out through its binding to
the Ago2 protein of the RNA-induced silencing complex (RISC). These
exploratoryfindings indicate thatANKHD1promotes the expressionof
LINC00346 by increasing the stability of LINC00346. Studies have
shown that RBP dysregulation, which regulates several vital processes,
such as splicing and translation of lncRNAs, enhances the stability of
lncRNAs, increasing lncRNAs expression, and regulates the malignant
behavior of tumors.32,33 Furthermore, we detected that there were no
significant changes inGECproliferation,migration, and tube formation
following overexpression of ANKHD1 combined with inhibition of
LINC00346 or inhibition of ANKHD1 combined with overexpression
of LINC00346. These indicated that therewas a reversing effect between
ANKHD1 and LINC00346 in regulating the angiogenesis of GECs.
Together, the above results suggest that ANKHD1 plays a role in the
regulation of glioma angiogenesis by targeting LINC00346 and
enhancing its stability.

We further explored the target gene ZNF655 regulated by LINC00346
via microarray analysis. Our findings indicated that ZNF655 was ex-
pressed at low levels in GECs. Overexpression of ZNF655 significantly
inhibited GEC proliferation, migration, and tube formation, which
indicated that ZNF655 inhibited glioma angiogenesis. In addition,
knockdown of LINC00346 in GECs notably increased the expression
of ZNF655. Therefore, the regulatory mechanism of LINC00346 on
the target gene ZNF655 has aroused our interest. Furthermore, we
explored that inhibition of LINC00346 increased the half-life of
ZNF655 mRNA. These results fully show that LINC00346 can reduce
the stability of ZNF655 and promote its mRNA degradation.

We further investigated the mechanism by which LINC00346 pro-
moted the degradation of ZNF655 mRNA. Recent studies show that
the SMD mechanism plays a role in the regulation of mRNA degrada-
tion mediated by STAU1. STAU1 regulates mRNA degradation by
binding to the SBS of target mRNA 30 UTR.34–36 The formation of
the SBS can be divided into two types: (1) intramolecular base pairing
through the 30 UTR of the target mRNA or the Alu element in the 30

UTR of the target mRNA and (2) specific recognition and pairing of
the Alu element between lncRNAs and the 30 UTR of the target
NF655 was shown using GAPDH as an endogenous control. Data are presented as

control group.



Figure 8. ANKHD1 and LINC00346 Knockdown

Combined with ZNF655 Overexpression

Suppressed Glioma Angiogenesis In Vivo

(A) The coeffect of ANKHD1, LINC00346, and ZNF655 on

the glioma angiogenesis in vivo was detected by Matrigel

plug assay. (B) The amount of hemoglobin was evaluated

after the combination of ANKHD1, LINC00346, and

ZNF655. Data are presented as the mean ± SD (n = 3,

each group). *p < 0.05 versus control group; #p < 0.05

versus sh-ANKHD1 group; &p < 0.05 versus sh-

LINC00346 group; Dp < 0.05 versus ZNF655 (+) group.

(C) Schematic illustration of the mechanism of the

ANKHD1/LINC00346/ZNF655 feedback loop in the

regulation of glioma angiogenesis.
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mRNA.37–39 For example, HOXA11-AS promotes KLF2mRNA degra-
dation via SMD, which regulates the cell cycle and metastasis of gastric
cancer cells.40 In this study, we used RepeatMasker software to deter-
mine whether Alu elements were present in both LINC00346 and 30

UTR of ZNF655 mRNA. At the same time, we used IntaRNA software
to predict the base-pairing sequence between LINC00346 and ZNF655
mRNA 30 UTR. Furthermore, dual-luciferase gene reporter assays were
conducted to verify the interaction between LINC00346 and ZNF655
mRNA via their Alu elements and confirm that ZNF655 is a target
of LINC00346. In addition, RIP and RNA pull-down results demon-
strated that LINC00346 and ZNF655 mRNA were both bound to
STAU1. Moreover, knockdown of STAU1 and UPF1 significantly up-
regulated ZNF655 protein levels and prolonged the ZNF655 mRNA
half-life. In the meanwhile, we demonstrated that knockdown of
STAU1 reversed the effect of overexpression of LINC00346 on
ZNF655 protein expression and half-life of ZNF655 mRNA. The above
results indicated that LINC00346 and ZNF655mRNAwere specifically
recognized and paired through their Alu elements, which formed an
SBS to bind to STAU1. STAU1 recruited and bound to UPF1, which
triggered ZNF655mRNA degradation through SMD and regulated gli-
oma angiogenesis. Furthermore, the results showed that simultaneous
overexpression or inhibition of LINC00346 and ZNF655 caused no sig-
nificant alteration in the proliferation, migration, and tube formation of
GECs. These results showed that ZNF655 could reverse the promotion
effect of LINC00346 in the regulation of glioma angiogenesis. In sum-
Molecular T
mary, we explored that LINC00346 can mediate
the degradation of ZNF655 mRNA via SMD,
thereby promoting glioma angiogenesis.

Previous studies have indicated that transcrip-
tion factors regulate target gene expression by
binding to their promoters. TEAD4 increases
the expression of A3B by binding to its pro-
moter in esophageal cancer cells.41 SNAI1 binds
to the promoter of E-cadherin and inhibits its
transcription in breast cancer cells.42 With the
use of the Wilmer Bioinformatics database, we
identified a potential binding site within the
promoter region of EGFL7, ROBO4, and
ANKHD1 for the transcription factor ZNF655. Furthermore, ChIP
assays confirmed that ZNF655 directly bound to a specific sequence
in the promoters of these three genes. In addition, luciferase reporter
assays showed that ZNF655 markedly reduced the EGFL7, ROBO4,
and ANKHD1 promoter activity. Furthermore, ZNF655 overexpres-
sion led to decreased EGFL7, ROBO4, and ANKHD1 mRNA and
protein expression levels. These results demonstrated that ZNF655
has a transcriptional inhibitory role, which decreased the expression
of ANKHD1 in GECs. In this study, we also determined that the in-
hibition of ANKHD1 or the simultaneous inhibition of ANKHD1
and LINC00346 significantly upregulated ZNF655 expression.
Thus, ZNF655 is part of an ANKHD1/LINC00346/ZNF655 feedback
loop, which plays an important role in the regulation of glioma angio-
genesis. The mechanism is schematically presented in Figure 8C.

Finally, we measured the ability of glioma angiogenesis in vivo using a
Matrigel plug assay. Accumulating evidence shows that the Matrigel
plug assay can reflect the ability of angiogenesis in vivo.43,44 Thus, in
our research, it will be interesting to explore the use of an ANKHD1
or LINC00346 inhibitor, a ZNF655 agonist, or their combination as
potential therapeutic agents against glioma.

In summary, the present study is the first demonstration of endogenous
expression of ANKHD1, LINC00346, and ZNF655 in GECs. Then we
detected the interactions among ANKHD1, LINC00346, and ZNF655
herapy: Nucleic Acids Vol. 20 June 2020 875
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in GECs. Our exploratory study found that ANKHD1 binds and en-
hances the stability of LINC00346 and upregulates its expression.
Meanwhile, LINC00346 mediates the degradation of ZNF655 mRNA
via SMD. Further, ZNF655 directly binds to the ANKHD1 promoter
region and exerts a transcriptional repression effect so that we identi-
fied an ANKHD1/LINC00346/ZNF655 feedback loop in the regulation
of glioma angiogenesis. In this study, we examined that the innovative
molecular network formed by ANKHD1, LINC00346, ZNF655,
EGFL7, and ROBO4 regulates glioma angiogenesis from multiple di-
mensions by detecting expression levels, investigating cell functions,
analyzing interactions between target genes, and verifying at the in vivo
level. The results of this study provide new theoretical and experimental
evidence for the development of glioma and new targets and strategies
for anti-angiogenesis therapy against glioma.

MATERIALS AND METHODS
Cell Culture

Human glioblastoma cell line U87 and human embryonic kidney 293T
(HEK293T) cells were purchased from Shanghai Institutes for Biolog-
ical Sciences Cell Resource Center. Primary normal human astrocytes
(NHAs) were purchased from the ScienCell Research Laboratories
(Carlsbad, CA, USA), and the immortalized human cerebral microvas-
cular EC line hCMEC/D3 was acquired from Dr. Couraud (Institute
Cochin, Paris, France). Glioma conditioned medium was obtained
from the U87 glioblastoma cells, and the ECs and astrocytes condi-
tioned medium were obtained from the NHA cells and the ECs. We
cultured U87 cells, HEK293T cells, NHA cells, and ECs and obtained
glioma conditioned medium and astrocytes conditioned medium as
previously described.45 For details, see Supplemental Materials and
Methods. Then we got the GECs for the subsequent experiments.

FISH

FISH assays were performed as previously described.46 For identifica-
tion of ANKHD1, LINC00346, and ZNF655 rearrangement in GECs,
the ANKHD1 probe (green-labeled; ShineGene Molecular Biotech,
Shanghai, China), LINC00346 probe (green-labeled; GenePharma,
Shanghai, China), and ZNF655 probe (green-labeled; ShineGene Mo-
lecular Biotech, Shanghai, China) were used. Also see Supplemental
Materials and Methods for details.

Quantitative Real-Time PCR

Total RNA was extracted from AECs and GECs using Trizol reagent
(Life Technologies, Carlsbad, CA, USA). See Supplemental Materials
and Methods for details.

Human lncRNA and mRNA Microarray Analysis

For the lncRNA and mRNA analysis, sample preparation and micro-
array hybridization were performed by Kangchen Bio-tech (Shanghai,
China).

Plasmid Construction and Cell Transfection

Plasmid construction and cell transfection were performed as previ-
ously described.46 For details, see Supplemental Materials and
Methods.
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Cell Proliferation Assay

CCK-8 assay (Dojin, Japan) was conducted to detect the proliferation
of GECs. For details, also see Supplemental Materials and Methods.

Cell Migration Assay

The migration of GECs in vitro was determined using the 24-well
chambers with an 8-mm pore size (Corning, USA). Also see Supple-
mental Materials and Methods for details.

Tube Formation Assay

Matrigel tube formation assay was performed to evaluate endothelial
tube formation in vitro as previously described.45 For details, see Sup-
plemental Materials and Methods.

Western Blot Analysis

Western blot was performed as previously described.46 For details and
antibodies used, see Supplemental Materials and Methods.

Nucleus-Cytoplasm Separation Assay

The nucleus and cytoplasm fractions of GECs were separated by using
the RNA and protein isolation (PARIS) Kit (Invitrogen, Carlsbad,
CA, USA). The extracted lysates of nucleus and cytoplasm were
stored at �80�C for further study. The RNA and protein in the nu-
cleus and cytoplasm of GECs were extracted. Further, ANKHD1
mRNA, LINC00346, and ZNF655 mRNA were detected by quantita-
tive real-time PCR. ANKHD1 and ZNF655 protein were detected by
western blot. For details, see Supplemental Materials and Methods.

Immunofluorescence Assay

Immunofluorescence assay was performed as previously described.47

For details and antibodies used, see Supplemental Materials and
Methods.

Reporter Vector Constructs and Luciferase Reporter Assay

The putative LINC00346 binding site of the ZNF655 30 UTR sequence
and the respective putative ZNF655 mRNA binding site of EGFL7,
ROBO4, and ANKHD1 mRNA were amplified by PCR and cloned
into a pmirGLODual-Luciferase Target Expression Vector (Promega,
Madison, WI, USA) to construct a luciferase reporter vector (Gene-
Pharma). Luciferase assays were performed as previously described.46

Also see Supplemental Materials and Methods for details.

RIP

RIP assay was conducted as previously reported.46 See Supplemental
Materials and Methods for details.

RNA Pull-Down

RNA pull-down assay was performed as previously described.46 Also
see Supplemental Materials and Methods for details.

RNA Stability Measurement

RNA stability measurement was conducted as previously described.46

See Supplemental Materials and Methods for details. Actinomycin D
(5 mg/mL final concentration) was used to treat the transfected and



www.moleculartherapy.org
untransfected cells as control and then, respectively, we collected the
total RNA of target genes at different time points and analyzed their
half-life using quantitative real-time PCR.

Click-iT Capture Nascent RNA

Click-iT Nascent RNA Capture Kit (Invitrogen) was conducted to la-
bel and capture newly synthesized RNA as previously reported.48 In
brief, 5-ethymyl uridine (EU) was used to label the newly synthesized
RNA, and streptavidin magnetic beads were conducted to isolate the
nascent RNA. Then we used quantitative real-time PCR to detect the
expression of the nascent RNA.

ChIP Assay

The SimpleChIP Enzymatic Chromatin IP Kit (Cell Signaling Tech-
nology, Danvers, MA, USA) was used for ChIP assays, according to
the instructions provided by the manufacturer. In a nutshell, cells
were crosslinked with 1% formaldehyde. The lysis buffer was used
to lyse the cells, and then the micrococcal nuclease was used to digest
the chromatin. Immunoprecipitates were incubated with 3 mg of anti-
ZNF655 or normal rabbit IgG, followed by immunoprecipitating with
Protein G agarose beads at 4�C with gentle shaking overnight. 2% al-
iquots of lysates were used as an input control and stored at �20�C.
5 M NaCl and proteinase K were used to reverse the DNA crosslink,
and the ChIP DNA was finally purified. Immunoprecipitated DNA
was amplified by PCR using the specific primers (as Table S1).
ChIP-qPCR analysis of DNA immunoprecipitated was used to quan-
tify the relative DNA enrichment. Thermocycling conditions were
95�C for 3 min (enzyme activation), followed by 40 cycles at 95�C
for 15 s and 60�C for 30 s. The enrichment percentage of DNA enrich-
ment was calculated by 2%� 2 (C[T]input sample � C[T]IP sample) method,
where C[T] is threshold cycle of PCR reaction.

In Vivo Matrigel Plug Assay

The Matrigel plug assay was used to evaluate the glioma angiogenesis
as previously described.45 For details, see Supplemental Materials and
Methods.

Statistical Analysis

Data are presented as mean ± standard deviation (SD). SPSS 22.0 sta-
tistical software (IBM, New York, NY, USA) with the Student’s t test
or one-way analysis of variance, followed by Bonferroni’s post-test,
was used to measure all statistical analyses. Differences were consid-
ered to be significant when p <0.05.

SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.
1016/j.omtn.2020.05.004.
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