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Background: Metastasis-associated lung adenocarcinoma transcript 1 (MALAT1), a conserved transcript with 8000 nt, is highly
associated with malignancy of numerous cancer types. However, the function of MALAT1 plays in regulating the response to
radiotherapy in colorectal cancer (CRC) remains unclear. Thus, the object of this study is to investigate the functions of MALAT1
in CRC radioresistance.

Methods: First, the expression of MALATI in colon adenocarcinoma (COAD) was analyzed through the Cancer Genome Atlas
(TCGA) database. Then, we detected the expression level of MALAT1 in tumor tissues and CRC cell lines and analyzed the relevance
of MALAT1 and clinicopathological parameters. In the end, the effect of silencing MALAT1 on the radiosensitivity of CRC cells was
investigated, and its potential mechanism was preliminarily illustrated.

Results: The analysis of TCGA data showed that MALAT1 was closely related to the type of tumor, and high expression of MALAT1
was remarkably relevant to poor outcome. MALAT1 was highly expressed in CRC tissues and cell lines and related to tumor stages.
Knockdown of MALAT1 could significantly suppress colony survival, proliferation, and migration and increase apoptosis, G2/M
phase arrest, and formation of gamma-H2AX foci in HCT116, whether in combination with X-rays or not. Moreover, Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analysis demonstrated that the regulated proteins were principally enriched
in the glycosaminoglycan degradation pathway after silencing MALATTI.

Conclusion: Our results implied that MALAT1 was highly expressed in CRC and associated with tumor stage and prognosis.
Silencing MALAT1 can increase HCT116 cell radiosensitivity, which may be potentially influenced by glycosaminoglycan degrada-
tion pathway.
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Introduction

Colorectal cancer (CRC) has become one of the most frequent malignant tumors and the second-leading cause of tumor-
related deaths with poor prognosis." Routine treatment strategies include surgical resection, radiotherapy (RT), and
chemotherapy.” Although therapeutic schedules have modified significantly over the years, the survival rate and
prognosis of CRC patients are still unfavorable. Radiotherapy is an important treatment for advanced and metastatic
cancers, however, the occurrence of radioresistance limits the usage of RT in clinical treatments.® In spite of the many
studies that have been conducted on CRC, the underlying mechanism remains unclear. Therefore, finding a potential
target and improving radiosensitivity may play a critical role in CRC treatment.

Long noncoding RNAs, with transcripts 200 to 100,000 nucleotides (nt) in length, have no ability to code proteins
but participate in the regulation of gene expression and protein synthesis.® Metastasis-associated lung adenocarci-
noma transcript | (MALAT1), one of conserved long noncoding RNA and highly abundant in tumor tissues, has been
reported to participate in numerous cancers.’ High expression of MALAT1 was relevant to poor prognosis of CRC.®
MALATI1 was associated with malignancy of CRC by promoting CRC cell proliferation, migration, and invasion
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through different mechanisms.”® At the same time, a high level of MALATI in CRC was associated with
chemoresistance, and downregulated MALAT1 could improve the response to chemotherapy in CRC patients.'%'!
MALAT]1 was also reported to participate in modulating radiosensitivity of cervical cancer'? and affect the response

to radiotherapy of esophageal squamous cell carcinoma through regulating Cksl expression as well."*

However, few
studies have focused on the relationship between MALAT1 and radiosensitivity of CRC, and the underlying
mechanism is still unclear and requires more attention. In this work, we confirmed that MALAT1 was highly
expressed in both tumor tissues and CRC cell lines. Silencing of MALATI1 in CRC cells significantly increased
the radiosensitivity. Finally, we preliminarily investigated the potential mechanism for MALAT1 improving CRC

radiosensitivity.

Materials and Methods
Study Population

For clinical parameter analysis, we collected 57 groups of primary CRC samples and adjoining noncancerous colorectal
specimens from CRC patients who experienced radical operation without or radiotherapy or chemotherapy at the Second
Affiliated Hospital of Soochow University (Soochow, China) from 2013 to 2015. All tissues were immediately frozen in
centrifuge tubes containing RNAlater preservation liquid after excision and preserved in —80°C until RNA extraction.
Informed consents from the whole patients were obtained, and this research was approved by the Ethics Committee of
Soochow University.

Cell Culture and Transfection

A human intestinal epithelial cell line (HIEC) and CRC cell lines (SW480, HCTS, HT29, HCT116, RKO, colo205 and
Lovo) were purchased from Shanghai Chinese Academy of Sciences (Shanghai, China). Cells were cultured in
DMEM (HyClone, Logan, UT, USA) containing 10% fetal bovine serum (FBS; HyClone) and 1% Penicillin—
Streptomycin solution (Beyotime, Shanghai, China) at 37°C in a humidified atmosphere with 5% CO2. The studies
were carried out when the cells reached 70-80% confluence. HCT116 cell was seeded into 48-well plates and
transfected with lentivirus-mediated control shRNA or lentivirus-mediated shRNA targeting LncRNA-MALAT]I,
designated shNC and shLncRNA-MALATI, respectively. The lentivirus-mediated shRNA was purchased from
Hanbio Biotechnology (Shanghai, China). The cells were subsequently harvested at 48 h post transfection and selected
in puromycin at a dose of 3 pg/mL (Sigma-Aldrich, St. Louis, MO, USA). The stably transfected cell lines were
validated by real-time PCR and then used for the subsequent experiments. Sequences of shRNA were shown in
Supplementary Table S1.

Cell Proliferation Assay

Cell proliferation was tested by the Cell Counting Kit 8 (Beyotime Biotechnology, China). The stably transfected cell
lines HCT116-shLnc RNA-MALAT1 and HCT116-shNC were respectively seeded in 96-well plates (4x10° cells/well).
Then, 100 pL of DMEM containing 10% CCKS8 reagent was added to each well after 24 h, 48 h, 72 h, and 96 h and
cultured for an additional 2 h. The absorbance of each well was measured by a microplate reader (Bio-Rad, Hercules,
CA, USA) at a wavelength of 450 nm. Three independent experiments were performed.

RNA Extraction and Quantitative Real-Time PCR

Total RNA was obtained using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) from the stably transfected cells, and
total RNA (1 pg) was reverse transcribed to cDNA using 5x All-In-One RT MasterMix (abm, ZhenlJiang, China).
Quantitative real-time PCR was completed using SYBR-Green Mix and detected by the AB ViiA7 Sequence Detection
System (Applied Biosystems, Foster City, CA, USA). The mRNA level of LncRNA-MALAT1 was detected by
quantitative real-time PCR, and GAPDH was used as an endogenous standard to normalize the expression of LncRNA-
MALATI1. The primer pairs were shown in Supplementary Table S1.
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Western Blot Assay

For Western blotting assay, the stably transfected cells were put into 6-well plates and collected after 24 h and then lysed
using cell lysis buffer. The concentration of total protein was measured using a BCA Protein Assay Kit (Beyotime
Biotechnology, China). Then, proteins were isolated by SDS-PAGE and transferred to PVDF membranes. Following
primary antibodies were used for Western blot analysis: MMP2, Vimentin, y-H2AX, Bcl-2, E-cadherin, and Bax (1:1000,
Abcam, Cambridge, USA); and GAPDH (1:2000, Beyotime Biotechnology, China) was used as an internal control.

Colony Formation Assay

Stably transfected cells were seeded into 6-well plates at different densities (300, 300, 1000, 3000, and 5000 cells) and
cultured for 24 h, and then the cells were exposed to 0, 2, 4, 6, and 8 Gy X-ray respectively at a dose rate of 1.15 Gy/min
using a linear accelerator according to previous report.'* After another 10 to 14 days’ incubation, the cells were fixed
using 4% paraformaldehyde for 30 minutes, and dyed with a crystal violet solution. The colonies including at least 50

cells were counted. A multitarget single-hit model was used for the measure of radiation sensitivity enhancement ratio
(SER). SER = DO (NC group)/D0 (sh-MALAT1 group).

Cell Apoptosis Assay

Transfected cells were put into 6-well plates and then exposed to 4 Gy X-ray irradiation. The cells were collected after 48
h incubation and stained with Annexin V-PE and 7-AAD (BD Biosciences, NJ, USA). Apoptotic cells were determined
by flow cytometry (BD Biosciences, NJ, USA).

Cell Cycle Progression Analysis

Cells were fixed using 70% cold ethanol overnight after irradiation and then stained by propidium iodide (Sigma-Aldrich,
St. Louis, MO, USA) for an additional 30 min at 37°C before detection. The portion of the population in each phase of
cell cycle was detected using flow cytometry (BD Biosciences, NJ, USA).

Wound Healing Migration Assay

To detect the wound healing migration, cells were seeded into 6-well plates and incubated for 24 h. After 4 Gy X-ray irradiation,
the cells were scratched using a yellow pipette tip and washed third with phosphate buffer saline (PBS). Then, cells were
cultured with serum-free DMEM, and images were obtained using a microscope (Olympus, Tokyo, Japan) at 0 h and 72 h.

Immunofluorescence

Cells were fixed with 4% paraformaldehyde for 30 min and washed third with PBS. Then the cells were treated with 1%
Triton X-100 for 10 min and then blocked with 5% bovine serum albumin for 1 hour. After washing with PBS, cells were
incubated with specific primary anti-gamma H,AX antibodies (1:1000; Abcam) for 3 h at room temperature. Then the cells
were incubated with Cy3-conjugated anti-mouse IgG (1:1000; Abcam) for 1 h away from light and then washed three times
with PBS for 10 min/wash. Nuclei were stained with 4°,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich, USA). Finally,
cells were observed through a laser confocal microscope IX71 (Olympus, Tokyo, Japan) with a digital camera (Olympus,
Tokyo, Japan), and then y-H2AX foci were calculated in each cell. About 50 cells were counted in 10 randomly fields of view.

iTRAQ Proteomic Analysis

We knocked down MALATT1 in HCT116 through RNAi and extracted total proteins for iTRAQ analysis. Next, we used
an integrated method involving LC-MS/MS and TMT labeling to quantify the dynamic changes of the whole proteome in
HCT116 siMALAT1 compared with siNC. Sequences of siRNA are shown in Supplementary Table S1.

R-4.0.2

R is open-source software that can be used for statistical calculations and statistical mapping. We downloaded colorectal
cancer expression profile and clinical information data from TCGA via UCSC (http://xena.ucsc.edu/). The TCGA set

selected the Genomic Data Commons. It included 286 patients with colorectal cancer and 41 corresponding transcripts of
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normal colorectal tissue. Gene Set Enrichment Analysis (GSEA) was used to evaluate the distribution trend of genes in
a predefined gene set in the sequence of phenotypic relevance in order to determine their contribution to the phenotype.
We used the GSEABase package to complete the enrichment analysis of the CRC expression profile. In addition, we
carried out extensive cancer analysis of the enriched pathways in 33 cancers and explored the activation or inhibition
status of the corresponding pathways in those cancers. The visualization of the final result was done by the ggplot2
package. Normalized enrichment score (NES) > 1.0 represents pathway activation and NES < —1.0 represents pathway
inhibition; a p-value < 0.05 was considered statistically significant.

Statistical Analysis

All of the experiments were performed at least three times. All results were showed using mean +standard error and
analyzed using GraphPad Prism 8 software (San Diego, CA, USA). Student’s ¢-test was employed to compare two
groups. A p value of < 0.05 was considered as a statistically significant result (p-value markings: *p < 0.05, **p < 0.01
and ***p < 0.001).

Results
LncRNA MALAT | Was Highly Expressed in CRC Tissues and Cell Lines

We compared MALAT1 expression levels between adjoining noncancerous and cancer tissues via the Cancer Genome
Atlas (TCGA) database. As it showed, MALAT1 was more elevated in tumor tissues compared to adjoining noncancer-
ous tissues in CRC (Figure 1A). We divided CRC patients in TCGA database into MALAT1 low and MALAT1 high
groups on the basis of the median MALAT1 expression value. The overall survival was shorter in the MALAT1 high
group than that in the MALAT1 low group (Figure 1B). To investigate the involvement of MALAT1 in CRC progres-
sion, we detected MALAT1 expression in both primary tumor and metastatic tumor tissues, and discovered that
MALAT1 expression was significantly increased in the metastatic tumors (Figure 1C). Real-time PCR assay was used
to investigate the expression of MALAT1 in resected CRC tissues and adjoining noncancerous tissues (n = 57). The
results showed that MALAT1 expression was higher in CRC tissues comparing with that of non-tumor tissues (Figure 1D
and E). The clinicopathological characteristics of the registered patients were shown in Table 1. Then, we detected the
expression of MALAT1 in a normal intestinal epithelial cell line, HIEC, and CRC cell lines including HCT116, SW480,
HCTS, HT29, RKO, LOVO, and colo205. The results showed that HCT116 cell possessed the highest expression of
MALAT1 (Figure 1F). Therefore, HCT116 was chosen for subsequent designs to study the role of MALATI1 in CRC
radiosensitivity.

Downregulated Expression of MALAT | Inhibited the Proliferation of HCTI1 16

Lentivirus-mediated shRNA targeting MALAT1 was used to knock down MALAT1 expression, and puromycin (3 ug/
mL) was used to select stably transfected cells. The transfected efficiency was verified by real-time PCR (Figure 2A). To
confirm the short-term influence of MALAT1 silencing-related growth inhibition in human CRC HCTI116, stably
transfected cells were seeded and incubated for 24 h, 48 h, 72 h, and 96 h, and cell viability was measured by CCK8
assays. As shown in Figure 2B, MALATI silencing inhibited the proliferation of HCT116. A long-term effect of
proliferative inhibition was determined by colony formation assays, which implied that MALAT]1 silencing remarkable
decreased the number of colonies (Figure 2C and D). These results suggested that MALAT1 silencing inhibited CRC cell
proliferation.

MALAT I Silencing Inhibited Migration in CRC Cells

Wound healing migration assays were performed to estimate the effect of MALAT1 on migration. The ability of cell
migration was obviously suppressed due to MALATT silencing, and the inhibitory effect became more distinct after 4 Gy
X-ray treatment (Figure 3A and B). We tested the expression of metastasis-related proteins through Western blotting
assays. The results showed that the expression level of matrix metalloproteinase 2 (MMP2) and Vimentin were declined
and E-cadherin was increased in HCT116 cells after transfecting with shRNA target MALAT1 (Figure 3C), and such
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Figure | MALAT | was related with tumor stage and survival, as well as upregulated in CRC tissues and cell lines. (A) MALAT | mRNA levels in cancer tissues (red box) was
high in normal (blue box). Results were assessed from TCGA cancer provisional data sets on the basis of TCGA Research Network (http://cancergenome.nih.gov). (B)
Kaplan—Meier overall survival analysis of colorectal cancer patients from TCGA. P value was calculated using Log rank test. Relative expression of MALATI in different
tumor stage. (C) MALATI mRNA levels in different tumor stage of human colorectal cancer tissues based on TCGA. (D) The distribution of MALAT | expression of CRC
tissues in every patient compared with that of its adjoining noncancerous tissues. (E) The comparison of MALAT | expression in CRC tissues and adjoining noncancerous

tissues. (F) The MALATI expression in normal cell line and CRC cell lines and (***P < 0.005, ****P < 0.001).

changes were more distinct in combination with irradiation. Taken together, we surmised that the downregulation of

MALAT1 in HCT116 cells could significantly impair the migration of HCT116 cells.

MALAT Silencing Enhanced the Radiosensitivity of HCT116

The plate clone formation assay was considered as the gold standard in evaluating radiosensitivity. Cells stably
transfected with shRNA targeted MALAT1 and NC were seeded into 6-well plates in different densities, then exposed
to 0, 2, 4, 6, and 8 Gy X-rays respectively and incubated for another 10 days. A multitarget single-hit model was used to
explore the effect of MALAT]1 silencing on radiosensitivity of HCT116 cells. After MALAT1 silencing, the radio-
sensitivity of HCT116 was improved as shown in Figure 4A. DO values were used to appraise the radiosensitivity, and
higher DO values indicated lower sensitivity to radiation. The results showed that MALAT]1 silencing could remarkably
decline the levels of colony formation after irradiation, and the downregulation of MALAT1 (DO sh1l = 0.8122, DO sh3 =
0.8010) significantly reduced the colony survival fraction in a dose-dependent manner, compared with the NC group (DO
= 0.8882) (Figure 4B and Table 2). According to the parameters of radiosensitization showed in Table 2, downregulating
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Table | The Statistic of Clinicopathological
Characteristics from 57 CRC Patients

Clinical Parameters Numbers
Cases 57
Age

<65 32
265 25
Tumor size

Small size (<5 cm) 27
Large size (25 cm) 30
Gender

Male 37
Female 20

Invasion levels

Mucosa 5
Submucosa 4
Muscle I
Serosa 37
TNM stage

Stage -2 26
Stage 3—4 31
Lymph node metastasis

Positive 28
Negative 29
Grade of tumors

Low grade 15
Intermediate grade 34
High grade 8
Vascular invasion

Positive 24
Negative 33
Perineural invasion

Positive 19
Negative 38

MALATI! in HCT116 exhibited higher sensitivity enhancement ratios (SER) (SER shl = 1.0936, SER sh3 = 1.1089).
Thus, the results showed that silencing MALAT1 could increase the radiosensitivity of CRC cells.

Knockdown of MALAT I Induced Cell Cycle Arrest

In addition to the results from prior experiments, we used TCGA data to conduct a generalized analysis of the G2/M
checkpoint and found that the G2/M checkpoint was significantly activated in CRC (Figure 4C). Although there was no
correlation between the G2/M checkpoint and MALAT1 (Figure 4D and E), the following results confirm that down-
regulation of MALAT1 combined with 4 Gy X-ray irradiation could lead to more G2/M phase arrest in HCT116 cells
(Figure 4F and G). These data indicated that MALAT]1 silencing combined with X-rays could increase the radio-
sensitivity of CRC cells via activating the G2/M checkpoint.

MALAT I Silencing Induced DNA Double-Strand Breaks in CRC Cells

Thereafter, a generalized analysis of the DNA REPAIR found that DNA REPAIR was significantly activated in CRC
(Figure 5SA and B). In addition, there was a significant positive correlation between DNA REPAIR and MALATI
expression (Figure 5C). To examine whether MALAT1 silencing improved the formation of nuclear y-H2AX foci
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Figure 2 MALAT | silencing inhibited proliferation of HCT 116 cell. (A) RT-PCR detecting the efficient transfection of shRNA target MALAT| (**P < 0.01, ***P < 0.005). (B)
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transfecting with shRNA target MALAT|. The values are the mean * SD from three independent experiments (***p<0.001).

induced by irradiation at 0, 0.5, 4, and 12 h, Western blot analysis was conducted (Figure 5D). The results confirmed that
MALATT1 silencing could significantly increase the formation of y-H2AX foci after 4 Gy X-ray irradiation, especially at
0.5 h, which was further confirmed by immunofluorescence assay (Figure SE and F). These results suggested that
MALATT1 silencing could induce higher expression of y-H2AX and more y-H2AX foci formation, regardless of whether
it is combined with irradiation.

MALAT | Silencing Induced Apoptosis in CRC Cells

Severe DNA damage may result in apoptosis, so we further investigated the relationship between apoptosis and
the expression of MALATI1. As shown in Figure 6A and B, apoptosis was significantly inhibited in CRC.
Moreover, the expression level of MALAT1 was negatively relevant to apoptosis (Figure 6C). Then, we verified
the impact of MALAT1 on CRC cells using flow cytometry analysis. The results demonstrated that MALAT1
silencing increased apoptosis, and it was more obvious after combining it with radiotherapy (Figure 6D). As
showed in Figure 6E, the apoptotic ratios of ShAIMALAT1-1 (6.77 + 0.31%) and shMALATI1-3 (6.71 £ 0.26%) were
significantly higher than that of shNC (3.33+ 0.17%). After 4 Gy X-ray irradiation, the apoptotic ratios came to
20.15 + 1.38% in shMALAT1-1, 24.16 + 1.85% in shMALATI-3 and 6.32 + 0.63% in shNC. However, we
detected the expression of apoptosis-related proteins. The expression of BAX was increased, and Bcl-2 was
decreased after cells were treated with shRNA targeted MALAT1 compared to NC, especially when it was
combined with radiotherapy (Figure 6F). All of these results suggested that MALATI silencing could increase
apoptosis in CRC cells.
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Preliminary Proteomic Analysis Indicated the Underlying Mechanisms of MALAT | in
CRC

To investigate the difference of protein levels between HCT116 siMALAT1 and HCT116 siNC, we extracted total proteins of
stably transfected cells and then conducted iTRAQ proteomic analysis. The amounts of the total identified and quantified
proteins as well as differentially expressed proteins are separately summarized in Supplemental Tables S2 and S3. Twenty-

seven proteins (quantitative ratio over 1.3) were found to be upregulated, whereas 46 proteins (quantitative ratio less than 0.77)
were downregulated. Volcano plot displayed the top 10 up- and downregulated proteins in HCT116 siMALAT1 compared
with HCT116 siNC (Figure 7A and Tables S4 and S95); the green ball represented downregulated proteins and the red ball
represented upregulated ones. To further analyze their functions, the differentially-abundant proteins (DAPs) were categorized
into the major Gene Ontology (GO) categories—biological process (BP), cellular component (CC), and molecular function
(MF)—based on their GO annotations. The mainly enriched proteins in BP were related with the following terms: protein
maturation by protein folding, regulation of protein depolymerization, regulation of protein complex disassembly, ensheath-
ment of neurons, and protein maturation (Figure 7B). In the CC category, the predominantly enriched terms were elongin
complex, Flemming body, F-actin capping protein complex, dynactin complex, and microtubule associated complex
(Figure 7C). The DAPs in the MF category were connected with the following terms: complement component C1q binding,
protein complex binding, macromolecular complex binding, complement binding, and opsonin binding (Figure 7D). The
detailed results of GO enrichment analysis are given in Supplemental Tables S6—S8 To further investigate the discrepancy
between the cellular pathways of HCT116 siMALAT1 and HCT116 siNC, KEGG enrichment analysis was performed via
DAVID. The results indicated that the whole DAPs mapped to 34 KEGG pathways. The pathways of the DAPs based on the
KEGG database are shown in Figure 7E. The maximal number of DAPs were enriched in the glycosaminoglycan degradation,

human immunodeficiency virus 1 infection, Ubiquitin-mediated proteolysis, glycosphingolipid biosynthesis-globo and
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fraction at dose (0, 2, 4, 6 and 8 Gy) dependent manner compared to NC group. (C) GSEA of colorectal cancer expression profile in TCGA showed that
G2M_CHECKPOINT was upregulated. (D) Activation or inhibition of G2M_CHECKPOINT pathway in 33 cancers. (E) Correlation analysis of MALAT | expression level
and G2M_CHECKPOINT in colorectal cancer. (F&G) MALATI silencing combined with radiation results in more HCTI16 cells entering G2/M-phase arrest at 12
h (**p<0.005).

isoglobo series, and lysosome pathways, detailed results of which can be found in Supplemental Table S9. These signaling
pathways may play a crucial role in MALAT1 silencing HCT116, and more research ought to be carried out on them.

Discussion

The recent treatments for CRC include surgery, chemotherapy and radiotherapy. Radiotherapy is the basis of clinical
strategy for CRC patients. However, radioresistance is a crucial challenge in the usage of radiotherapy in clinical
practice, so identifying the underlying mechanisms associated with radioresistance is urgently needed.
Radioresistance is considered to be related to multiple elements, including microenvironmental hypoxia,'® activation

18,19

of DNA repair,'®!” autophagy induced by radiotherapy or hypoxia, aberrant pathway activation such as PI3K/
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Table 2 The DO, Dq, N and SER Values in NC, Sh-MALAT | and Sh-MALAT3 Transfected HCTI 16
Cells. The SER Value Was Artificial Using the Multi-Target Single Hit Model

Group DO Dq N SER
NC 0.882 1.727 6.991

Sh-MALAT -1 0.8122 1.0412 3.604 1.0859
Sh-MALAT -3 0.801 1.1862 4.397 11011

AKT,**?! and many other classical processes. Recently, the relationships between IncRNA and cancer resistance
have been frequently reported.”> Most researchers have found that IncRNA participates in regulating the effects of
various cancer therapies.”> Long noncoding RNA MALATI1 is highly expressed in numerous cancers, including lung
cancer,”* CRC,® bladder cancer,”’ etc, and its abundance and aberrant expression make it vital to the development of

26,27 28,29
=" growth,”

cancer. It has been reported that high expression of MALAT1 is closely related with poor prognosis,
metastasis’® and chemoresistance.'''? Recently, MALAT1 has been found to participate in regulating tumor
radioresistance. Yuan et al*® reported that DNA damage induced by radiotherapy would upregulate MALAT1 and
then result in undesirable inflammation. Guo et al** found that MALAT1 modulated radioresistance in CRC via
miR-101-3p sponge. Up to this point, we have investigated the role of MALAT1 in CRC radiotherapy and propose
that MALAT1 may be a potential target in radiotherapy of CRC. In this study, MALAT1 was found to be
overexpressed in CRC and was associated with tumor malignancy and radiosensitivity. We discovered that
MALAT1 was highly expressed in both CRC cell lines and tissues and was closely correlated with tumor stages
and survival, which suggested that MALAT1 plays an important role in the development of CRC. In order to explore
the functions of MALAT1, we knocked down the expression of MALAT1 in HCT116 using lentivirus-mediated
shRNA and detected the efficiency of transfection by RT-PCR. MALAT1 was reported to promote growth in
multiple cancers,”**3°3¢ which was further confirmed in our study. CCK8 and colony formation assays showed
that silencing MALAT1 inhibited both short- and long-term proliferation of HCT116. Epithelial-mesenchymal
transition (EMT) is a representative progress in tumor aggressive phenotypes. So, we investigated the migration
ability via wound healing migration assay and relative protein expressions. As expected, silencing MALATI1
inhibited the migration of HCT116, and this effect was more prominent when combined with radiation therapy. In
addition, Western blotting assays confirmed that silencing MALAT1 together with radiotherapy invited a significant
upregulation of E-cadherin and downregulation of MMP2 and Vimentin, which indicated the inhibition of EMT in
HCT116 and then further influenced the migration. MALAT1 silencing would obviously increase the radiosensitivity
of HCT116 according to our results. Histone gamma-H2AX foci would be formed after DNA double-strand breaks
induced by IR, and the rate of disappearance of y-H2AX after irradiation was related to the radiosensitivity of
cells.’” Gong et al*® demonstrated that quercetin suppressed DNA double-strand break repair and enhanced the
radiosensitivity of human ovarian cancer cells via the pS3-dependent endoplasmic reticulum stress pathway. In this
study, immunofluorescence and Western blot assay both demonstrated that knockdown of MALAT1 could induce
more gamma-H2AX foci formation in HCT116 after 4 Gy X-ray irradiation compared with NC and delay the
disappearance at the same time, which suggested that knocking down MALAT1 in HCT116 would inhibit the
progress of DNA damage repair and induce more cell deaths. Modulation of radiosensitivity may arise from G2/M
checkpoint activation.®® It was reported that G2/M phase arrest and apoptosis induced by celecoxib enhanced
radiosensitivity in nasopharyngeal carcinoma.*® So, we detected the cell cycle and apoptosis to further study the
functions of MALAT1 on HCT116. We found that silencing MALAT1 had no influence on the cell cycle compared
with the control group, which was in accordance with the results from our experiment in which MALAT1 was
unrelated to the G2/M checkpoint pathway. But downregulation of MALAT1 could obviously lead to more cells
undergoing G2/M phase arrest in combination with X-rays, which may be in accord with the results from our
experiment in which MALAT1 could activate the G2/M checkpoint and then increase the radiosensitivity of
HCT116. At the same time, the apoptosis rate was higher after knockdown of MALAT1 in HCT116, and related
proteins associated with apoptosis, including BAX and Bcl-2, showed a consistent trend suggesting that knocking
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Figure 5 MALATI silencing induced DNA double-strand breaks in HCT116. (A) GSEA of colorectal cancer expression matrix in TCGA showed that DNA_REPAIR was
upregulated. (B) Activation or inhibition of DNA_REPAIR in 33 cancers. (C) Correlation analysis of MALATI| expression level and DNA_REPAIR in CRC. (D)
Downregulation of MALAT | increase the expression level of y-H2AX protein induced by irradiation at 0, 0.5, 4, and 12 h in HCTI16. (E&F) The formation of nuclei y-
H2AX foci was further confirmed by immunofluorescence (**p<0.01, ***¥p<0.001). Full-length blots/gels are presented in Supplementary Figure |B.

down of MALATI1 would affect the expression levels of apoptosis-related proteins. Moreover, we preliminarily
investigated the potential mechanism through iTRAQ proteomic analysis. Through the volcano plot, 46 proteins
(quantitative ratio less than 0.77) were downregulated in HCT116 siMALATI, including ankyrin repeat and KH
domain containing 1 (ANKHD1). ANKHDI1 was highly expressed in multiple cancer tissues and participated in
cancer progression, including proliferation and invasion. Researchers have found that knocking down ANKHDI1 in
HCT116 could reduce tumor malignancy.*' It may explain the functions of MALAT1 exhibiting in HCT116, but the
detailed mechanism between ANKHD1 and MALAT1 has not yet been thoroughly investigated. Moreover, KEGG
pathway enrichment analysis revealed that upregulated proteins were mainly enriched in the glycosaminoglycan
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Figure 6 MALATI silencing induced apoptosis in HCT116. (A) GSEA of colorectal cancer expression matrix in TCGA indicated that APOPTOSIS was downregulated. (B)
Apoptotic pathway status in 33 cancers. (C) Correlation analysis of MALAT| and APOPTOSIS in CRC. (D) MALATI silencing increased the apoptosis level in HCT116
induced by irradiation after 48 h. (E) The apoptosis rate of every group was statistics by FlowJo (*p<0.05, **p<0.01, ****p<0.001). (F) Western blot showed the expression
of apoptosis-related proteins in the combination treatments of shRNA MALATI and radiation. Full-length blots/gels are presented in Supplementary Figure 1C.

degradation pathway. Glycosaminoglycans (GAGs) are expressed on almost all mammalian cells and play an
important role in various physiological and pathological processes, such as tumor growth, inflammation, bacterial
and viral infections, and Alzheimer’s disease.*> Given its role in multiple diseases, GAG has been used in the
development of drugs, many of which have achieved encouraging results in animal models and clinical trials.
Researchers developed one GAG modification drug by binding malaria protein with GAG to target human cancers.*
GAGs are related with cancer growth, progression, and metastasis through interacting with growth factors, growth
factor receptors, and cytokines.** Decreasing malignancy of HCT116 in silencing MALAT1 may be associated with
the activation of the GAG degradation pathway. Of course, the underlying mechanisms of MALAT1-enhanced
radiosensitivity need to be studied further. Overall, our data suggested that MALAT1 might serve as a promising

therapeutic target for CRC patients with radioresistance.

Conclusions

In summary, we found that MALAT1 was highly expressed in CRC tissues and cell lines. MALAT1 silencing could
induce apoptosis, G2/M phase arrest, DNA double-strand breaks in HCT116 cells after combining with X-Ray to
enhance the radiosensitivity of HCT116 and synergic inhibition of aggressive phenotypes. The iTRAQ proteomic
analysis revealed that the glycosaminoglycan degradation pathway may play a crucial role in the high expression of
MALAT1 leading to cancer radioresistance. Although the underlying mechanisms by which MALAT1 regulates the

8376 e International Journal of General Medicine 2022:15

Dove!


https://www.dovepress.com/get_supplementary_file.php?f=393270.docx
https://www.dovepress.com
https://www.dovepress.com

Dove Shen et al

A ‘ E KEGG pathway

4
5} P value
1 Glycosphingolipid biosynthesis — globo and isoglobo series
3
5 2 0.03
. : ) 0.02
i Glycosaminoglycan degradation .
° e
2 e 0.01
3 Regulated.Type
S 4 [  Down
e v ! Unchange
2 ! H T “ Ubiquitin mediated proteolysis{ ®
7 2 H Protein number
- . 1
e ~
2 LY '.. o Human immunodeficiency virus 1 infection 1@ e 2
00, ity
4o _ .
M3, O é _____ v L Pvalue =0.05 3
i . o 4
n ) Lysosome @
1 ® 5
o ]
1 [ 7 T T -
Log2 SivsNC 2 3 4
Log2 Fold enrichment
— : J— . Molecular Function
response toithium on | . Flemming body | .
requiation of amine transport . F-actin capping protein complex | complement component C1q binding
celuiar response to misfolded proten { . aymactn complex { opsorin binding
endoplasmic retculum subcompartment | . tbindin Protein number
response to misfolded protein| vt mumpey | “OPESTIC ftcuum subcompartment e complement binding
regution o synaptic vesice ransport{ . prerbosome, large suburit precursor{ . ATP-dependent microtubule motor activy 2
positve reguiaton of chemataxis | . 4 Kinesin complex { . 003 misfolded protein binding e
immunoglobuln medited immune response | .6 sarcoplasmic reicutum { . 002 SMAD binding R
° 1
8 cell mediated immuniy { o s spindie microtubule | . 001 T
ensheathment of neurons | . crosomal vesicle o
nethment of sctosomalvesi ‘G-protein coupled recepor binding
equiation o prtein deglymerization | B value Iysosomallumen { .
N " o iy ” Protein number motor actvity
teguiaion o potein complex dsassembly { B microtubule associated complex { . Pvalue
oo e . -2 unfolded protein binding
protein maturaton { . azurophil granule umen |
oot ° e ubiquitn protein ligase binding . 004
Spindie organization{ . uffle membrane { . . o o
reguiation o nuciear dvision | . bt growth cone 1 o . s ubiquiti-ike protein igese bindng % .
requiation of cellmorphogenesis | . steofpolaized gowth{ @ protein complex binding . -
mitotc nuclear dvision{ @ midbody| ® macromolecular complex binding .
nudeocytopiasmic ransport{ @ primary lysosome{ @ protein domain specific binding{
nucear dvision{ ® azurophi granule | @ enzyme binding @
nuctear ransport 1 vacuolarlumen{® T 3 3 T
3 3 3 3 3 I 3 Log2 Fold enrichment
Log2 Fold enrichment Log2 Fold enrichment

Figure 7 iTRAQ proteomic analysis of HCT| 16 siMALAT | compared with siNC. (A) Volcano plot of the top 10 up and down-regulated proteins. (B) Biological Process was
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mainly enriched in “protein maturation by protein folding”, “regulation of protein depolymerization”, “regulation of protein complex disassembly”, “ensheathment of

»

neurons”, and “protein maturation”. (C) Cellular Component was mainly enriched in “elongin complex”, “Flemming body”, “F-actin capping protein complex”, “dynactin
complex”, and “microtubule associated complex”. (D) Molecular Function analysis implied that most of regulated genes were enriched in “complement component Clq
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binding”, “protein complex binding”, “macromolecular complex binding”, “complement binding”, and “opsonin binding”. (E) KEGG pathway analysis showed that
glycosaminoglycan degradation, Human immunodeficiency virus | infection, Ubiquitin mediated proteolysis, Glycosphingolipid biosynthesis - globo and isoglobo series,
Lysosome, pathways were mainly enriched. The larger the bubble represented the more DAPs. P-value was displayed in the color of the bubble, and small p-value denoted
greater significance.

radiosensitivity of CRC cells need to be studied further, our findings suggested that MALAT1 may be a potential
therapeutic target in the radiotherapy of CRC.
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