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1  | INTRODUC TION

Oral cancer poses a great threat to human health. Based on the 
histopathological classification, 90% of oral cancers belong to oral 
squamous cell carcinoma (OSCC).1 Annually, over 300 000 new pa-
tients were diagnosed with oral cancer and 145 000 deaths were 
linked to this disease worldwide.2 Smoking, excessive consumption 
of alcohol and other factors including HPV infection have been 
recognized as high-risk factors for oral cancer development.3,4 
The combination uses of chemotherapy, surgery and radiotherapy 

remain the mainstay for oral cancer treatment.5,6 These treatments 
are efficient for early-stage oral cancer patients, but are not ideal 
for those relapsed or late-stage patients.7 Even though molecular 
targeted therapies like inhibitors or monoclonal antibodies against 
EGFR have been used in the clinical,8,9 drug resistance during treat-
ment greatly limits their therapeutic efficacy. Thus, identifying new 
molecular targets are needed for improving oral cancer treatment.

The advancement of whole-genome and whole-exome sequenc-
ing greatly accelerated the studies on DNA regions that do not en-
code proteins. Within the genome, only 3% of DNA encodes protein, 
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Abstract
Dysregulation of long non-coding RNAs (lncRNAs) has been implicated in many can-
cer developments. Previous studies showed that lncRNA LINC00941 was aberrantly 
expressed in oral squamous cell carcinoma (OSCC). However, its role in OSCC devel-
opment remains elusive. In this study, we demonstrated that in OSCC cells, EP300 
activates LINC00941 transcription through up-regulating its promoter H3K27ac 
modification. Up-regulated LINC00941 in turn activates CAPRIN2 expression by 
looping to CAPRIN2 promoter. Functional assays suggest that both LINC00941 and 
CAPRIN2 play pivotal roles in promoting OSCC cell proliferation and colony forma-
tion. In vivo assay further confirmed the role of LINC00941 in promoting OSCC cell 
tumour formation. Lastly, we showed that the role of LINC00941 and CAPRIN2 in 
OSCC progression was mediated through activating the canonical WNT/β-catenin 
signaling pathway. Thus, LINC00941/CAPRIN2/ WNT/β-catenin signaling pathway 
provides new therapeutic targets for OSCC treatment.

K E Y W O R D S

CAPRIN2, LINC00941, long non-coding RNA, Oral Squamous Cell Carcinoma (OSCC), WNT 
signaling pathway

www.wileyonlinelibrary.com/journal/jcmm
https://orcid.org/0000-0003-0195-4167
https://orcid.org/0000-0003-1431-7167
mailto:
mailto:￼
https://orcid.org/0000-0002-1605-1449
mailto:
mailto:￼
https://orcid.org/0000-0003-0312-9785
http://creativecommons.org/licenses/by/4.0/
mailto:whgqy437@126.com
mailto:chilli_62@163.com


     |  10513AI et Al.

those non-coding regions are used to be regarded as ‘junk DNA’.10 
However, recent exome sequencing discovered that 66% of RNA 
transcripts came from non-coding regions. These non-coding RNAs 
include long non-coding RNA (lncRNA), microRNA (microRNA) and 
circular RNA.11,12 LncRNAs are a group of RNAs that have limited or 
no protein-coding potency. LncRNAs are synthesized by RNA poly-
merase II with length typically longer than 200bp. Although lncRNAs 
do not encode proteins, they share many biological characteristics with 
mRNAs.13,14 Recent evidence suggests that lncRNAs play pivotal roles 
in many biological processes, such as inflammation, cell growth, cell 
differentiation and tumorigenesis.13,14 Dysregulation of lncRNAs has 
been implicated in oral cancer development. For example, MALAT1, 
a highly conserved lncRNA, was discovered highly expressed in oral 
squamous cell carcinoma (OSCC). Silencing MALAT1 greatly impaired 
epithelial-mesenchymal transition-mediated cell migration and in-
vasion through suppressing N-cadherin and Vimentin expression.15 
Increased HOTAIR expression is associated with OSCC cell stemness, 
invasion and metastasis.16,17 LncHIFCAR was reported to act as a 
HIF-1a co-activator that drives oral cancer progression.18

WNT signaling pathway begins from WNT-protein ligand that 
passes signals into cell through binding to cell surface receptors.19 
Based on different molecules involved in signaling transduction, 
WNT signaling pathway can be divided into three different path-
ways, including the canonical WNT pathway, the non-canonical 
planar cell polarity pathway and the non-canonical WNT/calcium 
pathway. All of these three pathways are activated upon WNT-
protein ligand binding to frizzled family receptor. The roles of WNT 
signaling pathway have been extensively studied in carcinogenesis 
and embryo development. Dysregulation of WNT signaling pathway 
has been implicated in many cancers including breast cancer, pros-
tate cancer, liver cancer and others.20-22

By comparison of RNA-seq data sets obtained from primary 
head and neck squamous cell carcinoma (HNSCC) tumour and nor-
mal tissues, Koyo et al identified 15 lncRNAs including LINC00941 
that are aberrantly expressed in tumour tissues.23 However, the role 
of LINC00941 in OSCC remains unknown. In this study, for the first 
time, we demonstrated that elevated LINC00941 promotes OSCC 
progression through up-regulating CAPRIN2 expression, which fur-
ther activates canonical WNT/β-catenin signaling pathway. Thus, 
LINC00941 could be a useful new therapeutic target in OSCC.

2  | MATERIAL AND METHODS

2.1 | Cell lines and patient tissues

OSCC cell lines used in this study, including HSC-3, SCC-9, CAL-27 
and OSC-19, were purchased from National Infrastructure of Cell Line 
Resource, Shanghai, China. Cells were cultured in Dulbecco's modi-
fied Eagle's medium (DMEM) supplemented with 10% foetal bovine 
serum (FBS). Normal oral keratinocytes HOK was purchased from 
Creative Bioarray, USA. Cells were cultured in human oral keratino-
cytes. Normal tongue tissues were collected from patients undergoing 

surgery in Foshan Stomatology Hospital. Twelve paired snap-frozen 
primary OSCC tumour tissues and its adjacent normal non-cancerous 
mucosa tissues were obtained from Foshan Stomatology Hospital. 
Written informed consents were obtained from all participants.

2.2 | Cell transfection

Cells were digested with 0.25% trypsin and seeded into 6-well 
plates 1 day earlier before transfection. Transfection was done with 
Lipofectamine 2000 (Life Technologies) according to the manufac-
turer's instructions. The fresh medium was changed 6 hours after 
transfection. Experiments were done 24 or 48 hours later.

2.3 | Quantitative reverse transcription PCR (RT-
qPCR)

Transcription level was determined by RT-qPCR. Briefly, cells were 
harvested and washed with PBS once. RNA was extracted with an 
RNA extraction kit purchased from BioChain (Cat: K1341050). One 
ug RNA was reverse-transcripted into cDNA and used as template 
for gene quantification. The relative transcription level was calcu-
lated with 2-∆∆ct

.

2.4 | Luciferase assay

LINC00941 promoter ~1000bp upstream of transcription start 
site (TSS) was PCR amplified and ligated into pGL3-basic vector 
through infusion clone. pGL3-LINC00941 was transfected into cells 
with Lipofectamine 2000. Cells were treated with different doses 
of EP300 inhibitor GNE-049 6 hours after transfection. The activ-
ity of luciferase was tested with Dual-Luciferase reporter assay kit 
(Promega Corporation). Renilla was used to normalize luciferase ac-
tivity among different groups.

2.5 | Northern blot

Northern blot was used to detect LINC00941 transcripts in OSCC 
and HOK cells. Briefly, cells were harvested and washed with ice-
cold PBS. RNA was extracted with RNA extraction kit. The same 
amount RNA was loaded into 0.8% denaturing agarose gel. RNA was 
separated by electrophoresis and was transferred to a membrane. 
DNA probe against LINC00941 was labelled with 32P and was used 
to detect LINC00941 expression.

2.6 | Cell proliferation

Twenty-four hours after transfection, cells were digested and seeded 
into 24-well plate at a concentration of ~0.05 million/mL. Cells were 
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then allowed to outgrowth and collected at days indicated. The cell 
number was counted with a hemocytometer. At least three repli-
cates were performed at each time-point.

2.7 | Cell colony formation

Cell colony formation indirectly reflects the tumour formation 
ability in vivo. OSCC cells were transfected with plasmids as indi-
cated. Twenty-four hours after transfection, cells were collected 
and counted. ~600 cells were seeded into 6-well plates. After 
~14 days, when colonies were visibly observed, medium was re-
moved, and colonies were washed with ice-cold PBS twice. Five ml 
ice-cold 100% methanol was added into plates for colony fixation. 
Colonies were then stained with 0.1% crystal violet. The back-
ground was destained by washing plates multiple times with flow-
ing water until the colony-free area turned into white. Colonies 
were imaged with HP scanner, and colony numbers were counted 
and statistically analysed.

2.8 | Cell cycle

Propidium iodide (PI) was used to stain cells for cell cycle detec-
tion. Briefly, after transfecting cells for 48 hours, cells were har-
vested and fixed with 90% ice-cold ethanol at −20°C overnight. 
The next day, cells were allowed to equilibrate to RT by incubat-
ing at RT for 5 minutes. Cells were then washed with PBS at RT 
twice and stained with 1 mL PI staining solution (50 µg/mL; 1 mg/
mL of RNase A, 0.1% Triton X-100 in PBS) by incubating at RT for 
30 minutes in the dark. Flow cytometry was applied to detect the 
cell cycle.

2.9 | CRISPR-mediated gene knockout and 
inactivation

pLentiCRISPR v2 containing sgRNAs targeting EP300 and CAPRIN2 
were purchased from GenScript, USA. One ug sgRNA vectors, 
500 ng VSVG and 800 ng PsPAX2 were cotransfected into 293T 
cells by using Lipofectamine 2000. After incubation for 6 hours, 
fresh medium was changed. Lentiviruses were collected 48 hours 
later and were used to infect target cells. The efficiency of gene 
knockout was validated by Western blots.

To silence LINC00941 expression, OSCC cell lines stably ex-
pressing dcas9-KRAB-MeCP2 were first constructed by packaging 
dcas9-KRAB-MeCP2 into lentiviruses and used to infect OSCC 
cells. Infected cells were then selected with 5 ug/mL blastici-
din for at least 5 days. The expression of dcas9 was validated by 
Western blots. LINC00941 TSS -500-500bp region was used as 
a template to design sgRNAs. Designed sgRNAs were cloned into 
pLentiGuide-puro vector and packaged into lentiviruses. OSCC 
cells stably expressing dcas9-KRAB-MeCP2 were infected with 

lentiviruses for 2 days and then selected with 3 ug/mL puromycin 
for another 3 days. The efficiency of CRISPRi was determined by 
RT-qPCR.

2.10 | Chromatin Immunoprecipitation quantitative 
PCR (ChIP-qPCR)

Cells were harvested and crosslinked with 1% formaldehyde with 
shaking at RT for 10 minutes. Crosslink was then stopped by adding 
20× 2.5 mol/L glycine (final concentration 125 nmol/L) followed by 
shaking at RT for 5 minutes. Cells were lysed with cell lysis buffer, 
and DNA was fragmented by sonication. After sonication, cell so-
lution was centrifuged at maxi-speed ~13000RPM for 10 minutes, 
and supernatants were collected and pre-cleared with Protein A 
beads with shaking at 4°C for 30 minutes. Interested antibodies or 
IgG were added into cell solution to bind protein-DNA complexes 
with shaking at 4°C overnight. The next day, Protein A beads were 
added into the cell solution to pull down antibody-protein-DNA 
complexes. Beads were then extensively washed, and DNA was 
eluted with DNA elution buffer. Proteinase K was used to reverse 
DNA-protein complexes, and DNA was purified with a DNA puri-
fication kit (Qiagen). The amount of precipitated DNA was deter-
mined by qPCR.

2.11 | Quantitative analysis of chromosome 
conformation capture assays (3C-qPCR)

3C-qPCR was performed based on published protocol.24 Briefly, cells 
were fixed with 1% formaldehyde and DNA was digested with XbaI 
(NEB) with shaking at 4°C overnight. DNA was diluted with DNA dilu-
tion buffer, and DNA ends were ligated with T4 DNA ligase. DNA was 
then purified, and DNA-DNA interaction was quantified by qPCR.

2.12 | In vivo tumour formation

The animal experiment was strictly conducted based on the pro-
tocol of the institutional ethics board of the Foshan Stomatology 
Hospital of Foshan University. Every effort was made to minimize 
the pain of mice. Three-week-old mice purchased from Guangdong 
Medical Laboratory Animal Center (GDMLAC), China, were allowed 
to adaption in our facility for 1 week before performing any ex-
periment. HSC-3 cells stably expressing dcas9-KRAB-MeCP2 were 
transfected with scramble control or sgRNAs targeting LINC00941. 
After selection with puromycin for 3 days, cells were harvested, 
and 1 × 107 cells were then subcutaneously injected into the right 
flanks of 4-week-old BALB/c nude mice. Mice conditions were moni-
tored every day. Tumour volume was started to measure every week 
when tumour size reaching around 30 mm3. The experiment was 
stopped 4 weeks later. Mice were killed, and tumour weight was 
then measured.
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2.13 | Statistic

Data were analysed by Prism 7. The differences between untreated 
and treated groups were evaluated by unpaired t test. P < .05 was 
considered statistically significant.

3  | RESULTS

3.1 | LINC00941 is up-regulated in OSCC cell lines 
and tumour tissues

Previous RNA-seq analysis on 458 OSCC patient tumour tissues and 
72 normal tissues discovered that long non-coding RNA LINC00941 
was highly expressed in tumours than normal tissues.23 To validate 
this, RT-qPCR was first applied to determine LINC00941 expression 
in cells and tissues. Indeed, LINC00941 expression was highly up-reg-
ulated in OSCC cell lines and OSCC tumour tissues when compared 
with normal cells and normal tissues, respectively (Figure 1A,B). To 
confirm this result, Northern blot was used to detect LINC00941 ex-
pression in HOK, HSC-3 and OSC-19 cells. As indicated, a clear band 
was observed between 1.35 and 2.4 kb, corresponding to the length 
of LINC00941 transcripts which is ~1.8 kb. Band intensity in HSC-3 
and OSC-19 cells was also much higher than HOK cells (Figure 1C), 
suggesting the higher level of LINC00941 in OSCC cells than normal 
oral keratinocytes. The distribution of LINC00941 within the cell 

was also examined. Interestingly, although most of LINC00941 tran-
scripts were located in the cytoplasm, the enrichment of LINC00941 
in the nucleus was much higher in HSC-3 and OSC-19 cells than HOK 
cells (Figure 1D).

3.2 | LINC00941 promoter H3K27 acetylation 
activates LINC00941 expression in OSCC cells

Histone H3K27 acetylation activates gene expression. To under-
stand the mechanisms through which LINC00941 was activated 
in OSCC cells, H3K27ac ChIP-seq data across different cancer cell 
lines were explored. As indicated, LINC00941 promoter region 
was greatly modified by H3K27ac among all the cells examined 
(Figure 2A), suggesting LINC00941 may be activated by its pro-
moter H3K27ac modification in OSCC cells. To test this hypothesis, 
ChIP-qPCR against H3K27ac was used. H3K27ac antibody greatly 
enriched LINC00941 promoter DNA than IgG control. Although 
the H3K27ac antibody also pulled down LINC00941 promoter from 
HOK cells, the amount of LINC00941 promoter DNA precipitated 
from OSCC cells was significantly higher than HOK cells (Figure 2B). 
To test whether H3K27ac modification affects LINC00941 ex-
pression, H3K27ac inhibitor JQ1 was used. As shown, low dose 
(10 nmol/L) of JQ1 treatment greatly decreased HSC-3 and OSC-19 
cell LINC00941 promoter H3K27ac modification and LINC00941 
gene expression, while no effect was observed on HOK with low 

F I G U R E  1   LINC00941 is up-regulated 
in OSCC cell lines and tumour tissues. 
A, RT-qPCR results of LINC00941 from 
OSCC cells, normal oral keratinocytes 
HOK and normal tongue tissue. B, RT-
qPCR results of LINC00941 between 
patient tumour tissues and normal tissues. 
C, Northern blot results of LINC00941 
expression. Molecular weight was shown 
on right. D, Detection of LINC00941 
distribution in cytoplasm and nucleus. 
a-Tublin was used as a marker for 
cytoplasm, Histone H4 was used as a 
marker for nucleus. *P < .05, **P < .01, 
***P < .001
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dose (10 nmol/L) of JQ1. However, higher dose of JQ1 treatment 
down-regulated LINC00941 promoter H3K27ac modification and 
LINC00941 gene expression across all three cell lines (Figure 3C,D). 
In summary, these results suggest that high H3K27ac modification 
in LINC00941 promoter drives LINC00941 expression in OSCC cells. 
LINC00941 promoter H3K27ac in OSCC is much easier to perturb 
than normal cells.

3.3 | EP300 promotes LINC00941 promoter H3K27 
acetylation and LINC00941 expression in OSCC cells

EP300 is a histone acetyltransferase that activates transcription 
through interacting with transcription factors.25 We next ask 
whether LINC00941 promoter H3K27ac modification was medi-
ated through EP300. The enrichment of EP300 on LINC00941 

F I G U R E  2   LINC00941 promoter H3K27 acetylation activates LINC00941 expression in OSCC cells. A, Diagram of H3K27ac signals 
on LINC00941 promoter across different cancer types. LINC00941 promoter was labelled with yellow. B, ChIP-qPCR detects H3K27ac 
modification on LINC00941 promoter. DNA region adjacent to LINC00941 promoter without any H3K27ac signal was used as control. IgG 
was used as control. C, LINC00941 expression after treatment with different doses of JQ1 for 3 d. D, Detection of H3K27ac signals on 
LINC00941 promoter after treatment with different doses of JQ1 for 3 d. IgG was used as control. *P < .05, **P < .01, ***P < .001
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promoter was first tested. Similar to H3K27ac, EP300 signal on 
LINC00941 promoter was also enriched in HSC-3 and OSC-19 
cells. However, no statistical difference was observed between 
IgG and EP300 in HOK cells (Figure 3A). To further understand 
whether EP300 drives LINC00941 promoter H3K27ac formation 

and LINC00941 expression. CRISPR-CAS9 was used to delete 
EP300 from HOK, HSC-3 and OSC-19 cells. The H3K27ac signal 
on LINC00941 promoter and LINC00941 expression was tested 
by ChIP-qPCR and RT-qPCR, respectively. As indicated, the inten-
sity of H3K27ac signal on LINC00941 promoter and LINC00941 

F I G U R E  3   EP300 promotes LINC00941 promoter H3K27 acetylation and LINC00941 expression in OSCC cells. A, ChIP-qPCR detects 
EP300 enrichment on LINC00941 promoter. DNA region adjacent to LINC00941 promoter was used as control. IgG was used as control. B, 
Detection of H3K27ac signals on LINC00941 promoter after depletion of EP300. sgRNA targeting non-coding region was used as negative 
control, and IgG was used as control. C, Western blot results of EP300 after CRISPR-CAS9-mediated gene knockout, GAPDH was used as 
control. D, LINC00941 expression after deleting EP300. E, LINC00941 expression after treating HSC-3 cells with different doses of EP300 
inhibitor GNE-049. F, LINC00941 promoter was cloned into pGL3-basic vector and electroporated into HSC-3 cells along with Renilla 
vector. Six hours later, cells were treated with 500 nmol/L GNE-049 for 36 h. Luciferase activity was determined by dual-luciferase assay. G, 
LINC00941 expression after exogenously introduce wild type or HAT domain deleted EP300. H, Western blot results of HA-tagged EP300 
and FLAG-tagged EP300 in which HAT domain was deleted. GAPDH was used as control. *P < .05, **P < .01, ***P < .001
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expression was greatly impaired after deleting EP300 in HSC-3 
and OSC-19 cells (Figure 3B-D). However, no effect was observed 
on LINC00941 promoter and LINC00941 expression after delet-
ing EP300 in HOK cells. In addition, when HSC-3 and OSC-19 
cells were treated with EP300 inhibitor GNE-049, LINC00941 
transcription (Figure 3E) and promoter activity (Figure 3F) were 
also decreased. EP300 HAT domain is essential for its histone 
acetyltransferase activity, and we next ask whether EP300 HAT 
domain is responsible for activating LINC00941 expression. Wild-
type EP300, EP300 mutant in which HAT domain was deleted 
(EP300dHAT), was exogenously introduced into HSC-3 and OSC-
19 cells. As expected, EP300 greatly up-regulated LINC00941 
expression; however, EP300dHAT failed to activate LINC00941 
(Figure 3G,H). In summary, these results suggest that through 
its HAT domain, EP300 can selectively promote LINC00941 pro-
moter H3K27 acetylation and LINC00941 expression in OSCC 
cells.

3.4 | LINC00941 promotes OSCC cell 
proliferation and in vivo tumour formation

The role of LINC00941 in OSCC was also examined. Dcas9 tagged 
with KRAB-MeCP2 was used to silence LINC00941 expression 
in OSCC cells. As indicated, both of the sgRNAs used efficiently 
suppressed LINC00941 expression in HSC-3 and OSC-19 cells 
(Figure 4A). The effect of LINC00941 down-regulation on OSCC 
cell growth, colony formation and cell cycle progression was then 
evaluated. Silencing LINC00941 significantly decreased HSC-3 and 
OSC-19 cell growth and colony formation, and cell cycle was also 
ceased in G1 phase (Figure 4B-D). To further understand whether 
LINC00941 also plays a role in tumour formation. HSC-3 cells sta-
bly expressing dcas9-KRAB-MeCP2 were transfected with scram-
ble control or sgRNAs targeting LINC00941 and were injected 
into nude mice, and tumour formation was then monitored. As 
expected, suppressing LINC00941 expression also significantly 
decreased HSC-3 cell tumour formation (Figure 4E-G). Thus, these 
results strongly suggest that LINC00941 plays a critical role in 
OSCC development.

3.5 | LINC00941 regulates CAPRIN2 expression 
through DNA looping

Previous studies showed that long non-coding RNA regulates 
gene expression through looping.26 CTCF regulates DNA loop-
ing and mediates 3D structure of chromatin.27 Our motif analysis 
showed that many CTCF binding sites were enriched within and 
between LINC00941 and its nearby gene CAPRIN2, and implicat-
ing LINC00941 may affect CAPRIN2 expression through looping. 
To test this hypothesis, CRISPRi was used to silence LINC00941 
expression, and CAPRIN2 transcription was then examined by 
RT-qPCR. Interestingly, silencing LINC00941 greatly decreased 

CAPRIN2 expression without affecting CAPRIN1 expression 
(Figure 5A,B), suggesting LINC00941 can specifically regulate 
CAPRIN2 expression. To understand whether LINC00941 regu-
lates CAPRIN2 express through DNA looping, 3C was performed 
in HSC-3 cells. Primers at LINC00941 promoter were used as an 
anchor (Figure 5C), and the interactions between the anchor and 
other selected sites were tested by 3C-qPCR. The interaction in-
tensity between anchor and other sites was abruptly decreased by 
distance; however, a strong interaction was detected between the 
anchor and CAPRIN2 promoter (Figure 5D), suggesting LINC00941 
loops to CAPRIN2. To further determine whether CTCF mediates 
LINC00941 loops to CAPRIN2. CTCF was deleted by CRISPR-CAS9, 
and its effect on LINC00941-CAPRIN2 interaction was tested by 
3C-qPCR. Indeed, the deletion of CTCF almost completely abol-
ished LINC00941 looping to CAPRIN2 (Figure 5E). The regulation 
of LINC00941 on CAPRIN2 was also impaired as indicated by de-
creased CAPRIN2 expression after CTCF depletion (Figure 5F,G). 
No effect was observed on LINC00941 expression after knocking 
down CTCF (Figure 5H), suggesting LINC00941 regulates CAPRIN2 
expression, not vice versa.

3.6 | CAPRIN2 up-regulation promotes OSCC cell 
proliferation

LINC00941 up-regulates CAPRIN2 expression. The expression of 
CAPRIN2 in OSCC cells and patient samples was examined. Western 
blot results showed that in comparison with primary tongue tissues 
and normal oral keratinocytes, CAPRIN2 was expressed at a higher 
level in OSCC cells (Figure 6A). RT-qPCR showed that CAPRIN2 
was also significantly up-regulated in tumour tissues than its paired 
normal tissues (Figure 6B). Correlation analysis demonstrated that 
LINC00941 was positively correlated with CAPRIN2 expression in 
patient tumour tissues (Figure 6C). These results suggest that the 
up-regulation of LINC00941 also leads to a higher level of CAPRIN2 
in OSCC.

We next ask whether CAPRIN2 plays a role in OSCC. CRISPR-
CAS9 was used to delete CAPRIN2 in HSC-3 and OSC-19 cells. 
CAS9 efficiently depleted CAPRIN2 from HSC-3 and OSC-19 cells 
(Figure 6D). HSC-3 and OSC-19 cell growth and cell cycle progression 
were also heavily impaired in the absence of CAPRIN2 (Figure 6E,F), 
suggesting CAPRIN2 is an essential gene for OSCC.

3.7 | LINC00941/CAPRIN2 activates canonical 
WNT signaling pathway

CAPRIN2 phosphorylates WNT coreceptor LRP6, leading to in-
creased activity of the canonical WNT signaling pathway.28 We 
hypothesis that LINC00941 up-regulates CAPRIN2 which fur-
ther promotes WNT signaling pathway activation. To validate 
this hypothesis, dcas9 was used to silence LINC00941, CAPRIN2 
was deleted by CAS9 in HSC-3 cells, and the expression of genes 
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involved in WNT signaling was then examined. Indeed, knocking 
down CAPRIN2 or silencing LINC00941 greatly down-regulated 
β-catenin and phosphorylated LRP6 protein level (Figure 7A). The 
effect of LINC00941 and CAPRIN2 depletion on the non-canon-
ical WNT signaling pathway was also investigated. As expected, 
knock-down of LINC00941 or CAPRIN2 significantly impaired the 
canonical WNT signaling pathway downstream gene MYC, CCND1 
and SOX9 expression; however, genes involved in non-canonical 
WNT signaling pathway including WNT5a and CaMKII remain un-
affected (Figure 7B). These results suggested that LINC00941 and 
CAPRIN2 only regulate the canonical WNT signaling pathway in 
OSCC. We next asked whether CAPRIN2 could rescue the WNT 

signaling pathway impaired by LINC00941 depletion. CAPRIN2 
was introduced into HSC-3 cells after silencing LINC00941. The 
impaired MYC expression induced by LINC00941 suppression 
was completely restored in the presence of CAPRIN2 (Figure 7C). 
To further understand whether LINC00941 regulates OSCC cell 
growth through the WNT signaling pathway, WNT3 was used to 
activate WNT signaling pathway. As shown, cell growth impaired 
by LINC00941 depletion was greatly rescued after activating the 
WNT signaling pathway. In all, these results demonstrate that up-
regulation of LINC00941 activates the canonical WNT signaling 
pathway through CAPRIN2, which further promotes OSCC cell 
proliferation.

F I G U R E  4   LINC00941 promotes OSCC cell proliferation and in vivo tumour formation. A, Detection of LINC00941 expression after 
silencing with CRISPR-dcas9. B, Cell growth after silencing LINC00941. C, Cell colony formation after silencing LINC00941. D, Statistical 
results of colony number after silencing LINC00941. Mice were killed, and tumour picture was taken 4 wk after starting record tumour 
growth (E), tumour volume (F) and (G) tumour weight after injecting LINC00941 knockout or wild-type HSC-3 cells into nude mice (n = 6) 
*P < .05, **P < .01, ***P < .001
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4  | DISCUSSION

Oral cancer is the sixth most common malignancy in the world.29 
Despite great advances have been made in the early diagnosis and 
treatment, the 5-year survival rate remains at a dismal ~50% in the 

past few decades.30 Improved understanding of the molecular and 
genetic disorders of this disease is critical for early diagnosis and 
appropriate treatment. In the present study, we demonstrated that 
LINC00941 promoter H3K27ac modification mediated by EP300 el-
evated LINC00941 expression in oral cancer cells. The up-regulation 

F I G U R E  5   LINC00941 regulates CAPRIN2 expression through DNA looping. A, CAPRIN2 expression after silencing LINC00941. B, 
CAPRIN1 expression after silencing LINC00941. C, Diagram of H3K27ac signals on LINC00941 and CAPRIN2 across different cancer types. 
LINC00941 promoter and CAPRIN2 promoter were labelled with yellow. Sites used for DNA-DNA interaction detection were shown in 
the bottom. D, 3C results of DNA interaction frequency between anchor and other DNA sites. E, 3C results of DNA interaction frequency 
between anchor and other DNA sites before and after knocking down CTCF. F, Western blot results of CTCF. GAPDH was used as control. 
Relative CAPRIN2 (G) and LINC00941 expression (H) after deleting CTCF. *P < .05, **P < .01, ***P < .001
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of LINC00941 further increased CAPRIN2 expression through DNA 
looping. Moreover, the oncogenic role of LINC00941 in OSCC medi-
ated through CAPRIN2/WNT/ β-catenin was also revealed.

Emerging evidence suggests that epigenetic alterations, par-
ticularly histone modifications and DNA methylation, play a cru-
cial role in the development and progression of human cancer.31,32 
Histone has a flexible long N-terminal tail, and lysine residues from 
its N-terminal protruding from the histone core nucleosome are 
susceptible to be modified. Acetylation of Histone 3 at the 27th ly-
sine (H3K27ac) is associated with active transcription and therefore 
defined as active enhancer marker.33 Dysregulation of H3K27ac 
has been implicated in inappropriate gene regulation and linked to 
cancer progression.34,35 In gastric cancer, the gain of H3K4me3 and 

H3K27 acetylation on HOXC-AS3 promoter activated HOXC-AS3 
expression and correlates with poor prognosis.34 Aberrant H3K27ac 
on PLAC2 up-regulates its transcription which further promotes 
OSCC cell proliferation through activating WNT3a/β-catenin signal-
ing pathway.36 In this study, through ChIP-qPCR, we demonstrated 
that H3K27ac was significantly enriched in OSCC cells in comparison 
with normal oral keratinocyte cells. Decreasing H3K27ac signals by 
inhibitor JQ1 greatly impaired LINC00941 promoter H3K27ac sig-
nals and LINC00941 expression in OSCC cells. However, at lower 
doses, the effect of JQ1 on LINC00941 promoter H3K27ac signals 
and LINC00941 expression in normal oral keratinocyte cells remains 
intact. These results suggested that JQ1 might be a potential inhibi-
tor for OSCC treatment, although more study should be performed.

F I G U R E  6   CAPRIN2 up-regulation promotes OSCC cells proliferation. A, Western blot results of CAPRIN2 expression from OSCC cells, 
normal oral keratinocytes HOK and normal tongue tissue. B, RT-qPCR results of CAPRIN2 between patient tumour tissues and normal 
tissues. C, Correlation analysis of LINC00941 and CAPRIN2 expression between patient tumour tissues and normal tissues. D, Western blot 
results of CAPRIN2. GAPDH was used as control. E, Cell growth after deleting CAPRIN2. F, Cell cycle detection after deleting CAPRIN2. 
*P < .05, **P < .01, ***P < .001
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EP300 also known as p300 HAT or E1A-associated protein p300 
is a histone acetyltransferase that regulates transcription via chro-
matin remoulding. EP300 can acetylate all four histones in nucleo-
somes. It can also activate cAMP signaling pathway by interacting 
with phosphorylated CREB. Acetylation of H3K27 and H3K122 acti-
vates gene transcription. Besides, EP300 can also acetylate non-his-
tone proteins, such as HDAC1, PRMT1 and ALX1.37-39 In this study, 
we found that EP300 can specifically bind to LINC00941 promoter 
in OSCC cells. Deleting EP300 from OSCC cells greatly impaired 
LINC00941 promoter H3K27ac modification and LINC00941 ex-
pression. Moreover, when OSCC cells were treated with EP300 in-
hibitor GNE-049, LINC00941 expression and LINC00941 promoter 
activity were also greatly inhibited. EP300 acetyltransferase activity 
was dependent on its HAT domain. Deletion of HAT domain almost 
completely abolished its transactivity on LINC00941. In all, in this 
study, we demonstrated that, in OSCC, EP300 mediates LINC00941 
promoter H3K27ac modification. EP300 regulates LINC00941 ac-
tivity largely dependent on its HAT domain.

lncRNA regulates gene expression through several different 
mechanisms, including functioning themselves as coregulators, 
regulating basal transcription factor activity, epigenetic modifica-
tion and post-transcriptional regulation. Many reports showed that 
through recruiting transcriptional machinery, lncRNA can regulate 
its adjacent protein-coding gene expression. In this study, we found 
that, through DNA looping, LINC00941 up-regulates its nearby 
gene CAPRIN2 expression. Down-regulation of LINC00941 through 
CRISPR-dcas9 impaired CAPRIN2 expression. CTCF is a looping fac-
tor that mediates DNA looping and chromatin organization. In this 
study, we found that depletion of CTCF destroyed LINC00941 loops 
to CAPRIN2 and down-regulated CAPRIN2 expression, suggesting 
LINC00941 loops to CAPRIN2 was dependent on CTCF. In the fu-
ture, the CTCF binding sites that mediated CTCF dimerization be-
tween LINC00941 and CAPRIN2 and which transcription factor is 
responsible for CAPRIN2 activation should be further studied.

Previous studies showed that, in gastric cancer, aberrant expres-
sion of LINC00941 was associated with tumour depth and distant 

F I G U R E  7   LINC00941/CAPRIN2 activates canonical WNT signaling pathway. A, Western blot results CAPRIN2, β-catenin, 
phosphorylated LRP6 (p-LRP6) and LRP6 after deleting CAPRIN2 or silencing LINC00941. GAPDH was used as control. B, RT-qPCR 
detects WNT canonical downstream target genes MYC, SOX9 and CCND1 and WNT non-canonical downstream gene CaMKII and WNT5a 
expression after deleting CAPRIN2 or silencing LINC00941. C, MYC expression after silencing LINC00941 in the presence or absence 
of CAPRIN2. D, Detection of cell growth after silencing LINC00941 in the presence or absence of 30 ng/mL WNT3a. *P < .05, **P < .01, 
***P < .001
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metastasis. Silencing of LINC00941 greatly inhibited gastric cancer 
cell proliferation, migration and invasion in vitro and modulates tumour 
growth in vivo.40 In contrast, in lung adenocarcinoma, Li et al discov-
ered that high LINC00941 expression was associated with decreased 
lung adenocarcinoma patient survival.41 These seemingly contradic-
tory results suggest that the specific role of LINC00941 in cancer may 
depend on different contexts. In this study, we found that similar to 
gastric cancer, high LINC00941 expression was linked to high OSCC 
cell proliferation, colony formation and tumour growth in vivo. Silencing 
LINC00941 expression significantly suppressed OSCC cell growth in 
vitro and tumour formation in vivo. Furthermore, we also demonstrated 
that in line with LINC00941, CAPRIN2 expression was also up-regu-
lated and its expression was associated with OSCC cell growth.

Dysregulation of the WNT signaling pathway in oral cancer has 
been reported through several different molecular mechanisms. 
For example, Zehang et al discovered that PPP2R5A/WNT signal-
ing pathway can be activated by microRNA-218, which further pro-
motes cisplatin resistance in oral cancer.42 Fubo et al showed that 
long non-coding RNA PLAC2 promotes OSCC cell proliferation and 
invasion through activating WNT/β-catenin signaling pathway.36 
TUG1 was reported to promote OSCC progression by activating 
Wnt/β-catenin signaling.43 In contrast, in OSCC, decreased expres-
sion of MEG3 suppressed Wnt/β-catenin signaling.44,45 In this study, 
we uncovered a new mechanism through which canonical WNT/β-
catenin was activated in OSCC. LINC00941 up-regulates CAPRIN2 
which further activates the canonical WNT signaling pathway 
and its downstream target gene expression. Overexpression of 
CPRRIN2 rescued WNT signaling pathway impaired by LINC00941 
depletion. In addition, activation of WNT signaling pathway by 
ligand stimulation also restored OSCC cell growth impaired by 
LINC00941 suppression. These results support the conclusion that 
LINC00941 promotes OSCC progression through up-regulating the 
CAPRIN2/WNT/β-catenin signaling pathway.

CONFLIC T OF INTERE S T
The authors declare that they have no competing interests.

AUTHOR CONTRIBUTION
Haigang Wei: Data curation (lead); Investigation (lead); Resources 
(lead); Supervision (lead). Yilong Ai: Conceptualization (equal); 
Methodology (lead); Software (lead). Siyuan Wu: Data curation 
(equal); Resources (equal); Writing-review & editing (lead). Chen Zou: 
Data curation (equal); Methodology (equal); Validation (equal).

DATA AVAIL ABILIT Y S TATEMENT
Data supporting this study are available within this article, and upon 
requesting with corresponding authors.

ORCID
Yilong Ai  https://orcid.org/0000-0003-0195-4167 
Siyuan Wu  https://orcid.org/0000-0003-1431-7167 
Chen Zou  https://orcid.org/0000-0002-1605-1449 
Haigang Wei  https://orcid.org/0000-0003-0312-9785 

R E FE R E N C E S
 1. Johnson NW, Jayasekara P, Amarasinghe AA. Squamous cell car-

cinoma and precursor lesions of the oral cavity: epidemiology and 
aetiology. Periodontol. 2000;2011(57):19-37.

 2. Ferlay J, Soerjomataram I, Dikshit R, et al. Cancer incidence and 
mortality worldwide: sources, methods and major patterns in 
GLOBOCAN 2012. Int J Cancer. 2015;136:E359-E386.

 3. Kumar M, Nanavati R, Modi TG, Dobariya C. Oral cancer: etiology 
and risk factors: a review. J Cancer Res Ther. 2016;12:458-463.

 4. Montero PH, Patel SG. Cancer of the oral cavity. Surg Oncol Clin N 
Am. 2015;24:491-508.

 5. Omura K. Current status of oral cancer treatment strategies: sur-
gical treatments for oral squamous cell carcinoma. Int J Clin Oncol. 
2014;19:423-430.

 6. Levi LE, Lalla RV. Dental treatment planning for the patient with 
oral cancer. Dent Clin North Am. 2018;62:121-130.

 7. Hartner L. Chemotherapy for oral cancer. Dent Clin North Am. 
2018;62:87-97.

 8. Ohnishi Y, Yasui H, Nozaki M, Nakajima M. Molecularly-targeted ther-
apy for the oral cancer stem cells. Jpn Dent Sci Rev. 2018;54:88-103.

 9. Gharat SA, Momin M, Bhavsar C. Oral squamous cell carcinoma: 
current treatment strategies and nanotechnology-based ap-
proaches for prevention and therapy. Crit Rev Ther Drug Carrier Syst. 
2016;33:363-400.

 10. Schmitz JF, Bornberg-Bauer E. Fact or fiction: updates on how pro-
tein-coding genes might emerge de novo from previously non-cod-
ing DNA. F1000Res. 2017; 6:57.

 11. Ma L, Bajic VB, Zhang Z. On the classification of long non-coding 
RNAs. RNA Biol. 2013;10:925-933.

 12. Hombach S, Kretz M. Non-coding RNAs: classification, biology and 
functioning. Adv Exp Med Biol. 2016;937:3-17.

 13. Kondo Y, Shinjo K, Katsushima K. Long non-coding RNAs as an epi-
genetic regulator in human cancers. Cancer Sci. 2017;108:1927-1933.

 14. Dhanoa JK, Sethi RS, Verma R, Arora JS, Mukhopadhyay CS. Long 
non-coding RNA: its evolutionary relics and biological implications 
in mammals: a review. J Anim Sci Technol. 2018;60:25.

 15. Zhou X, Liu S, Cai G, et al. Long non coding RNA MALAT1 promotes 
tumor growth and metastasis by inducing epithelial-mesenchymal 
transition in oral squamous cell carcinoma. Sci Rep. 2015;5:15972.

 16. Wu Y, Zhang L, Zhang L, et al. Long non-coding RNA HOTAIR pro-
motes tumor cell invasion and metastasis by recruiting EZH2 and 
repressing E-cadherin in oral squamous cell carcinoma. Int J Oncol. 
2015;46:2586-2594.

 17. Lu M-Y, Liao Y-W, Chen P-Y, et al. Targeting LncRNA HOTAIR sup-
presses cancer stemness and metastasis in oral carcinomas stem 
cells through modulation of EMT. Oncotarget. 2017;8:98542-98552.

 18. Shih JW, Chiang WF, Wu ATH, et al. Long noncoding RNA 
LncHIFCAR/MIR31HG is a HIF-1alpha co-activator driving oral 
cancer progression. Nat Commun. 2017;8:15874.

 19. Nusse R, Brown A, Papkoff J, et al. A new nomenclature for int-1 
and related genes: the Wnt gene family. Cell. 1991;64:231.

 20. Steinhart Z, Angers S. Wnt signaling in development and tissue ho-
meostasis. Development. 2018;145.

 21. Foulquier S, Daskalopoulos EP, Lluri G, Hermans KCM, Deb A, 
Blankesteijn WM. WNT signaling in cardiac and vascular disease. 
Pharmacol Rev. 2018;70:68-141.

 22. Duchartre Y, Kim YM, Kahn M. The Wnt signaling pathway in can-
cer. Crit Rev Oncol Hematol. 2016;99:141-149.

 23. Nishiyama K, Maruyama R, Niinuma T, et al. Screening for long 
noncoding RNAs associated with oral squamous cell carcinoma re-
veals the potentially oncogenic actions of DLEU1. Cell Death Dis. 
2018;9:826.

 24. Hagege H, Klous P, Braem C, et al. Quantitative analysis of chro-
mosome conformation capture assays (3C-qPCR). Nat Protoc. 
2007;2:1722-1733.

https://orcid.org/0000-0003-0195-4167
https://orcid.org/0000-0003-0195-4167
https://orcid.org/0000-0003-1431-7167
https://orcid.org/0000-0003-1431-7167
https://orcid.org/0000-0002-1605-1449
https://orcid.org/0000-0002-1605-1449
https://orcid.org/0000-0003-0312-9785
https://orcid.org/0000-0003-0312-9785


10524  |     AI et Al.

 25. de Almeida Nagata DE, Chiang EY, Jhunjhunwala S, et al. Regulation 
of tumor-associated myeloid cell activity by CBP/EP300 bromo-
domain modulation of H3K27 acetylation. Cell Rep. 2019;27:269-
281.e4.

 26. Kajino T, Shimamura T, Gong S, et al. Divergent lncRNA MYMLR 
regulates MYC by eliciting DNA looping and promoter-enhancer in-
teraction. EMBO J. 2019;38:e98441.

 27. Eagen KP. Principles of chromosome architecture revealed by Hi-C. 
Trends Biochem Sci. 2018;43:469-478.

 28. Ding Y, Xi Y, Chen T, et al. Caprin-2 enhances canonical Wnt sig-
naling through regulating LRP5/6 phosphorylation. J Cell Biol. 
2008;182:865-872.

 29. Lakshminarayana S, Augustine D, Rao RS, et al. Molecular pathways 
of oral cancer that predict prognosis and survival: a systematic re-
view. J Carcinog. 2018;17:7.

 30. Awan KH, Hegde R, Cheever VJ, et al. Oral and pharyngeal cancer 
risk associated with occupational carcinogenic substances: system-
atic review. Head Neck. 2018;40:2724-2732.

 31. Kulis M, Esteller M. DNA methylation and cancer. Adv Genet. 
2010;70:27-56.

 32. Audia JE, Campbell RM. Histone modifications and cancer. Cold 
Spring Harb Perspect Biol. 2016;8:a019521.

 33. Kimura H. Histone modifications for human epigenome analysis. J 
Hum Genet. 2013;58:439-445.

 34. Zhang E, He X, Zhang C, et al. A novel long noncoding RNA 
HOXC-AS3 mediates tumorigenesis of gastric cancer by binding to 
YBX1. Genome Biol. 2018;19:154.

 35. Patten DK, Corleone G, Győrffy B, et al. Enhancer mapping uncov-
ers phenotypic heterogeneity and evolution in patients with luminal 
breast cancer. Nat Med. 2018;24:1469-1480.

 36. Chen F, Qi S, Zhang X, Wu J, Yang X, Wang R. lncRNA PLAC2 
activated by H3K27 acetylation promotes cell proliferation and 
invasion via the activation of Wnt/betacatenin pathway in oral 
squamous cell carcinoma. Int J Oncol. 2019;54:1183-1194.

 37. Pietrzak J, Ploszaj T, Pulaski L, Robaszkiewicz A. EP300-HDAC1-
SWI/SNF functional unit defines transcription of some DNA repair 
enzymes during differentiation of human macrophages. Biochim 
Biophys Acta Gene Regul Mech. 2019;1862:198-208.

 38. Lai Y, Li J, Li X, Zou C. Lipopolysaccharide modulates p300 and Sirt1 
to promote PRMT1 stability via an SCF(Fbxl17)-recognized acetyl-
degron. J Cell Sci. 2017;130:3578-3587.

 39. Iioka T, Furukawa K, Yamaguchi A, Shindo H, Yamashita S, Tsukazaki 
T. P300/CBP acts as a coactivator to cartilage homeoprotein-1 
(Cart1), paired-like homeoprotein, through acetylation of the con-
served lysine residue adjacent to the homeodomain. J Bone Miner 
Res. 2003;18:1419-1429.

 40. Liu H, Wu N, Zhang Z, et al. Long non-coding RNA LINC00941 as 
a potential biomarker promotes the proliferation and metastasis of 
gastric cancer. Front Genet. 2019;10:5.

 41. Wang L, Zhao H, Xu Y, et al. Systematic identification of lin-
cRNA-based prognostic biomarkers by integrating lincRNA ex-
pression and copy number variation in lung adenocarcinoma. Int J 
Cancer. 2019;144:1723-1734.

 42. Zhuang Z, Hu F, Hu J, et al. MicroRNA-218 promotes cisplatin resis-
tance in oral cancer via the PPP2R5A/Wnt signaling pathway. Oncol 
Rep. 2017;38:2051-2061.

 43. Liang S, Zhang S, Wang P, et al. LncRNA, TUG1 regulates the oral 
squamous cell carcinoma progression possibly via interacting with 
Wnt/beta-catenin signaling. Gene. 2017;608:49-57.

 44. Jia LF, Wei SB, Gan YH, et al. Expression, regulation and roles of 
miR-26a and MEG3 in tongue squamous cell carcinoma. Int J Cancer. 
2014;135:2282-2293.

 45. Liu Z, Wu C, Xie N, Wang P. Long non-coding RNA MEG3 inhibits 
the proliferation and metastasis of oral squamous cell carcinoma 
by regulating the WNT/beta-catenin signaling pathway. Oncol Lett. 
2017;14:4053-4058.

How to cite this article: Ai Y, Wu S, Zou C, Wei H. 
LINC00941 promotes oral squamous cell carcinoma 
progression via activating CAPRIN2 and canonical WNT/β-
catenin signaling pathway. J Cell Mol Med. 2020;24:10512–
10524. https://doi.org/10.1111/jcmm.15667

https://doi.org/10.1111/jcmm.15667

