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Long non‑coding RNA NEAT1 induced 
by BHLHE40 activates Wnt/β‑catenin signaling 
and potentiates colorectal cancer progression
Anlong Ji1†, Hui Li2†, Xiangwei Fu1, Yourong Zhang1 and Yanhe Liu1* 

Abstract 

Background  Nuclear-enriched abundant transcript 1 (NEAT1), a long noncoding RNA (lncRNA), has been implicated 
in the colorectal cancer (CRC) progression. However, its upstream mechanism has not been well studied. In the pre-
sent study, the functions and mechanisms of NEAT1 in CRC were investigated.

Methods  The NEAT1 expression in CRC tissues and CRC cells was analyzed by RT-qPCR. The genes co-expressed 
with NEAT1 in CRC were obtained from UALCAN, which were intersected with the transcription factors targeting 
NEAT1 from hTFtarget. Dual-luciferase assay, RT-qPCR, and ChIP were conducted to analyze the transcriptional regula-
tory relationship between BHLHE40 and NEAT1. LoVo and HCT-15 cells knocking down BHLHE40 and overexpressing 
NEAT1 were subjected to MTT, Transwell, Western blot, and flow cytometry to examine the malignant aggressiveness 
of CRC cells. The effects of knocking down BHLHE40 and overexpressing NEAT1 on tumor and lung metastasis were 
investigated in mice using HE and immunohistochemical analyses.

Results  NEAT1 and BHLHE40 were significantly overexpressed in CRC tissues and cells. BHLHE40 has a binding 
relationship with the NEAT1 promoter. Knockdown of BHLHE40 resulted in a reverted malignant phenotype in vitro 
and slowed tumor growth and metastasis dissemination in vivo, which were reversed by NEAT1 overexpression. Over-
expression of BHLHE40 increased Wnt/β-catenin pathway activity, but knockdown of NEAT1 decreased Wnt/β-catenin 
pathway activity.

Conclusions  BHLHE40 mediates the transcriptional activation of NEAT1, which activates the Wnt/β-catenin pathway 
and promotes the CRC progression.
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Background
Colorectal cancer (CRC) accounts for about 10% of all 
annually diagnosed cancers and cancer-related deaths 
in the world range [1]. Due to improvements in treat-
ment regimens, including colectomy, chemotherapy, 
and immunotherapy, the overall 5 year survival for CRC 
patients is approximately 64% [2]. However, more than 
one-half of all diagnoses and deaths are attributable to 
modifiable risk factors, such as smoking, an unhealthy 
diet, alcohol overconsumption, physical inactivity, and 
excess body weight [3]. Even though inherited genetic 
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susceptibility has a vital role in some CRC cases, the 
majority of CRC cases are sporadic and non-inherited 
[4]. Therefore, elucidating the molecular mechanisms 
behind the development and progression of CRC is of 
crucial importance. Epithelial-mesenchymal transition 
(EMT) is a process during which cells lose their epithe-
lial characteristics and gain mesenchymal properties, 
and EMT has an indispensable role in tumor progression 
and metastasis in CRC [5]. Hence, the exploration of bio-
molecules related to EMT is helpful for the treatment of 
CRC.

Noncoding RNAs (ncRNA) are a group of transcripts 
that are coded by the genome but are generally not trans-
lated into proteins [6]. Among them, long ncRNAs (lncR-
NAs) play key roles in mediating chromatin dynamics, 
gene expression, growth, and development of cancers, 
including CRC [7]. LncRNAs have been summarized 
to control cell proliferation, cell migrative, and invasive 
ability, as well as EMT in CRC [8]. The nuclear-enriched 
abundant transcript 1 (NEAT1) is a lncRNA that is 
enhanced in various human cancers and encourages cell 
growth, migration, and invasion [9]. For instance, NEAT1 
has been reported to promote melanoma progression 
by activating EMT and immune responses [10]. More 
relevantly, NEAT1 has been verified to participate in 
CRC development and progression by acting as a com-
peting endogenous RNA [11]. Interestingly, NEAT1 has 
been verified to activate the Wnt/β-catenin signaling to 
promote the progression of CRC and osteoarthritis [12, 
13]. Indeed, the Wnt signaling pathway is closely related 
to cancer cell proliferation, heterogeneity, and EMT/
migration/invasion/metastasis [14, 15]. Therefore, we 
also wondered whether the effects of NEAT1 on EMT 
in CRC were elicited through the Wnt/β-catenin signal-
ing. In addition, NEAT1 expression has been revealed 
to be regulated by a signal transducer and activator of 
transcription 3, a transcription factor [16]. According to 
this finding, we anticipated that the expression of NEAT1 
in CRC was controlled by a transcription factor. Class E 
basic helix-loop-helix protein 40 (BHLHE40) was thus 
identified as an upstream modifier of NEAT1 in the pre-
sent study using an integrated bioinformatics prediction. 
Based on the above reports, we explored here the role 
and mechanism of NEAT1 in the EMT of CRC.

Results
High expression of NEAT1 is identified in CRC tissues 
and cells
By UALCAN (http://​ualcan.​path.​uab.​edu/​index.​html), we 
verified the high expression of NEAT1 in patients with 
colon adenocarcinoma (COAD) and rectum adenocarci-
noma (READ) (Fig.  1A). RT-qPCR analysis showed that 
NEAT1 expression was significantly upregulated in CRC 

tissues relative to their adjacent tissues (n = 54) (Fig. 1B). 
Consistently, NEAT1 expression was higher in CRC cell 
lines than that in HCoEpiC cells (n = 3) (Fig. 1C).

BHLHE40 mediates the transcription of NEAT1 in CRC cells
To investigate the upstream mechanisms responsible 
for high NEAT1 expression in CRC, we obtained genes 
co-expressed with NEAT1 in both COAD and READ in 
UALCAN (positively correlated genes, heatmaps show 
the top 25 genes with the highest correlation) (Fig. 2A). 
These genes were intersected with the transcription 
factors targeting NEAT1 downloaded from hTFtarget 
(http://​bioin​fo.​life.​hust.​edu.​cn/​hTFta​rget/#!/). There 
were 8 intersecting transcription factors: BHLHE40, 
EGR1, CCNT2, FOS, BTAF1, ZNF236, EZH1, and DDX5 
(Fig. 2B). The expression of these eight transcription fac-
tors in CRC was analyzed in UALCAN, and the results 
are presented in Fig.  2C. Among the transcription fac-
tors, only BHLHE40 was highly expressed in both COAD 
and READ (Fig.  2D). We therefore hypothesized that 
BHLHE40, which is highly expressed in CRC, is the key 
reason for the high expression of NEAT1 in CRC, and 
selected BHLHE40 as a potential regulator of NEAT1 for 
further analysis.

The binding fragment of BHLHE40 on the NEAT1 
promoter with the highest score was obtained from 
hTFtarget (Fig.  2E). RT-qPCR detected significant high 
expression of BHLHE40 in the CRC tissues (n = 54) and 
cells (n = 3) (Fig. 2F, G). LoVo cells and HCT-15 cells with 
relatively higher BHLHE40 expression were infected with 
lentivirus sh-BHLHE40 1#, 2#, and 3#, and sh-BHLHE40 
1# with the best infection efficiency was selected for the 
following assays (Fig. 2H). Significantly reduced NEAT1 
expression was observed using RT-qPCR after the knock-
down of BHLHE40 in LoVo and HCT-15 cells (Fig.  2I). 
According to the dual luciferase activity assay, the knock-
down of BHLHE40 contributed to a significant reduc-
tion in NEAT1 transcription and a decrease in luciferase 
activity (Fig. 2J). In addition, ChIP assays were performed 
as well, and the results showed that BHLHE40 bound to 
the promoter region of NEAT1 in CRC cells (Fig. 2K).

Silencing of BHLHE40 reverts the malignant phenotype 
of CRC cells via NEAT1
To investigate whether the involvement of BHLHE40 in 
CRC progression was elicited through NEAT1, we con-
ducted rescue experiments by overexpressing NEAT1 
after knocking down BHLHE40 in LoVo and HCT-15 
cells. RT-qPCR results showed that the infection of 
NEAT1 overexpression was successful (Fig.  3A). MTT 
assay showed a significant decrease in cell viability in 
sh-BHLHE40-transfected LoVo and HCT-15 cell lines, 
but overexpression of NEAT1 increased cell viability 

http://ualcan.path.uab.edu/index.html
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(Fig.  3B). Transwell assays showed that depletion of 
BHLHE40 resulted in a significant reduction in cell 
migration and invasion, but oe-NEAT1 promoted cell 
migration and invasion (Fig. 3C, D). It was found by west-
ern blot assays that knockdown of BHLHE40 resulted 
in elevated levels of E-cadherin and reduced levels of 
N-cadherin and Vimentin in cells, and overexpression of 
NEAT1 promoted the EMT event (Fig. 3E). Finally, CRC 
cell apoptosis was evaluated using flow cytometry. We 
observed elevated apoptosis in BHLHE40-silenced cells 
and inhibition of apoptosis by oe-NEAT1 (Fig. 3F).

Depletion of BHLHE40 slows tumor growth and lung 
metastasis via NEAT1
We then performed in  vivo experiments by inject-
ing HCT-15 cells after infection into nude mice 

subcutaneously. The sh-BHLHE40 group demonstrated 
significantly inhibited tumor growth compared to the 
sh-NC group, but oe-NEAT1 significantly promoted 
tumor growth (Fig.  4A). It was observed using immu-
nohistochemical analysis that BHLHE40 and Ki-67 
expression was significantly reduced in tumor tissues 
in the sh-BHLHE40 group, and NEAT1 increased the 
expression of Ki-67 without the alteration of BHLHE40 
(Fig.  4B). We also injected HCT-15 cells after infection 
into the tail veins of mice to evaluate metastasis in vivo. 
HE staining showed that the sh-BHLHE40 group had 
reduced lung metastasis and NEAT1 increased lung 
metastasis (Fig.  4C). Western blot detected that sh-
BHLHE40 inhibited the expression of BHLHE40 as 
well as metastasis-associated markers Vimentin, and 
N-cadherin, and promoted the expression of E-cadherin 

Fig. 1  NEAT1 is highly expressed in human CRC tissues and cell lines. A High expression of NEAT1 in COAD and READ patients in UALCAN. B 
Detection of NEAT1 expression in CRC tissues and adjacent tissues by RT-qPCR (n = 54). C Expression of NEAT1 in CRC cell lines and HCoEpiC cells 
by RT-qPCR. Results were expressed as magnitude of relative expression (means ± SD) from three independent experiments. B Paired t-test; C 
one-way ANOVA. *p < 0.05
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Fig. 2  BHLHE40 mediates the transcription of NEAT1 in CRC cells. A Genes co-expressed with NEAT1 in CRC were obtained from UALCAN. B The 
intersection of genes co-expressed with NEAT1 in COAD and READ and the transcription factors targeting NEAT1 downloaded from hTFtarget. C 
The expression of these eight transcription factors in CRC was analyzed in the UALCAN. D The expression of BHLHE40 in both COAD and READ. 
E The binding fragment of BHLHE40 on the NEAT1 promoter with the highest score. F RT-qPCR detection of BHLHE40 expression in CRC tissues 
and adjacent tissues by RT-qPCR (n = 54). G Expression of NEAT1 in CRC cell lines and HCoEpiC cells by RT-qPCR. H Knockdown efficiency 
of BHLHE40 by RT-qPCR. I RT-qPCR detection of NEAT1 expression after knockdown of BHLHE40 in LoVo and HCT-15 cells. J Changes in luciferase 
activity after knockdown of BHLHE40 using luciferase activity assay. K BHLHE40 binding to the NEAT1 promoter in CRC cell using ChIP assay. Results 
were expressed as magnitude of relative expression (means ± SD) from three independent experiments. F Paired t-test; G one-way ANOVA; H–K 
two-way ANOVA. *p < 0.05
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in lung-infiltrating tumor tissues (Fig.  4D). By contrast, 
overexpression of NEAT1 resulted in diminished expres-
sion of E-cadherin and increased expression of Vimentin 
and N-cadherin (Fig. 4D).

BHLHE40 mediates NEAT1 transcription to activate 
the Wnt/β‑catenin pathway
Western blot was conducted to examine the expression 
of EMT- and the Wnt/β-catenin pathway-related pro-
teins in response to oe-BHLHE40 (oe-NC as control) 
or oe-BHLHE40 + sh-NEAT1 (oe-BHLHE40 + sh-NC 
as control). Overexpression of BHLHE40 promoted the 
activation of Wnt/β-catenin signaling and EMT, while 
knockdown of NEAT1 significantly impaired the Wnt/β-
catenin signaling and suppressed EMT in the presence of 
oe-BHLHE40 (Fig. 5A).

We treated CRC cells overexpressing BHLHE40 with 
the Wnt/β-catenin antagonist iCRT3. The result of 
the TOP/FOP flash assay demonstrated a significant 
enhancement of luciferase activity in TOP flash/FOP 
flash in cells overexpressing BHLHE40, indicating that 
the Wnt/β-catenin pathway was activated, while iCRT3 
significantly inhibited Wnt/β-catenin pathway activ-
ity (Fig.  5B). Overexpression of BHLHE40 significantly 
promoted the proliferative activity of CRC cells, whereas 
iCRT3 decreased the proliferative activity of the cells 
(Fig. 5C). It was observed using the Transwell assay that 
overexpression of BHLHE40 enhanced cell migration 
and invasion activity, while iCRT3 inhibited the migra-
tion and invasion of CRC cells (Fig.  5D, E). Similarly, 
BHLHE40 inhibited apoptosis in CRC cells, while block-
ing the Wnt/β-catenin pathway restored apoptosis in 
CRC cells (Fig. 5F).

Discussion
LncRNAs play a central role in CRC growth and metas-
tasis, and existing reports focus mainly on their role as 
competitive endogenous RNAs by occupying the shared 
binding sequences of miRNAs, thus manipulating the 
expression of their downstream target genes [17]. Herein, 
we discovered that NEAT1 expression was elevated by 
the oncogenic transcription factor BHLHE40 in CRC. 
Silencing of BHLHE40 inhibited viability and EMT in 
CRC cells, and reduced tumor growth and lung metas-
tasis. Furthermore, we confirmed that overexpression 

of NEAT1 can overturn the anti-tumor effects of sh-
BHLHE40. Finally, we substantiated that the activated 
Wnt/β-catenin pathway by BHLHE40 was blocked again 
by the depletion of NEAT1.

NEAT1 has been identified as a significantly upregu-
lated lncRNA in cervical cancer tissues, and overex-
pression of NEAT1 was associated with worse survival 
in patients with cervical cancer [18]. Consistently, we 
validated the upregulation of NEAT1 in CRC tissues 
and cells. Regarding its upstream mechanism, NEAT1 
overexpression has been linked to N6-methyladenosine 
modification in prostate cancer [19]. We corroborated 
here that the oncogenic transcription factor BHLHE40 
was responsible for the upregulation of NEAT1 in CRC. 
BHLHE40 (also known as BHLHB2/DEC1/SHARP2/
STRA13) has a poorly understood potential for tran-
scriptional induction [20]. The most recent study also 
indicated that BHLHE40 could directly modulate INHBA 
expression, thereby involving the progression of CRC 
[21]. We obtained the binding site between BHLHE40 
and the NEAT1 promoter from the bioinformatics web-
site and corroborated their physical binding using dual-
luciferase and ChIP assays.

BHLHE40 mRNA and protein expression were found 
to be strongly induced by hypoxia or serum starvation 
in pancreatic cancer cell lines [22]. More relevantly, 
BHLHE40 was expressed at a much higher level in CRC 
than in the adjacent normal tissues, and CRC patients 
with higher BHLHE40 expression had a shorter sur-
vival time [23]. In the present study, we not only dem-
onstrated the overexpression of BHLHE40 in human 
CRC tissues and cell lines but also found that the deple-
tion of BHLHE40 using shRNA successfully reduced 
the malignant aggressiveness of CRC cells in  vitro and 
in vivo. BHLHE40 silencing by siRNA has been reported 
to suppress tumor cell invasion of MCF-7 cells [24]. In 
the context of hepatocellular carcinoma, overexpression 
of BHLHE40 promoted EMT by losing epithelial pro-
tein and regaining mesenchymal proteins, while effec-
tively antagonizing the impact of 8-Methoxypsoralen on 
EMT [25]. Furthermore, Sethuraman et al. revealed that 
BHLHE40 knockdown significantly reduced primary 
tumor growth and lung metastases in orthotopic xeno-
graft and metastasis models of breast cancer by inducing 
HBEGF transcription [26]. Mechanistically, BHLHE40 

Fig. 3  NEAT1 reverses the anti-tumor effects of sh-BHLHE40 in CRC cells. A RT-qPCR detection of NEAT1 overexpression efficiency. B MTT assay 
for LoVo and HCT-15 cell viability. C Transwell assay for LoVo and HCT-15 cell migration ability. D Transwell assay for LoVo and HCT-15 cell invasion 
ability. E Western blot for E-cadherin, N-cadherin, and Vimentin expression in LoVo and HCT-15 cells. F Flow cytometry for LoVo and HCT-15 cell 
apoptosis. Results were expressed as magnitude of relative expression (means ± SD) from three independent experiments. A–F two-way ANOVA. 
*p < 0.05

(See figure on next page.)
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Fig. 3  (See legend on previous page.)
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expression was induced by TGF-β in pancreatic cancer 
cells and modulated the nuclear, cytoplasmic, or mem-
brane localization of EMT-associated factors, includ-
ing snail, claudin-4 as well as N-cadherin [27]. Here, the 
evidence derived from our rescue experiments displayed 
that NEAT1 was the downstream effector of BHLHE40 in 

CRC. In the same vein, silencing of NEAT1 enhanced the 
apoptosis and suppressed the invasion of CRC cells [28]. 
As for its role in EMT, the downregulation of NEAT1 
can reverse the EMT of gemcitabine-resistant pancre-
atic cancer cells by reducing the expression of ZEB2 [29]. 
However, we cannot exclude the involvement of other 

Fig. 4  NEAT1 reverses the metastasis-suppressing and tumor-suppressing properties of sh-BHLHE40. HCT-15 cells after infection were injected 
subcutaneously into nude mice to observe tumor growth. A Tumor growth curve. B Immunohistochemical analysis of BHLHE40 and Ki67 
expression in xenograft tumor tissues of nude mice. C HCT-15 cells after infection were injected into nude mice via the tail vein, and lung metastasis 
formation was observed using HE staining. D Western blot for BHLHE40 and EMT-related protein expression in metastatic tissues with lung 
infiltration. Results were expressed as magnitude of relative expression (means ± SD) from six nude mice in each group.  Two-way ANOVA. *p < 0.05
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Fig. 5  BHLHE40 mediates NEAT1 transcription to activate Wnt/β-catenin signaling in CRC cells. A Western blot for the E-cadherin, 
N-cadherin, Vimentin, Wnt, β-catenin, c-myc, and cyclin D1 protein expression in CRC cells in response to oe-BHLHE40 (oe-NC as control) 
or oe-BHLHE40 + sh-NEAT1 (oe-BHLHE40 + sh-NC as control). B Effects of oe-BHLHE40 and iCRT3 combined treatment on Wnt/β-catenin pathway 
activity in CRC cells was measured using TOP/FOP flash assay. C MTT assay for LoVo and HCT-15 cell viability. D Transwell assay for LoVo and HCT-15 
cell migration ability. E Transwell assay for LoVo and HCT-15 cell invasion ability. F Flow cytometry for LoVo and HCT-15 cell apoptosis. Results were 
expressed as magnitude of relative expression (means ± SD) from three independent experiments. Two-way ANOVA. *p < 0.05
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transcription factors in the regulation of NEAT1 due to 
the complex tumor microenvironments.

It has been shown that higher matrix stiffness trig-
gered NEAT1 expression which activated the Wnt/β-
catenin pathway in liver cancer [30]. The promoting 
effects of NEAT1 on the Wnt/β-catenin pathway have 
also been validated in CRC [31]. The interaction between 
the Wnt/β-catenin signaling and EMT has been verified 
[32] and sustained Wnt/β-catenin signaling activation 
induces hyperproliferation and oncogenic transformation 
of intestinal epithelial cells, contributing to CRC onset 
[33]. Here, we demonstrated that the activating effects of 
BHLHE40 on the Wnt/β-catenin signaling were reversed 
by silencing of NEAT1 in CRC cells, further evidenc-
ing that NEAT1 was a downstream target of BHLHE40. 
In addition, the tumor-promoting properties effects of 
BHLHE40 on CRC cells were mitigated by the Wnt/β-
catenin antagonist iCRT3.

Conclusion
In summary, we have shown that BHLHE40 expedites the 
transcription of NEAT1. This interaction is important for 
understanding the role played by NEAT1 in the regula-
tion of cell proliferation and EMT. We have also demon-
strated that the Wnt/β-catenin signaling is an effector of 
the BHLHE40/NEAT1 in CRC. Our data provide insights 
into the molecular mechanisms of EMT in CRC and 
reveal BHLHE40 and NEAT1 as novel molecular targets 
for therapeutic strategies of CRC.

Materials and methods
Patient tissues collection
CRC tissues and adjacent normal tissues were harvested 
from 54 CRC patients who attended the Second Affiliated 
Hospital of Hainan Medical University from June 2022 
to June 2023. Paraffin-embedded tissue sections were 
obtained from the Pathology Department of the Second 
Affiliated Hospital of Hainan Medical University. Patients 
who received chemotherapy, radiotherapy, or any other 
adjuvant treatment before surgery were excluded from 
this study, and the histopathology was determined by 
two pathologists according to World Health Organiza-
tion criteria. This study was conducted according to the 
guidelines of the Declaration of Helsinki and approved by 
the Ethics Committee of the Second Affiliated Hospital 
of Hainan Medical University (approval number: 2023-
KCSN-09), and all participants gave informed consent.

Cell culture and treatment
Human colon epithelium cell HCoEpiC (YS1700C, YaJi 
Biological, Shanghai, China), and human CRC cell lines 
LoVo (CL-0144), HCT-15 (CL-0097) and Caco-2 (CL-
0050, all from Procell, Wuhan, Hubei, China) were used 

in this study. The cells were activated and cultured in 
Dulbecco’s Modified Eagle’s medium (M0101A, WheLab, 
Shanghai, China) with 10% FBS + 1% penicillin/strepto-
mycin at 37 °C and 5% CO2.

GenePharma Co., Ltd. (Shanghai, China) synthesized 
recombinant lentivirus expressing short hairpin RNA 
(sh)-NEAT1, sh-BHLHE40, sh-negative control (NC), 
overexpression (oe)-BHLHE40, oe-NEAT1, and oe-NC. 
LoVo and HCT-15 cells in good growth condition were 
seeded into 6-well plates, and the lentiviral vector was 
added for infection when the cell confluence reached 
about 50%. After a 72-h incubation at 37℃ and 5% CO2, 
the infection efficiency was verified by RT-qPCR. The 
cells were treated with a Wnt/β-catenin signaling antag-
onist iCRT3 (catalog number: S8647, Selleck, Houston, 
TX, USA) at a concentration of 75 μM or control DMSO 
for 24 h.

Cell proliferation assay
Cell proliferation was analyzed using the MTT Cell Pro-
liferation and Cytotoxicity Assay Kit (M1020, Beijing 
Solarbio Life Sciences Co., Ltd., Beijing, China). The CRC 
cells were supplemented to a 96-well plate (5000 cells 
per well) and incubated in an incubator for 24 h, 48 h, or 
72 h. After aspiration of the supernatant, 90 μL of fresh 
medium and 10 μL of MTT solution were supplemented 
to each well. After 4 h of incubation, the supernatant was 
aspirated off, and 110 μL of DMSO was supplemented to 
each well to dissolve the methanogenic crystals. The opti-
cal density (OD) value was measured at 490  nm with a 
microplate reader.

Cell migration and invasion assays
The Transwell chambers were placed in a 24-well plate, 
and 50  µL of diluted Matrigel was added to the apical 
chamber (Matrigel was not added during the migra-
tion assay). Infected cells (105) suspended in serum-free 
medium were supplemented to the apical chamber, and 
500 µL of fresh medium containing 10% FBS was supple-
mented to the basolateral chamber. After 24 h, cells in the 
basolateral chamber were fixed using 4% paraformalde-
hyde, stained using 0.1% crystal violet (A100528, Sangon 
Biotech, Shanghai, China) staining solution, and counted.

Flow cytometry
LoVo and HCT-15 cells were assayed using Annexin 
V-fluorescein isothiocyanate (FITC)/propidium iodide 
(PI) fluorescent dual-stained apoptosis detection kit 
(E606336, Sangon). The cells were centrifuged at 300  g 
for 5  min, gently resuspended, and counted. Cells were 
resuspended by adding diluted 1 × Annexin V Binding 
Buffer working solution, and 5 μL of Annexin V-FITC 
and 5  μL of PI staining solution were added to the cell 
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suspension. The samples were incubated for 15–20  min 
at room temperature in the dark and loaded immediately 
after the reaction was completed.

Western blot
Cell precipitates were lysed in RIPA buffer with a pro-
teinase inhibitor. The supernatant was aspirated by cen-
trifugation using a 4  °C centrifuge to extract the total 
protein. After sodium dodecyl sulfate–polyacrylamide 
gel electrophoresis, the proteins were transferred onto 
polyvinylidene fluoride (PVDF) membranes. Afterward, 
the membranes were sealed with non-fat milk at room 
temperature for 2  h. Primary antibodies to BHLHE40 
(1:1000, 17895-1-AP, ProteinTech Group, Chicago, IL, 
USA), Wnt (1:500, 27935-1-AP, ProteinTech Group), 
β-catenin (1:2000, 17565-1-AP, ProteinTech), cyclin 
D1 (1:5000, 26939-1-AP, ProteinTech), c-myc (1:500, 
GTX103436, GeneTex, Inc., Alton Pkwy Irvine, CA, 
USA), E-cadherin (1:500, GTX100443, GeneTex), N-cad-
herin (1:500, GTX127345, GeneTex), Vimentin (1:5000, 
GTX100619, GeneTex), and β-actin (1:500, D110001, 
Sangon) were applied overnight at 4 ℃. After incubated 
with the horseradish peroxidase (HRP)-labeled goat 
anti-rabbit (1:1000, GTX213110-01, GeneTex) at room 
temperature for 1  h, the protein signals were visualized 
using the ECL system. The grayscale values of the bands 
were calculated using ImageJ software to determine the 
expression of the target protein.

RT‑qPCR
Total RNA was extracted from cells using Trizol Total 
RNA Extraction Reagent (Tansoole, Shanghai, China), 
and miRNeasy FFPE Kit (Qiagen, Valencia, CA, USA) was 
used to extract total RNA from paraffin-embedded tissue 
sections. Reverse transcription and PCR were performed 
according to the instructions of the Reverse Transcrip-
tion Kit (041088841, Tansoole) and Probe Method Fluo-
rescence PCR Premix (041093363, Tansoole). β-actin was 
used as the reference gene. The qPCR primer sequences 
are NEAT1 forward, 5′-AAA​CGC​TGG​GAG​GGT​ACA​
AG-3′, NEAT1 reverse, 5′-ATG​CCC​AAA​CTA​GAC​CTG​
CC-3′, BHLHE40 forward, 5′-CCA​GTC​ATC​CAG​CGG​
ACT​TT-3′, BHLHE40 reverse, 5′-GGG​GGT​TCT​TCG​
GAC​TCT​TG-3′, β-actin forward, 5′-ACA​GAG​CCT​
CGC​CTT​TGC​C-3′, β-actin reverse, 5′-TGG​GGT​ACT​
TCA​GGG​TGA​GG-3′.

Luciferase reporter assay
The NEAT1 sequence was inserted into the pGL3-Basic 
luciferase vector (P32227, Miaolingbio. Inc, Wuhan, 
Hubei, China), and the vector was transfected into sh-NC 
or sh-BHLHE40 lentivirus-infected LoVo and HCT-
15 cells for 24  h. The cells were lysed, and the firefly 

luciferase and renilla luciferase activities were measured 
using a dual luciferase assay kit (16186, Thermo Fisher 
Scientific Inc., Waltham, MA, USA).

TOP flash luciferase reporter gene plasmid (D2501, 
Beyotime Biotechnology Co., Ltd., Shanghai, China) was 
used to detect Wnt/β-catenin-mediated TCF/LEF tran-
scriptional activity levels, and FOP flash (D2503, Beyo-
time) with mutated TCF/LEF binding site sequences was 
used as a negative control. The above reporter plasmids 
were transfected into CRC cells by Lipofectamine 2000 
(Thermo Fisher). Wnt/β-catenin pathway activity was 
measured 24 h later by measuring luciferase activity with 
a dual luciferase assay kit (16186, Thermo Fisher).

Chromatin immunoprecipitation (ChIP) assay
ChIP was performed according to the manufacturer’s 
instructions for the ChIP assay kit (17-295, Sigma-
Aldrich Chemical Company, St Louis, MO, US). The cells 
were first cross-linked with 1% formaldehyde at room 
temperature for 10 min, quenched with 125 mM glycine 
for 5  min, and lysed with lysis buffer, followed by soni-
cation to obtain chromatin fragments. Antibodies were 
coupled to magnetic beads at 4 °C overnight. Chromatin-
protein complexes were incubated overnight at 4 °C with 
BHLHE40 antibody (1:50, PA1-16546, Thermo Fisher) 
coupled to magnetic beads, and rabbit IgG (Thermo 
Fisher) was used as a control. The purified DNA samples 
were quantified by qPCR.

In vivo experiments
Forty-eight BALB/C female nude mice (6  weeks old, 
weighing 14–17  g) were purchased from Hunan SJA 
Laboratory Animal Co., Ltd. (Changsha, Hunan, China). 
This study was approved by the Institutional Animal Care 
and Use Committee of the Second Affiliated Hospital of 
Hainan Medical University.

Twenty-four BALB/C nude mice were divided into 
sh-NC, sh-BHLHE40, sh-BHLHE40 + oe-NC and sh-
BHLHE40 + oe-NEAT1 groups (n = 6/group). After the 
mice were fully anesthetized, 100 μL of HCT-15 cell sus-
pension (containing ~ 107 cells) infected with the respec-
tive lentivirus was injected subcutaneously. Mice were 
monitored for status (body weight, water intake, excre-
tion and activity, fur gloss) and growth of subcutaneous 
tumors in the lateral abdomen. When the tumor formed 
a visible bulge, the long axis L (mm) and short axis W 
(mm) of the tumor were measured weekly with vernier 
calipers to calculate the volume of the tumor using the 
formula: volume = L × W2/2. Four weeks later, the mice 
were euthanized with an overdose of anesthetic in an 
ultra-clean table to remove the tumors.

The remaining 24 BALB/C nude mice were divided into 
four groups as above mentioned as well (n = 6/group). 
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HCT-15 cells in logarithmic phase and good growth con-
dition were taken for the experiment. After anesthetizing 
the mice, approximately 106 lentivirus-infected HCT-15 
cells in 100  μL of suspension were injected via the tail 
vein. The mice were euthanized with an overdose of anes-
thetic 24 days later, and the lungs were carefully removed 
for fixation and embedding for subsequent hematoxylin-
eosin (HE) staining.

HE staining
Lung tissue sections were dewaxed by immersion in 
xylene and rehydrated by adding different concentra-
tions of ethanol for 5 min. The sections were stained with 
hematoxylin staining solution for 5 min, treated in 0.5% 
hydrochloric acid alcohol for 20 s, and stained with 0.1–
0.5% eosin staining solution for 2 min, followed by rins-
ing with distilled water. Dehydration and clearing were 
performed in ethanol and xylene, and the sections were 
sealed with drops of neutral gum and observed under a 
light microscope.

Immunohistochemical analysis
Xenograft tumor tissue sections were sequentially 
soaked in xylene and ethanol for dewaxing and hydra-
tion, and heated with citrate buffer for antigen retrieval. 
The addition of 3% hydrogen peroxide was used to elimi-
nate endogenous peroxidase activity. The sections were 
sealed with 5% FBS for half an hour and incubated with 
diluted antibodies to Ki67 (1:100, SAB5700770-100UL, 
Sigma) and BHLHE40 (1:100, PA1-16546, Thermo 
Fisher) overnight at 4 °C and with HRP-labeled goat anti-
rabbit (1:1000, A0208, Beyotime) secondary antibody for 
60 min. The color was developed with a DAB kit (P0202, 
Beyotime), and hematoxylin was used for counter-stain-
ing. The sections were dehydrated and cleared in ethanol 
and xylene, sealed with a drop of neutral gum, and placed 
under an inverted microscope for observation.

Statistics
Statistical analyses were performed using GraphPad 
Prism 8 (GraphPad, San Diego, CA, USA). Data were 
shown as mean ± SD. One-way ANOVA, two-way 
ANOVA, and paired t-tests were used to compare the 
differences between groups. Three independent biologi-
cal repetitions were carried out for each assay. Statistical 
significance was indicated when p-values were less than 
0.05.
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