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ABSTRACT Recently, abundant evidence has clarified that long noncoding RNAs
(lncRNAs) play an oncogenic or anticancer role in the tumorigenesis and devel-
opment of diverse human cancers. Described as a crucial regulator in some cancers,
MIR22HG has not yet been studied in laryngocarcinoma and therefore the underly-
ing regulatory role of MIR22HG in laryngocarcinoma is worth detecting. In this study,
MIR22HG expression in laryngocarcinoma cells was confirmed to be downregulated,
and upregulated MIR22HG expression led to suppressive effects on laryngocarci-
noma cell proliferation and migration. Molecular mechanism assays revealed that
MIR22HG sponges miR-5000-3p in laryngocarcinoma cells. Besides, decreased expres-
sion of miR-5000-3p suppressed laryngocarcinoma cell proliferation and migration.
Moreover, the FBXW7 gene was reported to be a downstream target gene of miR-
5000-3p in laryngocarcinoma cells. More importantly, rescue assays verified that
FBXW7 depletion or miR-5000-3p upregulation countervailed the repressive effects of
MIR22HG overexpression on laryngocarcinoma progression. In addition, E2F6 was proved
to be capable of inhibiting MIR22HG transcription in laryngocarcinoma cells. To sum
up, E2F6-induced downregulation of MIR22HG promotes laryngocarcinoma progres-
sion through the miR-5000-3p/FBXW7 axis.
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Diagnosed as the most prevalent malignancy with high incidence and mortality,
laryngocarcinoma belongs to head and neck cancer types accounting for about 25

to 30% of cancer-related cases worldwide (1, 2). In recent years, the death rate from
laryngocarcinoma in countries with developed health care systems has decreased.
Nevertheless, laryngocarcinoma-related complications, including cough, trachyphonia,
and dysphagia, as well as dyspnea, gave rise to much pain to in patients (3, 4). Reports
have revealed that laryngocarcinoma patients at an early stage have a cure rate of
about 85%, while patients with the advanced stage have just a 60% chance of cure (5).
Surgical resection is thought to be an effective treatment for laryngocarcinoma patients
at an early stage (6). Nonetheless, because of the lack of an early and effective diagnosis
biomarker, the majority of the laryngocarcinoma patients were diagnosed with
advanced-stage metastasis, leading to a disappointing survival rate (7–10). Thus, ex-
ploring crucial molecules and biomarkers underlying laryngocarcinoma progression is
of great importance for finding efficient strategies for laryngocarcinoma treatment.

Abundant evidence has suggested that only 1.2% of the genome is capable of
encoding proteins in mammals (11, 12). The major part of genome is transcribed into
long noncoding RNAs (lncRNAs), a main subtype of noncoding RNAs (ncRNAs) with a
lengths exceeding 200 nucleotides (13, 14). In addition, lncRNAs have been considered
RNA molecules with no or limited capacity of protein coding owing to the lack of an
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open reading structure of a required length (15, 16). Previous studies have emphasized
the relation between lncRNAs and molecular mechanisms in tumor progression and
also verified the value of lncRNAs as promising biomarkers (17). A growing number of
investigations have clarified that lncRNAs exerted vital effects on the regulation of
tumor behaviors (18, 19). Moreover, dysregulation of lncRNAs has been found to
regulate the progression of various cancers via the competing endogenous RNA
(ceRNA) network. For example, lncRNA LOXL1-AS1 contributes to prostate cancer
progression by sponging miR-541-3p and targeting CCND1 (20). lncRNA EPB41L4A-AS2
inhibits hepatocellular carcinoma via the miR-301a-5p/FOXL1 axis (21). Although the
MIR22 host gene (MIR22HG) has been researched and identified as an oncogene in
several cancers (22, 23), its regulatory role in laryngocarcinoma remains to be explored.

In the present study, we attempted to decipher the regulatory mechanism of
MIR22HG in laryngocarcinoma. The results of multiple assays applied in this study
reveal that E2F6-mediated MIR22HG downregulation promotes laryngocarcinoma pro-
gression via the miR-5000-3p/FBXW7 axis, suggesting a new therapeutic target for
laryngocarcinoma.

RESULTS
MIR22HG is expressed at low levels, and its upregulation inhibits cell prolif-

eration and migration in laryngocarcinoma. Although low expression of MIR22HG
has been detected in several cancers (22, 23), its expression status in laryngocarcinoma
cells remains to be analyzed. As illustrated in Fig. 1A, MIR22HG expression was
dramatically lower in laryngocarcinoma cell lines (UM-SCC-10B, SNU899 and SNU46)
than in a normal nasopharyngeal epithelial cell line (NP69). In order to detect the
biological function of MIR22HG in laryngocarcinoma, we first overexpressed MIR22HG
in SNU46 and SNU899 cells utilizing pcDNA3.1/MIR22HG (Fig. 1B). Afterward, cell
proliferation assays, including CCK-8, colony formation, and 5-ethynyl-2=-deoxyuridine
(EdU) assays, showed that overexpression of MIR22HG had a suppressive impact on cell
proliferation (Fig. 1C to E). Similarly, it was found via wound healing and transwell
analyses that MIR22HG upregulation could lead to a weakened migratory ability of
SNU899 and SNU46 cells (Fig. 1F and G). All in all, MIR22HG expression is significantly
downregulated and MIR22HG upregulation exerts restraining effects on cell prolifera-
tion and migration in laryngocarcinoma.

MIR22HG directly interacts with miR-5000-3p in laryngocarcinoma. To achieve
the purpose of exploring the possible mechanism of MIR22HG in laryngocarcinoma, we
determined the subcellular localization of MIR22HG in laryngocarcinoma cells with
the application of subcellular fractionation and fluorescent in situ hybridization (FISH)
assays. The result showed that MIR22HG was primarily distributed in the cytoplasm of
SNU899 and SNU46 cells (Fig. 2A). We inferred from this that MIR22HG posttranscrip-
tionally regulated gene expression and might act as a sponge of miRNA. After utilizing
starBase (http://starbase.sysu.edu.cn/), miRNAs predicted to bind with MIR22HG under
the screening condition (CLIP data: strict stringency, �5) were determined (Fig. 2B). An
RNA pulldown assay was applied and showed that only miR-5000-3p was significantly
enriched in the group of MIR22HG biotin probe, whereas no changes could be seen in
other miRNAs (Fig. 2C). Figure 2D displays a binding site between MIR22HG and
miR-5000-3p obtained from starBase. Subsequently, based on the results of a luciferase
reporter assay, we discovered that overexpression of miR-5000-3p cut down the
luciferase activity of pmirGLO-MIR22HG-WT but had no obvious effects on the
luciferase activity of pmirGLO-MIR22HG-Mut (Fig. 2E). We then observed that miR-
5000-3p upregulation had no effects on the expression of MIR22HG (Fig. 2F).
Moreover, data from reverse transcription-quantitative PCR (RT-qPCR) analysis re-
vealed a remarkable upregulation of miR-5000-3p expression in laryngocarcinoma cell
lines (Fig. 2G). In addition, overexpressing MIR22HG in SNU46 and SNU899 cells could
decrease the expression of miR-5000-3p (Fig. 2H). In addition, we adopted RT-qPCR to
detect the efficacy of miR-5000-3p inhibition before conducting loss-of-function assays
to analyze its function on laryngocarcinoma progression. As shown in Fig. 2I, the
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expression of miR-5000-3p was conspicuously reduced in SNU46 and SNU899 cells
transfected with a miR-5000-3p inhibitor. The following cell proliferation assays re-
vealed that miR-5000-3p suppression repressed the proliferation of SNU899 and SNU46
cells (Fig. 2J and K). Cell migration assays validated that the attenuated capability of cell

FIG 1 MIR22HG was expressed at low levels, and its upregulation inhibits cell proliferation and migration in laryngocarcinoma. (A) RT-qPCR
analysis of MIR22HG expression in laryngocarcinoma cell lines (UM-SCC-10B, SNU899, and SNU46) and a normal nasopharyngeal epithelial
cell line (NP69). (B) Measurement of the efficacy of MIR22HG overexpression in SNU46 and SNU899 cells by RT-qPCR. (C to E) Evaluation
of cell proliferation ability in SNU46 and SNU899 cells transfected with pcDNA3.1/MIR22HG or pcDNA3.1 using CCK-8, colony formation,
and EdU. (F and G) Evaluation of cell migratory ability in transfected cells by conducting wound healing and transwell assays. **, P � 0.01.
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FIG 2 MIR22HG directly interacted with miR-5000-3p in laryngocarcinoma. (A) Detection the subcellular localization of MIR22HG in laryngocarcinoma cells with
the application of subcellular fractionation and FISH assays. (B) miRNAs predicted to bind with MIR22HG based on the starBase database. (C) The binding
capacity of MIR22HG and predicted miRNAs was analyzed via an RNA pulldown assay in SNU46 and SNU899 cells. (D) Binding site between MIR22HG and
miR-5000-3p. (E) The interaction between MIR22HG and miR-5000-3p was confirmed by a luciferase reporter assay. (F) The effects of miR-5000-3p
overexpression on MIR22HG were analyzed using qRT-PCR. (G) RT-qPCR analysis of miR-5000-3p expression in laryngocarcinoma cells and NP69 cells. (H)
Analysis of miR-5000-3p expression in transfected cells via RT-qPCR. (I) RT-qPCR analysis of the efficacy of miR-5000-3p inhibition in SNU46 and SNU899 cells.
(J and K) Evaluation of cell proliferative ability in SNU46 and SNU899 cells transfected with different plasmids utilizing CCK-8, colony formation, and EdU. (L)
Analysis of cell migratory capability in different groups by applying wound healing and transwell assays. **, P � 0.01.
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migration was induced by inhibition of miR-5000-3p in SNU46 and SNU899 cells (Fig. 2L).
In brief, MIR22HG could bind to miR-5000-3p, and miR-5000-3p serves as an oncogene in
laryngocarcinoma.

FBXW7 is a downstream target of miR-5000-3p in laryngocarcinoma. With the

aim of finding the specific target gene of miR-5000-3p in laryngocarcinoma, we used
starBase to predict the potential mRNAs that have the capacity of binding with
miR-5000-3p under the screening condition (CLIP data: strict stringency, �5; degra-
dome data: high stringency, �2). A Venn diagram demonstrating the overlaps of the
microT, miRmap, and two mRNAs (FBXW7 and MTPN) is presented in Fig. 3A. Through
RT-qPCR analysis, we observed that a significant increase in FBXW7 expression after
miR-5000-3p expression was inhibited in SNU46 and SNU899 cells (Fig. 3B). Thus,
FBXW7 was selected for further analysis. Compared to those in NP69 cells, FBXW7
expression and protein levels were markedly downregulated in laryngocarcinoma cells
(Fig. 3C). Next, RT-qPCR and Western blot analyses suggested that upregulating
MIR22HG expression in SNU46 and SNU899 cells resulted in a rise in the expression
and protein levels of FBXW7 (Fig. 3D). Meanwhile, the expression and protein levels of
FBXW7 were increased due to the downregulation of miR-5000-3p but diminished by
the upregulation of miR-5000-3p (Fig. 3E). Later, a radioimmunoprecipitation assay
(RIPA) revealed that MIR22HG, miR-5000-3p, and FBXW7 were observably enriched in
the anti-Ago2 group, hinting that these RNAs exist in RNA-induced silencing complex
(RISC) (Fig. 3F). Thereafter, a binding site between miR-5000-3p and FBXW7 was
predicted using starBase (Fig. 3G). A luciferase reporter assay showed that miR-5000-3p
upregulation could induce lower pmirGLO-FBXW7-WT luciferase activity but elicited no
clear impact on pmirGLO-FBXW7-Mut luciferase activity (Fig. 3H). More importantly,
MIR22HG upregulation elevated the expression and protein levels of FBXW7, but
overexpression of miR-5000-3p could reverse the effect (Fig. 3I). To conclude, MIR22HG
regulates FBXW7 expression by competitively binding with miR-5000-3p in laryngocar-
cinoma cells.

MIR22HG restrains laryngocarcinoma progression via the miR-5000-3p/FBXW7
axis. Based on these findings, we sought to test whether this ceRNA mechanism

contributes to the initiation and development of laryngocarcinoma. SNU46 cell was
transfected with sh-MIR22HG#1/2 to obtain low expression of MIR22HG (Fig. 4A). The
rescue assays were conducted in cells transfected with negative control (NC) short
hairpin RNA (sh-NC), sh-MIR22HG#1, and miR-5000-3p inhibitor. The data revealed that
enhanced cell proliferation imposed by downregulation of MIR22HG was counteracted
by miR-5000-3p depletion (Fig. 4B to D). In addition, the augmented migratory capacity
made by MIR22HG silence was restored by miR-5000-3p downregulation (Fig. 4E and F).
In contrast, the ectopic expression of miR-5000-3p offset the inhibitory effects of
MIR22HG overexpression on cell proliferation and migration (Fig. 5). Furthermore,
RT-qPCR analysis obtained a favorable efficacy of FBXW7 knockdown in SNU46 cells
(Fig. 6A). Subsequently, cell proliferation assays showed that FBXW7 knockdown could
countervail the suppressive effect of MIR22HG upregulation on cell proliferation (Fig. 6B
to D). Moreover, wound healing and transwell assays showed that the repressive effect
on cell migration induced by overexpressing MIR22HG could be reversed by FBXW7
depletion (Fig. 6E and F). We assumed that the mutated MIR22HG could affect the
course of laryngocarcinoma by regulating miR-5000-3p. At the beginning, the RT-qPCR
data showed that mutant MIR22HG had no impact on the expression of miR-5000-3p
(Fig. 6G). The subsequent functional assays showed that mutant MIR22HG upregulation
could not disturb cell proliferation and migration in laryngocarcinoma (Fig. 6H). We also
investigated whether miR-5000-3p modulated the growth of laryngocarcinoma by
modulating mutant FBXW7. We observed no changes for mutant FBXW7 in mRNA and
protein expression in cells transfected with miR-5000-3p mimics using RT-qPCR and
Western blot analyses (Fig. 6I). The rescue assays demonstrated that the effects of
miR-5000-3p upregulation on proliferation and migration could not be restored by
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FIG 3 FBXW7 was the downstream target of miR-5000-3p in laryngocarcinoma. (A) Analysis overlaps illustrated by a Venn diagram. (B) RT-qPCR
analysis of FBXW7 expression in SNU46 and SNU899 cells transfected with miR-5000-3p inhibitor or NC inhibitor. (C) RT-qPCR and Western blot
analyses of FBXW7 expression in laryngocarcinoma cells and NP69 cells. (D) Measurement of FBXW7 expression in transfected cells through
RT-qPCR and Western blotting. (E) FBXW7 expression and protein levels were appraised by RT-qPCR and Western blotting in cells with
miR-5000-3p inhibitor or mimics. (F) The existence of RNAs (MIR22HG, miR-5000-3p and FBXW7) in RISC confirmed by RIPA. (G) Binding site
between miR-5000-3p and FBXW7 predicted using starBase. (H) Interaction between miR-5000-3p and FBXW7 validated using a luciferase reporter
assay. (I) Measurement of FBXW7 expression in different groups via RT-qPCR and Western blotting. **, P � 0.01.
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mutant FBXW7 overexpression (Fig. 6J). All of these data show that the MIR22HG/miR-
5000-3p/FBXW7 pathway contributes to the progression of laryngocarcinoma.

E2F6 inhibits MIR22HG transcription in laryngocarcinoma. After exploration on
the downstream mechanism of MIR22HG, we investigated the upstream mechanism of
MIR22HG in laryngocarcinoma. By using the UCSC database (http://genome.ucsc.edu/),
E2F6 was predicted as a transcription repressor of MIR22HG. To verify this prediction,
we first overexpressed E2F6 in SNU46 and SNU899 cells (Fig. 7A) and then discovered
that the expression of MIR22HG was remarkably reduced by E2F6 overexpression

FIG 4 miR-5000-3p inhibition recovered the impacts of MIR22HG silence on cell proliferation and migration. (A) The downregulation of
MIR22HG in SNU46 cells was confirmed by qRT-PCR. (B to D) Cell proliferative abilities were examined by using CCK-8, colony formation,
and EdU assays. (E and F) The migratory abilities were evaluated in wound healing and transwell assays. **, P � 0.01.
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(Fig. 7B). In addition, the DNA motif of E2F6 was obtained through utilizing JASPAR
(http://jaspar.genereg.net/) (Fig. 7C). Furthermore, there were two binding sites be-
tween E2F6 and the MIR22HG promoter (Fig. 7D). Moreover, a chromatin immunopre-
cipitation (ChIP) assay verified the binding capacity of E2F6 and the MIR22HG promoter
in SNU46 and SNU899 cells (Fig. 7E). In addition, a luciferase reporter assay validated

FIG 5 The suppressed function of MIR22HG-overexpressed SNU46 cells was normalized by enhanced miR-5000-3p. (A to C) Evaluation of cell
proliferation ability in SNU46 cells transfected with different plasmids by conducting cell proliferation assays. (D and E) Analysis of cell migration
capability in different groups by carrying out cell migration assays. **, P � 0.01.
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FIG 6 MIR22HG affected laryngocarcinoma cell proliferation and migration by targeting FBXW7. (A) Measurement of the efficacy of FBXW7
knockdown in SNU46 cells via RT-qPCR. (B to D) Cell proliferation was assessed in rescue assays. (E and F) Cell migration was examined
in rescue assays. (G) RT-qPCR detected the expression of miR-5000-3p in cells transfected with mutant MIR22HG (MIR22HG-M). (H) The
effects of MIR22HG-M on proliferation and migration were analyzed by using colony formation and transwell assays. (I) RT-qPCR and
Western blot analyses of mRNA and protein expression of mutant FBXW7 (FBXW7-M). (J) Colony formation and transwell assays revealed
that FBXW7-M had no impact on miR-5000-3p-regulated proliferation and migration.**, P � 0.01; n.s., not significant.
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that E2F6 bound to the MIR22HG promoter at site 2 (Fig. 7F). In sum, E2F6 restrains
MIR22HG transcription in laryngocarcinoma.

DISCUSSION

Increasing studies have revealed the significant function of lncRNAs on the compli-
cated courses involved in the biological progression of laryngocarcinoma. For example,
lncRNA NEAT1 plays oncogenic roles in laryngocarcinoma by sponging miR-29a-3p (24).
Elevated expression of lncRNA TUG1 facilitates laryngocarcinoma development via the
miR-145-5p/ROCK1 axis (25). IncRNA PCAT19 accelerates laryngocarcinoma cell prolif-
eration through the miR-182/PDK4 pathway (26). Recent researches have revealed the
antitumor role of MIR22HG in several cancers, such as gastric cancer and endometrial
carcinoma (22, 23). However, the underlying role of MIR22HG in laryngocarcinoma
remains to be detected. In this study, MIR22HG was expressed at significantly low levels,
and MIR22HG upregulation exerted repressive effects on both cell proliferation and
migration in laryngocarcinoma cells.

Plenty of evidence suggested that lncRNAs may exert crucial effects on the tumorigen-

FIG 7 E2F6 inhibited MIR22HG transcription in laryngocarcinoma. (A) RT-qPCR analysis of the efficacy of E2F6 overexpression in SNU46
and SNU899 cells. (B) RT-qPCR analysis of the expression of MIR22HG in transfected cells. (C) DNA motif of E2F6 obtained from JASPAR.
(D) Two binding sites between E2F6 and MIR22HG promoter in SNU46 and SNU899 cells. (E and F) Binding sites between E2F6 and
MIR22HG promoter analyzed by ChIP and luciferase reporter assays. **, P � 0.01.
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esis and development of human cancers via sponging particular miRNA (24, 27). miR-5000-
3p, a previously researched miRNA, has been suggested to be a potential biomarker in
colon cancer (28). In the present study we found that, according to bioinformatics predic-
tion and mechanism assays, miR-5000-3p bound with MIR22HG in laryngocarcinoma cells.
Recently, a target-directed miRNA degradation mechanism analysis suggested that miRNA
was decayed by targeting mRNA (29). Based on this theory, we assumed that miR-5000-3p
would be decayed by some specific mRNAs. Since this mechanism was so complicated,
with numerous explanations, we will study this mechanism in the future to examine the
possible mRNAs that could degrade miR-5000-3p. In addition, MIR22HG negatively regu-
lated the expression of miR-5000-3p in laryngocarcinoma. Moreover, miR-5000-3p was
verified to promote laryngocarcinoma cell proliferation and migration. Rescue assays
showed that downregulation of miR-5000-3p could reverse the influence imposed by
MIR22HG silence on laryngocarcinoma progression and that the overexpression of miR-
5000-3p could offset the effects made by the upregulation of MIR22HG.

FBXW7 (F-box and WD repeat domain containing 7) has been confirmed to function as
a tumor suppressor in multiple investigations related to human malignancies. For instance,
FBXW7 restrains the epithelial-to-mesenchymal transition (EMT) process in non-small-cell
lung cancer (30). FBXW7 inhibits cholangiocarcinoma progression via NOTCH1 and MCL1
(31). In the present study, the FBXW7 gene was shown to be a downstream target gene of
miR-5000-3p in laryngocarcinoma. In addition, rescue assays revealed that the repressive
effects on laryngocarcinoma cell proliferation and migration resulting from overexpressing
MIR22HG could be recovered by FBXW7 depletion or miR-5000-3p upregulation. More
interestingly, the overexpression of mutant FBXW7 could counteract the influence of
miR-5000-3p upregulation as well, and the effect was more conspicuous than that of
normal FBXW7 overexpression.

The E2F transcription factor 6 (E2F6) gene has been verified to be an oncogene and
transcriptional repressor in ovarian cancer (32). In addition, the expression of LINC01436
in non-small-cell lung cancer is transcriptionally suppressed by E2F6 under normoxia
(33). Moreover, E2F6-induced downregulation of lncRNA CASC2 contributes to gastric
cancer progression (34). In this research, E2F6 was proved to be capable of inhibiting
MIR22HG transcription in laryngocarcinoma.

In conclusion, E2F6-mediated downregulation of MIR22HG facilitates laryngocarci-
noma progression via the miR-5000-3p/FBXW7 axis. This finding suggests that MIR22HG
may be utilized as a promising biomarker for laryngocarcinoma treatment. Future
studies will further enrich and explore the molecular mechanism of MIR22HG upstream
and downstream, as well as whether there are other miRNAs and mRNAs involved,
which will also be the focus of our next study.

MATERIALS AND METHODS
Cell culture. A normal human nasopharyngeal epithelial cell line (NP69) and laryngocarcinoma cell

lines (UM-SCC-10B, SNU899, and SNU46) were purchased from the American Type Culture Collection
(ATCC) and Invitrogen (Carlsbad, CA). The cells were cultured in Dulbecco modified Eagle medium
(Invitrogen) that was supplied with 10% fetal bovine serum (FBS; Invitrogen) and 1% penicillin-
streptomycin (Sigma-Aldrich, Milan, Italy) at 37°C in a 5% CO2 incubator.

Cell transfection. SNU46 and SNU899 cells were transfected with short hairpin RNAs (shRNAs)
against FBXW7 (sh-FBXW7#1#2) and their corresponding NC (sh-NC), pcDNA3.1/MIR22HG, pcDNA3.1/
E2F6, and empty pcDNA3.1 vectors, separately. The miR-5000-3p mimics, miR-5000-3p inhibitor, NC
mimics, and NC inhibitor were synthesized by GenePharma (Shanghai, China). The cell transfections after
48 h were routinely conducted using Lipofectamine 2000 (Invitrogen).

RT-qPCR. Total RNA was separated with usage of TRIzol reagent (Invitrogen). Briefly, cDNA was
synthesized by using a Maxima first-strand cDNA synthesis kit (Promega, Madison, WI). RT-qPCR was
carried out with a SYBR Premix Ex Taq kit (TaKaRa, Tokyo, Japan) on an ABI 7500 RT-PCR system (Applied
Biosystems, Foster City, CA). The 2–ΔΔCT method was applied to calculate the relative expression levels.
GAPDH/U6 was used as the normalization control.

CCK-8 assay. In brief, 1 � 103 SNU46 and SNU899 cells were first inoculated in 96-well plates and
cultivated over specific time points. Then, 10 �l of the CCK-8 reagent was added, followed by incubation
for an additional 4 h. A microplate reader (Bio-Tek Instruments, Hopkinton, MA) at an absorbance of
450 nm was used to evaluate cell viability.

Colony formation assay. After transfection, 1 � 103 cells were seeded into six-well plates for
cultivation. The medium was replaced when needed, usually every 3 days. The colonies were then fixed
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in methanol (Sigma-Aldrich) and stained with crystal violet (Sigma-Aldrich). Visible colonies (�50 cells)
were then counted manually.

Wound healing assay. Cell migration was assessed by using a wound-healing assay. Briefly, at 48 h
after transfection, the cells were added to six-well plates. When the cells reached 80% confluence, the cell
monolayer was scratched using a sterile plastic micropipette tip, and the cells were then incubated under
standard conditions. After 24 h, images of the wound were obtained and analyzed under an inverted
microscope (Olympus, Tokyo, Japan).

Western blotting. We obtained proteins from cells which were lysed using RIPA lysis buffer
containing protease inhibitors. Protein concentrations were quantified using a BCA protein assay
(Invitrogen). Proteins were separated by SDS-PAGE (Bio-Rad, Hercules, CA) and moved to polyvinylidene
difluoride membranes (Millipore, Billerica, MA). After being sealed with 5% nonfat milk, the membranes
were cultivated with primary antibodies to FBXW7 (ab227677), TPM1 (ab55915), and GAPDH (ab8245) from
Abcam (Cambridge). Secondary antibodies were added for cultivation for 1 h. GAPDH was used as an internal
control. The amount of protein was determined using a chemiluminescence detection system.

Migration assay. Migration capacities were assessed by using Transwell chambers. A total of 2 � 104

cells in the top compartment was added with serum-free medium, while culture medium with an
additional 10% FBS was placed in the lower chamber. The lower surfaces of the membranes were fixed
using methanol and stained with crystal violet to count the cells. The number of migratory cells was
observed under an optical microscope (Olympus).

Subcellular fractionation. To explore cellular localization of MIR22HG, cytosolic and nuclear frac-
tions were collected by using a nuclear/cytoplasmic isolation kit (Biovision, Milpitas, CA). RNAs were
obtained from each fraction and subjected to RT-qPCR to evaluate the levels of MIR22HG, U6 (nuclear
control), and GAPDH (cytoplasmic control).

FISH assay. SNU46 and SNU899 cells were fixed in 4% formaldehyde and then cleaned with
phosphate-buffered saline. After dehydration with ethanol, the dried cells were blended with a FISH
probe (Ribobio, Guangzhou, China) in hybridization buffer and cultivated for 2 min. The slides were then
rinsed, dehydrated, and visualized with DAPI (4=,6=diamidino-2-phenylindole). The cells were observed
using a fluorescence microscope (Olympus).

EdU incorporation assay. Transfected cells were plated in 96-well plate, and the culture medium
was changed to a medium containing 20 mM EdU. After incubation for 2 h, the cells were dyed with
DAPI, and the dye images were obtained using an inverted fluorescence microscope (Olympus).

RNA pulldown assay. In brief, MIR22HG biotin and MIR22HG nonbiotin probes constructed by
GenePharma were treated with M-280 streptavidin-magnetic beads (Invitrogen) to produce probe-
coated beads. The cells were then gathered and lysed, followed by sonication and incubating with
probe-coated beads overnight. RNA complexes bound to the beads after purification were detected
using RT-qPCR analysis.

Luciferase reporter assay. The wild-type (WT) and mutant (Mut) binding sites of miR-5000-3p in the
MIR22HG sequence or the FBXW7 3= untranslated region were subcloned into pmirGLO Dual-Luciferase
vector to generate MIR22HG-WT/Mut or FBXW7-WT/Mut and then cotransfected with miR-5000-3p
mimics or NC mimics into SNU46 and SNU899 cells. The pGL3-MIR22HG promoter was cotransfected with
pcDNA3.1/E2F6 or pcDNA3.1 vector into cells. The luciferase activity was examined by using a Dual-
Luciferase reporter assay system (Promega).

RIPA. We conducted the RIPA experiments by using a Magna RNA immunoprecipitation kit (Milli-
pore). SNU46 and SNU899 cells were lysed in RIPA lysis buffer, and cell extracts were then cultivated with
magnetic beads conjugated with anti-IgG or anti-Ago2 (Millipore). In order to remove the protein, the
beads were incubated with proteinase K after rinsing. Finally, the relative enrichment of miR-5000-3p,
MIR22HG, and FBXW7 was analyzed by real-time PCR.

ChIP assay. A ChIP experiment was performed with SNU46 and SNU899 cells using a Magna ChIP
A/G kit (Millipore). In brief, cells fixed with formaldehyde were first gathered and subjected to lysis buffer.
Later, the lysate was sonicated to 200- to 300-bp fragments, followed by incubation with anti-E2F6 or
anti-IgG. Next, ChIP-enriched DNA samples were quantified using RT-qPCR to determine the E2F6
binding sites of MIR22HG promoter region.

Statistical analysis. We performed statistical analysis using Prism 5 software (GraphPad, La Jolla, CA).
Experimental data are expressed as means � standard deviations. Differences between two or more
groups were estimated using a Student t test or one-way analysis of variance (ANOVA). A P value of
�0.05 was considered statistically significant. At least three independent experiments were performed
for each analysis.
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