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ABSTRACT Cervical cancer (CC) is a common gynecological malignancy with high
morbidity and mortality. Mounting evidence has highlighted that long noncoding RNAs
are essential regulators in cancer development. Long intergenic non-protein-coding
RNA 997 (LINC00997) was identified for study due to its high expression in CC tissues.
The aim of the study was to investigate the function and mechanism of LINC00997 in
CC. Reverse transcription-quantitative PCR (RT-gPCR) revealed that LINCO0997 RNA
expression was also increased in CC cells and LINC00997 copy number was upregulated
in CC tissues. 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT),
colony formation, and Transwell assays as well as transmission electron microscopy ob-
servation exhibited that LINC00997 depletion inhibited CC cell proliferation, migration,
invasion, and autophagy. The relationship between LINC00997 and its downstream
genes was confirmed by RNA pulldown, luciferase reporter, and RNA-binding protein
immunoprecipitation assays. Mechanistically, LINC00997 upregulated the expression of
cullin 2 (CUL2) by interacting with microRNA 574-3p (miR-574-3p). Moreover, Western
blot analysis was employed to detect the protein levels of mitogen-activated protein ki-
nase (MAPK) pathway-associated factors in CC cells. LINC00997 activated the MAPK sig-
naling by increasing CUL2 expression, thus promoting malignant phenotypes of CC
cells. In conclusion, the LINC00997/miR-574-3p/CUL2 axis contributes to CC cell prolifer-
ation, migration, invasion, and autophagy via the activation of MAPK signaling.
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ervical cancer (CC) is a prevalent tumor with the 4th highest incidence in women
globally (1), and it was responsible for approximately 570,000 cases and 311,000
deaths in 2018 (2). Surgical resection, radiotherapy, and chemotherapy are available
therapeutic methods for CC treatment. However, the long-term prognosis of CC
patients is still poor due to the high recurrence of CC or clinical resistance in cancer

therapy (3-5). Over the last few decades, molecular targeted therapies for cancer have Citation Chu D, LiuT, Yao Y, Luan N. 2021.

become increasingly important. To improve the prognosis of patients with CC and LINC00997/microRNA 574-3p/CUL2 promotes

enrich therapeutic options, it is necessary to explore mechanisms underlying the initia- cervical cancer development via mitogen-
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tion and development of CC. 41:200059-21. https//doi.org/10.1128/MCB
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mechanism, IncRNAs interact with microRNAs (miRNAs) to stabilize the expression of

August 2021 Volume 41 Issue 8 e00059-21 Molecular and Cellular Biology mcb.asm.org 1


https://orcid.org/0000-0003-0773-2901
https://doi.org/10.1128/MCB.00059-21
https://doi.org/10.1128/MCB.00059-21
https://doi.org/10.1128/ASMCopyrightv2
https://mcb.asm.org
https://crossmark.crossref.org/dialog/?doi=10.1128/MCB.00059-21&domain=pdf&date_stamp=2021-5-24

Chuetal.

their target genes, i.e, mRNAs, thereby upregulating or decreasing the expression of
mMRNAs (12, 13). For example, IncRNA XLOC_006390 acts as a ceRNA to positively regu-
late the expression of mRNA neuropilin 2 (NRP2)/pyruvate kinase M1/2 (PKM2) and eyes
absent homolog 2 (EYA2) by interacting with miRNA 331-3p (miR-331-3p)/miR-338-3p,
thereby promoting the tumorigenesis of CC (14). IncRNA syntaxin binding protein 5
(STXBP5) was reported to function as a ceRNA to decrease phosphatase and tensin hom-
olog (PTEN) expression by binding with miR-96-5p, thus suppressing CC cell proliferation
and invasion (15). Long intergenic non-protein-coding RNA 997 (LINC00997) is a newly
identified molecule, which has 472 nucleotides in length from the start site, 32758881,
to the end site, 32759353 (http://www.noncode.org/index.php). LINC0O0997 was discov-
ered to promote cell metastasis in kidney renal clear cell carcinoma (16). LINC00997 was
also reported to suppress the metastasis of colorectal cancer (17). In this study, we
explored the functions and mechanism of LINC00997 in CC development. We hypothe-
sized that LINC0O0997 may function as a ceRNA and affect cellular activities in CC.

Mitogen-activated protein kinase (MAPK) signaling pathways are involved in cellular
processes such as cell growth, proliferation, migration, and apoptosis (18). Moreover,
the role of MAPK signaling in CC progression has been verified. For example, IncRNA
motor neuron and pancrease homeobox 1 antisense RNA 1 (MNX1-AS1) was reported
to facilitate CC cell proliferation by activating MAPK signaling (19). IncRNA cancer sus-
ceptibility candidate 2 (CASC2) suppressed CC cell proliferation and invasion via inacti-
vation of MAPK signaling (20). In this study, we hypothesized that LINC00997 might
control the activation of MAPK signaling by modulating the expression of downstream
genes, thus regulating cellular processes in CC.

This study focused on the role of LINC00997 in CC, which may provide new insight
into molecular investigation in CC.

RESULTS

LINC00997 exhibits high expression in CC tissues and cells. We identified 10
IncRNAs (ADAMTS9-AS1, PGM5-AS1, RNF185-AS1, DLGAP1-AS1, LINC00997, ZSCAN16-
AS1, FLVCR1-AS1, PRR34-AS1, SH3PXD2A-AS1, and RNF139-AS1) for our study. First,
reverse transcription-quantitative PCR (RT-gPCR) was conducted to examine the
expression levels of these IncRNAs in 58 paired CC tissues and adjacent normal tissues.
The results showed that only LINC00997 exhibited significant high expression in CC tis-
sues (Fig. TA). Next, we examined LINC00997 expression in a normal cervical epithelial
cell line and four CC cell lines. RT-qPCR revealed that LINC00997 expression was mark-
edly increased in CC cell lines compared with that in the cervical epithelial cell line.
Additionally, the most significant high expression of LINC00997 was detected in HelLa
and SiHa cells; thus, the two cell lines were utilized for subsequent functional assays
(Fig. 1B). Afterwards, the genomic copy number of LINC00997 was examined in 58 tu-
mor tissues and 58 normal tissues utilizing RT-qPCR. The results showed that the
genomic copy number of LINC00997 was also markedly increased in CC tissues com-
pared with that in normal tissues (Fig. 1C). According to Pearson correlation analysis,
the RNA expression level of LINC00997 was positively correlated with the genomic
copy number of LINC0O0997 (Fig. 1D). The data indicated that the amplification of
LINC00997 copy number partly resulted in the high expression of LINC00997 in CC.
Overall, these findings verified that LINC0O0997 expression is upregulated in CC tissues
and cells.

LINC00997 depletion inhibits CC cell proliferation, migration, invasion, and
autophagy. Subsequently, we investigated the effect of LINC0O0997 on CC cellular
processes. First, we knocked down LINC00997 expression with sh-LINC00997#1/2 in
Hela and SiHa cells (Fig. 2A). We identified sh-LINC00997#1 to conduct the following
loss-of-function assays due to the better knockdown efficiency of sh-LINCO0997#1 in
Hela and SiHa cells. The 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bro-
mide (MTT) assay was conducted to examine the effect of LINC00997 on CC cell viabil-
ity; the results showed that the number of viable CC cells was reduced by LINC00997
knockdown (Fig. 2B). In addition, the number of cell colonies was decreased in Hela
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FIG 1 LINC00997 exhibits high expression in CC tissues and cells. (A) The expression levels of 10 IncRNAs in CC tissues
and adjacent nontumor tissues were examined by RT-gPCR. Only LINC00997 showed significantly high expression in CC
tissues. (B) RT-qPCR was conducted to detect LINC00997 expression in four CC cell lines and a cervical epithelial cell line
(Ect1/E6E7). LINC00997 exhibited high expression in CC cell lines, especially in the Hela and SiHa cell lines. (C) The
genomic copy number of LINCO0997 was examined by RT-qPCR in tumor tissues and normal tissues. (D) Pearson
correlation analysis was applied to identify the association between LINC00997 RNA level and LINC00997 copy number. A
positive correlation between LINC00997 RNA level and LINC0O0997 copy number was identified. **, P < 0.01; ***, P < 0.001.

and SiHa cells with transfection of sh-LINC00997#1, indicating that LINC00997 silencing
reduced CC cell proliferation (Fig. 2C). Furthermore, Transwell assays revealed that
LINC00997 depletion decreased the number of migrated and invaded cells, suggesting
that the migratory and invasive capacities of CC cells were suppressed by LINC00997
knockdown (Fig. 2D and E). Upon transmission electron microscopy (TEM) observation,
we discovered that the number of autophagosomes was reduced by LINC00997 deple-
tion, suggesting that LINC00997 knockdown suppressed CC cell autophagy (Fig. 2F). In
addition, as suggested by Western blot analysis, the ratio of LC3-II/LC3-I and beclin-1
protein levels was decreased by LINC00997 knockdown (Fig. 2G). Overall, LINC00997
depletion inhibits CC cell proliferation, migration, invasion, and autophagy.
LINC00997 interacts with miR-574-3p in CC. Afterwards, we explored the mecha-
nism mediated by LINC00997 in CC. Mounting evidence suggests that cytoplasmic
IncRNAs can act as ceRNAs in cancers (21, 22). According to the subcellular fractiona-
tion, LINC00997 was confirmed to be mainly distributed in the cytoplasm of CC cells
(Fig. 3A), indicating that LINC00997 functions posttranscriptionally in CC. Next, we
explored downstream genes of LINC00997. Fourteen potential LINC0O0997-binding
miRNAs (miR-27a-3p, miR-27b-3p, miR-512-3p, miR-574-3p, miR-22-3p, miR-1301-3p,
miR-126-5p, MiR-485-3p, miR-101-3p, miR-221-3p, miR-222-3p, miR-134-5p, miR-26a-
5p, and miR-26b-5p) were predicted from starBase (Fig. 3B). RNA pulldown assays were
carried out to examine the interaction between LINC00997 and candidate miRNAs, and
the results revealed that 3 miRNAs (miR-574-3p, miR-126-5p, and miR-101-3p) were sig-
nificantly pulled down by LINC00997 biotinylated probes in HelLa cells. RNA pulldown
assays were then performed in SiHa cells to determine the enrichment of the 3
miRNAs, and the results suggested that only miR-574-3p was highly enriched in
LINC00997 biotinylated probes in SiHa cells (Fig. 3C). Thus, we identified miR-574-3p
for further study. RT-qPCR indicated that miR-574-3p exhibited low expression in CC
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FIG 2 LINC00997 depletion inhibits CC cell proliferation, migration, invasion, and autophagy. (A) The knockdown efficiency of
LINC00997 in HelLa and SiHa cells was detected by RT-qPCR. LINC00997 expression was markedly decreased especially in cells
transfected with sh-LINC00997#1. (B and C) The viability and proliferation of HelLa and SiHa cells with transfection of sh-LINC00997#1
were assessed by MTT and colony formation assays. MTT and colony formation assays were repeated in triplicate. (D and E) The effect
of LINC00997 deficiency on CC cell migration and invasion was evaluated by Transwell assays. All experiments were conducted thrice.
(F) The number of autophagosomes after transfection of sh-LINC0O0997#1 was observed by TEM. TEM observation was performed
three times. (G) The protein levels of autophagy markers (LC3-Il/LC-3l and beclin-1) in CC cells with transfection of sh-LINC00997#1
were detected by Western blotting. ***, P<0.001.

tissues and cells compared with that in nontumor tissues and cervical epithelial cells
(Fig. 3D). Moreover, the genomic copy number of miR-574-3p was also downregulated
in CC tissues compared with that in normal tissues (Fig. 3D). miR-574-3p expression
was upregulated due to LINC00997 silencing in HeLa and SiHa cells (Fig. 3E). The over-
expression efficiency of miR-574-3p mimics was examined by RT-qPCR (Fig. 3F). miR-
574-3p overexpression failed to significantly affect LINCO0997 expression in CC cells, as
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FIG 3 LINC00997 interacts with miR-574-3p in CC. (A) The distribution of LINC00997 in CC cells was determined by the subcellular
fractionation assay. The assay was repeated thrice. (B) The 14 possible LINC00997-binding miRNAs were predicted from the starBase
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suggested by RT-gPCR (Fig. 3G). The efficiency of miR-574-3p silencing in Hela and
SiHa cells was detected by RT-qPCR (Fig. 3H). Similarly, inhibition of miR-574-3p failed
to change LINC00997 expression in CC cells (Fig. 3l). In addition, Pearson correlation
analysis identified the negative expression correlation between LINC0O0997 expression
and miR-574-3p expression in CC tissues (Fig. 3J). In summary, LINCO0997 interacts
with miR-574-3p in CC.

CUL2 is targeted by miR-574-3p in CC. Next, we explored the target gene of miR-
574-3p in CC utilizing databases (microT, PITA, and PicTar) on the starBase website. As
illustrated by the Venn diagram in Fig. 4A, 2 mRNAs, cullin 2 (CUL2) and striatin 2
(STRN3), were predicted by the microT, PITA, and PicTar databases. Next, RT-qPCR was
conducted to examine the effect of miR-574-3p overexpression on the expression of
two candidate target genes in CC cells. After miR-574-3p overexpression, CUL2 expres-
sion in Hela and SiHa cells was significantly downregulated, while STRN3 expression
exhibited no significant changes (Fig. 4B). Thus, we identified CUL2 for further study. A
possible binding site between miR-574-3p and the 3’ untranslated region (UTR) of
CUL2 was predicted from starBase, and the CUL2 sequence was mutated (Fig. 4Q).
According to a luciferase reporter assay, the luciferase activities of CUL2-Wt reporters
were impaired by miR-574-3p mimics, while those of CUL2-Mut reporters exhibited no
significant changes (Fig. 4C). The results implied the direct binding between miR-574-
3p and the 3’ UTR of CUL2. In another luciferase reporter assay, we mutated the
sequence of miR-574-3p and discovered that the luciferase activity of CUL2 was
increased by LINC0O0997 overexpression in the miR-574-3p-Wt group, with no signifi-
cant changes detected in the miR-574-3p-Mut group (Fig. 4D). The results suggested
that LINC00997 upregulated CUL2 expression by competitively interacting with miR-
574-3p. Next, we inhibited miR-574-3p expression with miR-574-3p inhibitor in Hela
and SiHa cells for RNA-binding protein immunoprecipitation (RIP) assays. As shown in
RT-gPCR, miR-574-3p expression was markedly decreased (Fig. 4E). RIP assays were per-
formed to further explore the relationship of the three factors. LINC00997 was signifi-
cantly enriched in Ago2 antibody after miR-574-3p overexpression (Fig. 4F). Similarly,
the enrichment of CUL2 mRNA in Ago2 antibody was increased by miR-574-3p overex-
pression compared with that in the anti-lgG group (Fig. 4G). The enrichment of
LINC00997 and CUL2 mRNA in the antibody Ago2 group was decreased due to miR-
574-3p inhibition (Fig. 4H and I). Overall, CUL2 is a target gene of miR-574-3p, and
LINC00997 upregulates CUL2 expression via miR-574-3p in CC.

LINC00997 positively regulates mRNA expression and protein level of CUL2 by
binding to miR-574-3p. RT-qPCR revealed that CUL2 exhibited high expression in CC
tissues and cells compared with its expression in nontumor tissues and cervical epithe-
lial cells (Fig. 5A and B). The genomic copy number of CUL2 in tissues was examined
by RT-gPCR, and the results implied that the CUL2 genomic DNA level was also
increased in CC tissues compared with that in normal tissues (Fig. 5C). Pearson correla-
tion analysis suggested that CUL2 expression was negatively associated with miR-574-
3p expression and positively correlated with LINC00997 expression in CC tissues (Fig.
5D and E). RT-qPCR and Western blot analyses were performed to explore the effect of
LINC00997 silencing and miR-574-3p inhibition on CUL2 levels in CC cells. Both mRNA
expression and protein level of CUL2 were markedly increased due to miR-574-3p inhi-

FIG 3 Legend (Continued)

website under the condition of Pan-Cancer, i.e., 4 cancer types. (C) RNA pulldown assays were conducted to detect the enrichment of
candidate miRNAs in LINC00997 biotin probes, and they were performed in triplicate. (D) miR-574-3p expression in CC tissues and cells
and miR-574-3p copy number in CC tissues were examined by RT-qPCR. miR-574-3p expression was decreased in CC tissues and cells
compared with that in control groups, and miR-574-3p copy number was also decreased in tumor tissues. (E) The effect of LINC0O0997
knockdown on miR-574-3p expression was examined by RT-qPCR. miR-574-3p expression was upregulated due to LINC00997 silencing in
Hela and SiHa cells. (F) The efficiency of miR-574-3p overexpression in CC cells was probed by RT-qPCR. miR-574-3p expression was
successfully increased by miR-574-3p mimics. (G) The effect of miR-574-3p overexpression on LINCO0997 expression was examined by
RT-gPCR. No significant changes were examined in LINCO0997 expression after miR-574-3p overexpression. (H) RT-qPCR was performed
to detect the efficiency of miR-574-3p inhibition in CC cells. (I) RT-gPCR was conducted to explore whether the inhibition of miR-574-3p
might regulate LINC00997 expression. miR-574-3p silencing failed to affect LINC0O0997 expression in CC cells. (J) LINCO0997 expression
was negatively associated with miR-574-3p expression in CC tissues as identified by Pearson correlation analysis. ***, P < 0.001.
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FIG 4 CUL2 is targeted by miR-574-3p. (A) Two miR-574-3p-binding mRNAs (CUL2 and STRN3) were predicted from the starBase
website. As illustrated by the Venn diagram, mRNA CUL2 and STRN3 were identified since they were simultaneously predicted by the
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bition in HeLa and SiHa cells (Fig. 5F). The mRNA expression and protein level of CUL2
were downregulated by LINC00997 silencing, while the inhibition of miR-574-3p res-
cued the decrease in CUL2 levels (Fig. 5G). The results implied that miR-574-3p sup-
pressed CUL2 levels at both the protein and mRNA levels, and LINC00997 positively
regulated CUL2 levels by interacting with miR-574-3p.

CUL2 overexpression promotes malignant phenotypes of CC cells and activates
the MAPK signaling pathway. We carried out a range of gain-of-function assays to
explore the effect of CUL2 on CC cellular processes. As shown in RT-qPCR, both mRNA
expression and protein level of CUL2 were markedly increased by pcDNA3.1/CUL2 in
Hela cells (Fig. 6A). MTT and colony formation assays suggested that CUL2 overexpres-
sion enhanced CC cell viability and proliferation (Fig. 6B and C). Moreover, cell migra-
tion and invasion were also promoted by pcDNA3.1/CUL2 (Fig. 6D and E). The number
of autophagosomes was increased by CUL2 overexpression according to TEM observa-
tion, implying that CUL2 promoted the autophagy of CC cells (Fig. 6F). The ratio of LC3-II/
LC3-I and beclin-1 protein levels was increased by pcDNA3.1/CUL2, which confirmed the
promotion of autophagy by CUL2 overexpression (Fig. 6G). Furthermore, the phosphoryl-
ated extracellular signal-regulated kinase (ERK)/total ERK (p/t-ERK), p/t-c-Jun N-terminal
protein kinase (p/t-JNK), and p/t-p38 protein ratios were increased by CUL2 overexpres-
sion, implying that the MAPK signaling was activated by CUL2 overexpression (Fig. 6H).
Overall, CUL2 overexpression promotes cell proliferation, migration, invasion, and autoph-
agy. In addition, CUL2 overexpression activates the MAPK signaling pathway.

CUL2 overexpression rescues the suppressive effect of LINC00997 knockdown
on CC cell proliferation, migration, invasion, and autophagy. To confirm whether
LINC00997 promotes malignant phenotypes of CC cells by upregulating CUL2 expres-
sion, rescue assays were carried out. As illustrated by MTT and colony formation assays,
CUL2 overexpression rescued the inhibitory effect of LINC00997 knockdown on CC cell
viability and proliferation (Fig. 7A and B). Transwell assays indicated that the suppres-
sive effect of LINC00997 silencing on CC cell migration and invasion was reversed by
CUL2 overexpression (Fig. 7C). Moreover, CUL2 overexpression rescued the decrease in
the number of autophagosomes caused by LINC00997 depletion in Hela cells (Fig.
7D). Additionally, the inhibitory effect on the ratio of LC3-I1I/LC3-l and beclin-1 protein
levels mediated by LINC00997 silencing was also reversed by CUL2 overexpression
(Fig. 7E). The results suggested that CUL2 rescued the suppressive effect on autophagy
mediated by LINC00997 in CC cells. In summary, rescue assays demonstrated that
LINC00997 promotes CC cell proliferation, migration, invasion, and autophagy by upre-
gulating CUL2 expression.

CUL2 overexpression rescues the inhibitory effect of miR-574-3p overexpression
on malignant phenotypes of CC cells. To explore the effect of miR-574-3p on cellular
processes and its mechanistic relationship with CUL2, gain-of-function experiments
were carried out. MTT and colony formation assays revealed that miR-574-3p overex-
pression suppressed CC cell viability and proliferation, while CUL2 overexpression res-
cued the suppressive effect (Fig. 8A and B). Transwell assays suggested that CUL2 over-
expression reversed the inhibitory effect of miR-574-3p overexpression on cell
migration and invasion (Fig. 8C). As determined by TEM observation, miR-574-3p over-

FIG 4 Legend (Continued)

microT, PITA, and PicTar databases. (B) The effect of miR-574-3p overexpression on mRNA levels of CUL2 and STRN3 in CC cells was
evaluated by RT-qPCR. CUL2 expression was downregulated by miR-574-3p mimics, while STRN3 expression exhibited no significant
changes compared with the control group in CC cells. (C) The binding site between CUL2 and miR-574-3p was predicted from
starBase, and the CUL2 3’ UTR fragment was mutated. The luciferase assay was applied to explore the interaction between miR-574-
3p and CUL2. (D) The binding site between LINC00997 and miR-574-3p was also predicted from starBase, and the miR-574-3p
sequence was mutated. The luciferase activities of CUL2 was examined in CC cells overexpressing LINCO0997 with or without the
miR-574-3p binding site being mutated. (E) miR-574-3p expression was silenced by the miR-574-3p inhibitor, and the efficiency of
miR-574-3p inhibition was detected by RT-gqPCR. (F and G) RIP assay was conducted to examine the enrichment of LINC00997 and
CUL2 mRNA in the Ago2 group or IgG group in CC cells transfected with miR-574-3p mimics. LINC00997 and CUL2 mRNA were
markedly enriched in Ago2 antibody group after miR-574-3p overexpression. (H and 1) The enrichment of LINC00997 and CUL2
mRNA in the Ago2 group or IgG group was decreased due to the inhibition of miR-574-3p, as suggested by RIP assays. All
experiments were performed three times. **, P<0.01; ***, P<<0.001.
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FIG 5 LINC00997 upregulates mRNA expression and protein level of CUL2 by binding to miR-574-3p. (A and B)
The expression of CUL2 in CC tissues and cells was probed by RT-qPCR. CUL2 is highly expressed in CC tissues
and cells compared with nontumor tissues and epithelial cells. (C) The genomic copy number of CUL2 was also
increased in 58 CC tissues compared with that in 58 normal tissues, as suggested by RT-qPCR. (D and E) CUL2
expression was negatively correlated with miR-574-3p expression and positively associated with LINC0O0997
expression in CC tissues, as identified by Pearson correlation analysis. (F) The mRNA expression and protein
level of CUL2 were increased due to miR-574-3p inhibition, as suggested by RT-gPCR and Western blot
analyses. (G) Inhibition of miR-574-3p rescued the decrease in mRNA expression and protein level of CUL2
induced by LINC00997 silencing according to RT-qPCR and Western blotting. ***, P <0.001.

expression inhibited cell autophagy, while CUL2 overexpression rescued the inhibitory
effect (Fig. 8D). Similarly, CUL2 overexpression successfully reversed the decrease in
protein levels of autophagy markers in Hela cells (Fig. 8E). In conclusion, CUL2 overex-
pression rescued the inhibitory effect on cell proliferation, migration, invasion, and
autophagy mediated by miR-574-3p overexpression.
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FIG 7 LINC00997 promotes CC cell proliferation, migration, invasion, and autophagy by upregulating CUL2 expression. (A and B) MTT and

colony formation assays were conducted to evaluate the viability and proliferation of CC cells tran

sfected with sh-NC or sh-LINC00997#1

and/or pcDNA3.1/CUL2. All experiments were repeated thrice. (C) Transwell assays were employed to measure CC cell migration and invasion

after transfection. All experiments were performed in triplicate. (D) TEM was applied to observe eff
CUL2 overexpression on the number of autophagosomes and was performed three times. (E) The ra

fects of LINC00997 knockdown and/or
tio of LC3-1I/LC3-I and beclin-1 protein

level in CC cells with transfection was examined by Western blot analysis. *, P < 0.05; **, P<0.01; ***, P<0.001.

LINC00997 activates the MAPK signaling by upregulating CUL2 expression. Since
CUL2 can activate the MAPK signaling and CUL2 was positively regulated by LINC00997 in
CC, we investigated whether LINC00997 can affect activation of MAPK signaling by regu-
lating CUL2 expression. As delineated by Western blot analysis, CUL2 overexpression
reversed the decrease in protein levels of p-ERK, p-JNK, and p-p38 in Hela cells mediated
by LINC00997 knockdown (Fig. 9A). For further exploration, we overexpressed LINC00997
and silenced CUL2 expression in SiHa cells (Fig. 9B). Western blot analysis revealed that
CUL2 knockdown reversed the increase in protein levels of p-ERK, p-JNK, and p-p38 medi-
ated by LINC00997 overexpression (Fig. 9C). Thus, we concluded that LINC00997 activates
MAPK signaling via the upregulation of CUL2 expression.

DISCUSSION
In recent decades, the biological functions of IncRNAs have been widely investi-
gated (23, 24). Additionally, dysregulated IncRNAs are acknowledged as key factors in

August 2021 Volume 41 Issue 8 e00059-21

mcb.asm.org 11


https://mcb.asm.org

Chuetal. Molecular and Cellular Biology

A B == NC mimics
—e— NC mimics iR- imi
—=—  miR-574-3p mimics Hela = $:2 g;i’_gp m:::z
15m miR-574-3p mimics — LR
S +pcDNA3.1/CUL2 +pcDNAS.1/CUL2
E 1.0 : £ .
o A=
8 i 8
= *
] ‘s
S 0.5+ 8
a S
© NC mimics miR-574-3p mimics miR-574-3p mimics e
0.0 +pcDNA3.1/CUL2 0
Hela
C == NC mimics —= NC mimics
=== miR-574-3p mimics === miR-574-3p mimics
miR-574-3p mimics miR-574-3p mimics
o +pcDNA3.1/CUL2 +pcDNA3.1/CUL2
Migration 150 *kk 120
2 — k%% 2 kil
g — = 8 % * kK
it EEE
g 100 3
2 £ 0
Invasion S 50 g %
[}
£ 5
S -]
o, =z Z 0 Z 0
NC mimics mIR -574-3p mimics mMiR-574- 3p mimics HelLa HelLa
+pcDNA3.1/CUL2
== NC mimics
D E == miR-574-3p mimics
Hela = MiR-574-3p mimics+pcDNA3.1/CUL2

Hel.:
LC3-I 15 Hela
(& Em=g=
2 ik
Beclin-1 e I < 10
[}
GAPDH i .  °
6'\\06 .‘\('\\0(" .«\\05" _g 0.5
NC mimics miR-574-3p mimics ~ miR-574-3p mimics O > Qé\\ Qﬂ(‘\\)\j’ g
+poDNA3.1/CUL2 NP AN e
o af v.' .
NN Q&‘A LC3-II/LC3-I Beclin-1
X
F Hela
p-ERK ‘ == pcDNA3.1
. 5— == pcDNA3.1/CUL2
ERK -- g4 % B Hela
P-INK  — — £
zs3 xx
INK - a— s,
o
- =
p-p38 D 2
P38 &
0
CAPDH (N €D PH-ERK pt-JNK  pit-p38
¥
N4
SR
N
&P
KX
QQ

FIG 8 CUL2 overexpression rescues the suppressive effect of miR-574-3p overexpression on malignant phenotypes of CC cells. (A
and B) The viability and proliferation of CC cells transfected with miR-574-3p mimics, NC mimics, or miR-574-3p
mimics+pcDNA3.1/CUL2 were probed by MTT and colony formation assays. (C) Cell migration and invasion were inhibited by
miR-574-3p overexpression and rescued by CUL2 overexpression according to Transwell assays. (D) The autophagy of Hela cells
after transfection was probed by TEM observation. (E) The protein levels of LC3-II/LC3-I and beclin-1 in Hela cells with transfection
were examined by Western blot analysis. (F) The effect of CUL2 overexpression on protein levels of MAPK pathaway-associated
factors was detected by Western blot analysis. *, P < 0.05; **, P<0.01; ***, P<0.001.

the tumorigenesis of cancers (25, 26). Our study showed that LINCO0997 expression
was upregulated in CC tissues and cells. In addition, LINCO0997 copy number was also
increased in CC tissues. LINC0O0997 RNA expression positively correlated with
LINC00997 copy number, implying that LINCO0997 copy number partly resulted in the
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FIG 9 LINC00997 activates MAPK signaling by upregulating CUL2 expression. (A) Western blot analysis was carried out to probe
effects of LINC00997 knockdown and/or CUL2 overexpression on protein levels of MAPK pathway-related factors in Hela cells.
CUL2 overexpression reversed the decrease in protein levels of p-ERK, p-JNK, and p-p38 in Hela cells mediated by LINC00997
knockdown. (B) The efficiency of LINC00997 overexpression or CUL2 knockdown in SiHa cells was measured by RT-qPCR. (C) The
protein levels of phosphorylated ERK/JNK/P38 in SiHa cells with transfection of pcDNA3.1, pcDNA3.1/LINC00997, or pcDNA3.1/
LINC00997 +sh-CUL2 were measured by Western blot analysis. CUL2 knockdown reversed the increase in protein levels of p-ERK,
p-JNK, and p-p38 mediated by LINCO0997 overexpression. *, P < 0.05; **, P<0.01; ***, P < 0.001.

high expression of LINC00997 in CC. LINC00997 depletion suppressed CC cell prolifera-
tion, migration, and invasion. In addition, we discovered that LINC00997 knockdown
inhibited the autophagy of CC cells. Autophagy refers to cellular material being trans-
ferred to lysosomes for degradation, resulting in the turnover of cell components and
offering energy (27). Prevention or stimulation of autophagy is regarded as an effective
theoretical option for cancer treatment (28). Thus, the oncogenic role of LINC0O0997 in
CC development was confirmed.

Recent studies have shown that IncRNAs can serve as ceRNAs against miRNAs to
play critical roles in cancer progression (13, 29). miRNAs are short noncoding RNAs of
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approximately 22 nucleotides, which participate in posttranscriptional gene regulation
and biological processes of many tumors (30). We discovered that LINC00997 is mainly
localized in the cytoplasm of CC cells, suggesting that LINC00997 might function at the
posttranscriptional level. Based on bioinformatics analyses and our experiments, we
identified that LINC00997 bound to miR-574-3p in CC. According to a previous report,
miR-574-3p represses the metastasis of epithelial ovarian cancer by targeting epider-
mal growth factor receptor (31). miR-574-3p represses colorectal cancer progression by
directly binding to cyclin D2 (32). miR-574-3p attenuates cisplatin resistance by down-
regulating zinc finger E-box binding homeobox transcription factor 1 in gastric carci-
noma (33). In this study, miR-574-3p expression was decreased in CC tissues and cells,
and its expression was negatively associated with LINCO0997 expression or CUL2
expression in CC tissues. CUL2 is a target gene of miR-574-3p.

Under the control of the ceRNA network, miRNAs regulate gene expression posttran-
scriptionally by binding to the 3" UTRs of mRNAs (34). As suggested by previous studies,
CUL2 upregulation promotes the occurrence of human papillomavirus 16 (HPV16) E7-
induced CC (35). Moreover, CUL2 is related to a dismal prognosis for patients with esoph-
ageal cancer after neoadjuvant radiochemotherapy (36). Additionally, CUL2 can promote
the tumorigenesis of colorectal cancer (37). In our study, CUL2 was found to exhibit high
expression in CC tissues and cells. CUL2 expression was positively correlated with
LINC00997 expression and negatively associated with miR-574-3p expression. In addition,
miR-574-3p inhibition reversed the suppressive effect of LINCO0997 silencing on mRNA
expression and protein level of CUL2, suggesting that LINC00997 upregulated CUL2
expression by combining with miR-574-3p. CUL2 overexpression promoted malignant
phenotypes of CC cells. In rescue assays, we validated that miR-574-3p suppressed CC cell
proliferation, migration, invasion, and autophagy by decreasing CUL2 expression, while
LINC00997 promoted malignant phenotypes of CC cells via the activation of MAPK signal-
ing by upregulating CUL2 expression.

It has been recognized that IncRNAs can influence cancer occurrence and develop-
ment via the MAPK pathway (38-40). To explore whether LINC00997 modulates MAPK
signaling by regulating CUL2 expression, we examined the protein levels of factors
(extracellular signal-regulated kinase [ERK], c-Jun N-terminal kinase [JNK], and p38)
associated with the pathway. Previous evidence demonstrated that the deregulation
of kinases such as ERK, JNK, and p38 can result in many human diseases, including can-
cer (41). The results indicated that CUL2 overexpression rescued the suppressive effect
of LINC00997 knockdown on phosphorylated ERK, JNK, and p38 levels. Additionally,
CUL2 silencing reversed the increase in phosphorylated ERK, JNK, and p38 protein lev-
els induced by LINC00997 overexpression. Thus, we concluded that LINC00997 acti-
vated the MAPK pathway by increasing CUL2 expression via miR-574-3p.

In summary, the LINC00997/miR-574-3p/CUL2 axis promotes CC cell proliferation,
migration, invasion, and autophagy by activating MAPK signaling. CUL2 is a target
gene of miR-574-3p, and CUL2 expression is downregulated by miR-574-3p expression.
LINC00997 serves as a ceRNA to combine with miR-574-3p, thereby preventing the
degradation of CUL2. This study may provide new insight into molecular investigation
in CC. However, animal experiments were not designed and the upstream signal of
LINC00997 was not investigated in this study, which will be further explored in our
future studies.

MATERIALS AND METHODS

Bioinformatics analysis. The 14 potential miRNAs binding to LINC00997 were predicted from the
starBase website (http:/starbase.sysu.edu.cn/) under the condition of Pan-Cancer, i.e., 4 cancer types
(42). The mRNAs targeted by miR-574-3p were predicted from databases (microT, PITA, and PicTar) on
the website of starBase. The results were illustrated by Venn diagram (http://bioinformatics.psb.ugent
.be/webtools/Venn/) (43).

Tissue samples. CC tissues and adjacent noncancerous tissues were obtained from 58 CC patients
at Shengjing Hospital of China Medical University (Liaoning, China). The collected tissues were stored at
—80°C for experimental use. No patients had received preoperative anticancer treatment. All patients
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TABLE 1 Primer sequences used for RT-qPCR

Molecular and Cellular Biology

Target Primer sequences

LINC00997 Forward, 5'-CCCTTAACCCACATACCAC-3’; reverse, 5'-TAGAATACTGGCATCGTTACAC-3’
miR-27a-3p Forward, 5'-TTCACAGTGGCTAAGTTCCG-3’; reverse, 5'-CTCTACAGCTATATTGCCAGCC-3’
miR-27b-3p Forward, 5'-TTCACAGTGGCTAAGTTCTGC-3'; reverse, 5'-CTCTACAGCTATATTGCCAGCC-3’
miR-512-3p Forward, 5'-AAGTGCTGTCATAGCTGAGGTC-3’; reverse, 5'-CTCTACAGCTATATTGCCAGCC-3’
miR-574-3p Forward, 5'-CACGCTCATGCACACACC-3’; reverse, 5'-CTCTACAGCTATATTGCCAGCC-3’
miR-22-3p Forward, 5'-AAGCTGCCAGTTGAAGAACTGT-3’; reverse, 5'-CTCTACAGCTATATTGCCAGCCA-3’
miR-1301-3p Forward, 5'-TTGCAGCTGCCTGGGA-3’; reverse, 5'-CTCTACAGCTATATTGCCAGCCA-3’
miR-126-5p Forward, 5'-CATTATTACTTTTGGTACGCG-3’; reverse, 5'-CTCTACAGCTATATTGCCAGC-3’
miR-485-3p Forward, 5'-GTCATACACGGCTCTCCTCTCT-3’; reverse, 5'-CTCTACAGCTATATTGCCAGCCAC-3’
miR-4770 Forward, 5'-TGAGATGACACTGTAGCT-3’; reverse, 5'-CTCTACAGCTATATTGCC-3’

miR-101-3p Forward, 5'-TACAGTACTGTGATAACTGAA-3’; reverse, 5'-CTCTACAGCTATATTGCC-3’
miR-221-3p Forward, 5'-AGCTACATTGTCTGCTGGGTTTC-3’; reverse, 5'-CTCTACAGCTATATTGCCAGCCAC-3’
miR-222-3p Forward, 5'-AGCTACATCTGGCTACTGGGT-3’; reverse, 5'-CTCTACAGCTATATTGCCAGCC-3’
miR-134-5p Forward, 5'-TGTGACTGGTTGACCAGAGG-3'; reverse, 5'-CTCTACAGCTATATTGCCAGCCAC-3’
miR-26a-5p Forward, 5'-TTCAAGTAATCCAGGATAGGCT-3’; reverse, 5'-CTCTACAGCTATATTGCCAGCC-3'
cuL2 Forward, 5'-CCGTTTCTCAGATATCTATGCT-3’; reverse, 5'-GTACTTGTTCTTCTGACTCCA-3’
STRN3 Forward, 5'-AAGCATGGAATACCTACATCAG-3’; reverse, 5'-AGGTTACCATATGAGCTGGA-3’

ue Forward, 5'-GGATCAATACAGAGCAGATAAGC-3’; reverse, 5'-CTTTCTGAATTTGCGTGCC-3’
GAPDH Forward, 5'-CTGGGCTACACTGAGCACC-3’; reverse, 5'-AAGTGG TCGTTGAGGGCAATG-3’

gave informed consent, and this study was also permitted by the Ethics Committee of Shengjing
Hospital of China Medical University.

Cell culture. Four CC cell lines (Hela, SiHa, C33A, and CaSki) and one human cervical epithelial cell
line (Ect1/E6E7) were purchased from the American Type Culture Collection (ATCC; USA). These cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen, USA) containing 10% fetal bo-
vine serum (FBS; Invitrogen), 100 U/ml of penicillin, and 100 wg/ml of streptomycin (Invitrogen). Cell cul-
ture was performed in a humidified atmosphere with 5% CO, at 37°C.

Cell transfection. Hela and SiHa cells (1 x 10°) were plated in 6-well plates. To silence LINC00997 or
CUL2 expression, the short hairpin RNAs (shRNAs) targeting LINC00997 or CUL2 (sh-LINC00997#1/2 or sh-
CUL2) and the negative control (sh-NC) were synthesized by GenePharma (Shanghai, China). The pcDNA3.1
vector overexpressing LINC00997 or CUL2 (pcDNA3.1/LINC00997 or pcDNA3.1/CUL2) with empty pcDNA3.1
vector as a control was designed and synthesized by Sangon (Shanghai, China). miR-574-3p mimics with NC
mimics as a control and miR-574-3p inhibitor with NC inhibitor as a negative control were purchased from
Sigma-Aldrich (MO). After these cells reached 70 to 80% confluence, cell transfection was conducted utilizing
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions. The efficiency of cell transfec-
tion was examined by reverse transcription-quantitative PCR (RT-qPCR) after 48 h.

RT-qPCR analysis. Total RNA was extracted from cells and tissues utilizing TRIzol reagent (Invitrogen),
and reverse transcription into cDNA was conducted utilizing a PrimeScript RT reagent kit with a genomic
DNA (gDNA) eraser (TaKaRa, Japan). Genomic DNA was extracted from tissues using the genomic DNA kit
(Tiangen Biotech, Beijing, China) according to the manufacturer's protocols. The cDNA and genomic DNA
were utilized for RT-gPCR, which was performed utilizing SYBR Premix Ex Taq Il (TaKaRa) with the ABI 7500
real-time PCR system (ABI, Shanghai, China). The RNA expression levels and genomic DNA copy number lev-
els of LINC00997, miR-574-3p, and CUL2 were determined utilizing the threshold cycle (2724¢") method.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was an internal control for the quantification of
IncRNA and mRNA expression, while U6 was an internal reference for the quantification of miRNAs. LINE1
was set as an endogenous reference for the quantification of genomic DNA copy number. Primer sequences
used in the study are listed in Table 1.

Western blot analysis. Total protein was extracted using radioimmunoprecipitation assay (RIPA) lysis
buffer (Beyotime, Shanghai, China). Next, the protein was detached utilizing 10% SDS-PAGE and then was
transferred to polyvinylidene difluoride (PVDF) membranes. The membranes were blocked with 5% skim
milk for 2 h and then incubated with primary antibodies (Abcam, Cambridge, UK) overnight at 4°C.
Afterwards, the membranes were probed by secondary antibodies (Abcam) for 2 h. Finally, the protein
bands were detected and quantified using the ChemiDoc XRS+ system with Image Lab software (Bio-Rad,
USA). The primary antibodies used were anti-LC3B (ab192890; 1:2,000), anti-beclin-1 (ab207612; 1:2,000),
anti-CUL2 (ab166917; 1:1,000), anti-GAPDH (ab8245; 1:2,000), anti-ERK (ab32537; 1:1,000), anti-p-ERK
(ab229912; 1:1,000), anti-p-JNK (ab124956; 1:1,000), anti-JNK (ab208035; 1:2,000), anti-p-p38 (ab178867;
1:1,000), and anti-p38 (ab59461; 1:1,000). The protein levels were normalized to GAPDH.

MTT assay. 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assays were
conducted to examine the viability of CC cells. The transfected cells were plated onto 96-well plates
(4 x 103 cells/well). Next, 20 | of MTT solution (Sigma-Aldrich) was added to each well for 2 h of incuba-
tion. Afterwards, 150 ul of dimethyl sulfoxide (DMSO) was adopted to dissolve formazan crystal in each
well. Finally, the optical density (OD) value at a wavelength of 490 nm was assessed using a Varioskan
LUX multimode microplate reader (Thermo Fisher Scientific, USA).
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Colony formation assay. The proliferation of CC cells was detected by colony formation assays. These
cells were inoculated into 6-well plates (1 x 10° cells/well) with DMEM containing 10% FBS. After 2 weeks of
incubation at 37°C, the cells were washed with phosphate-buffered solution (PBS; Thermo Fisher Scientific),
fixed with 5% paraformaldehyde, and stained with 0.1% crystal violet (Beyotime) for 30 min. Finally, the colo-
nies were washed with PBS, and the colonies containing over 50 cells were counted.

Transwell assays. Assays were conducted to examine the migration and invasion of Hela and SiHa cells
using Transwell chambers. For cell migration, the cells were added to the upper chambers (Millipore, USA) with
serum-free DMEM. The lower chambers were supplemented with DMEM with 10% FBS. After 1 day of incuba-
tion, the cells that had migrated to the lower membranes were stained with crystal violet and quantitated in 5
randomly selected fields using a fluorescence microscope (Olympus, Japan). For cell invasion, the upper cham-
bers were precoated with Matrigel (BD Biosciences, USA). Cells with transfection were placed in DMEM without
FBS and then transferred to the upper chambers. After 30 min, the cells that had invaded the lower surface
were fixed and stained with 0.1% FBS. Finally, the migrated and invaded cells were counted.

TEM observation. Transmission electron microscopy (TEM) was performed to probe the autophagy
of HelLa and SiHa cells. The cells were fixed with 0.1 M sodium cacodylate solution containing 2.5% glu-
taraldehyde and 1% osmium tetroxide. After being rinsed and stained with PBS and 3% uranyl acetate
solution, the cells were dehydrated with gradient alcohol. Subsequently, the cells were embedded in
Epon-Araldite resin, and a Reichert ultramicrotome (Reichert-Jung, USA) was applied to cut embedded
samples into slices. After being counterstained by 0.3% lead citrate, the slices were observed under an
electron microscope (Philips, UK).

RNA pulldown assay. The RNA pulldown assay was performed in Hela and SiHa cells utilizing a
Pierce magnetic RNA-protein pulldown kit (Thermo Fisher Scientific) to explore the interaction
between LINC00997 and candidate miRNAs. Biotinylated LINC00997 probe (LINC00997 probe-biotin)
and the control (LINCO0997 probe-nonbiotin) were purchased from GenePharma. The cells were
lysed in RIPA buffer (Beyotime). Next, the lysate extracts were mixed with the biotinylated
LINC00997 probes and then cultured with magnetic beads (Invitrogen) for 48 h at 4°C. After the RNA
complexes on the beads were collected and purified, RT-gPCR was conducted to measure the
expression of candidate miRNAs.

Luciferase reporter assay. The wild-type (Wt) or mutant (Mut) sequence of the CUL2 3’ untranslated
region (3" UTR) containing the miR-574-3p binding site was subcloned into pmirGLO vectors (Promega, USA)
to construct pmirGLO-CUL2-Wt or pmirGLO-CUL2-Mut vector. The wild-type or mutated sequence of miR-
574-3p was subcloned into pmirGLO vectors to construct miR-574-3p-Wt or miR-574-3p-Mut. The above-
described constructed reporters were cotransfected with miR-574-3p mimics or pcDNA3.1/LINC0O0997 or
their negative controls (NC mimics and pcDNA3.1) into HelLa and SiHa cells utilizing Lipofectamine 3000 rea-
gent (Invitrogen). After 2 days of transfection, the luciferase reporter assay system (Promega) was employed
to examine the luciferase activities of the reporters.

RIP assay. RNA-binding protein immunoprecipitation (RIP) assays were conducted to explore the rela-
tionship among LINC00997, miR-574-3p, and CUL2. HeLa or SiHa cells were lysed in RIP buffer. Next, the cell
extract was cocultured with magnetic beads coated with human Ago2 antibody or the control IgG antibody
(Abcam). After RNAs were purified, RT-gPCR was performed to quantify the enrichment of LINC00997 and
CUL2 mRNA in CC cells transfected with miR-574-3p mimics or miR-574-3p inhibitor.

Subcellular fractionation assay. The subcellular fractionation assay was performed to determine the
primary localization of LINC00997. A PARIS kit (Life Technologies, USA) was applied to isolate the cytoplasmic
and nuclear RNAs based on the manufacturer's recommendations. GAPDH was a control for the cytoplasm,
while U6 was an internal reference for the nucleus. RT-gPCR was conducted to measure the expression of
LINC00997, GAPDH, and U6 in the cytoplasmic part and nuclear part of cells.

Statistical analysis. Statistical analysis was performed utilizing SPSS 21.0 software (SPSS, USA). The
differences between two groups or among several groups were analyzed by Student’s t test or one-way
analysis of variance followed by Tukey’s post hoc test. Data were expressed as the means =+ standard
deviations (SD). Pearson’s correlation analysis was used to identify gene expression correlation. A P value
of <0.05 was regarded as statistically significant.
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