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The RNA-binding protein LARP6
regulates the alternative splicing of
related genes in MDA-MB-231 cells

Li Guo?, Yaobang Liu?, ShuxunYan?, Hong Li?, Kai Zhang® & Jinping Li?**

Triple-negative breast cancer (TNBC) has the highest mortality rate of all breast cancer subtypes and
currently lacks effective targeted therapies. LARP6 is an RNA-binding protein associated with cancer
promotion, but its mechanism of action in TNBC remains unclear. We conducted RNA sequencing
(RNA-seq) and improved RNA immunoprecipitation and sequencing (iRIP-seq) to identify the
differentially expressed genes (DEGs) and alternative splice sites bound and regulated by LARP6 in
MDA-MB-231 cells. Finally, both RT-qPCR and RIP-qPCR were employed for verification. Our study
revealed that LARP6 overexpression altered the expression levels of 171 genes and that the number of
regulated alternative splicing events (RASEs) exceeded 1000. The regulated alternative splicing genes
(RASGsS) corresponding to RASEs were enriched in biological processes such as DNA repair, the cell
cycle, and the cellular response to DNA damage stimulus. In addition, we found that LARP6 tends to
bind the CGACGAG motif. The intersection of peak-related genes with RASGs suggested that LARP6
can bind to 16 genes and regulate their alternative splicing (AS), thus playing an important role in
TNBC progression. Our research indicated that LARP6 may promote the proliferation and invasion of
TNBC cells by directly regulating the AS of related genes, providing new clues for targeted therapy for
TNBC.
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Triple-negative breast cancer (TNBC) refers to tumours that lack expression of oestrogen receptor
(ER), progesterone receptor (PR) and human epidermal growth factor receptor-2 (HER2) according to
immunohistochemistryand/or in situ hybridization!. Epidemiological surveys have revealed that TNBCis highly
heterogeneous and clinically aggressive; it accounts for 15-20% of breast cancers, has the highest mortality rate
of all breast cancer subtypes, and is common in young premenopausal women>. Owing to its unique molecular
characteristics, TNBC does not respond well to either endocrine therapy or molecular targeted therapy. As
a result, chemotherapy has emerged as the primary systemic treatment. However, the development of drug
resistance poses a challenge, as it decreases the efficacy of conventional postoperative adjuvant chemotherapy
and radiotherapy. Eventually, residual tumour cell expand, leading to tumour recurrence and metastasis*”.
Moreover, there are no targeted therapies for TNBC?. Therefore, exploration of the mechanism of invasion and
metastasis in TNBC and identification of the molecular target for TNBC treatment are urgently needed.

La ribonucleoprotein domain family member 6 (LARP6) is not only a member of the La ribonucleoprotein
family but also an RNA binding protein (RBP). This gene had RNA-binding activity and actively regulates of
mRNA-binding activity, translation and subcellular mRNA localization”3. Research into the direct binding
targets of LARP6 remains scarce, with the majority of investigations focused on collagen fibres. LARP6 exhibits
high specificity in terms of binding affinity for two distinct regions within the 5’-stem-loop structure of both
al(I) and a2(II) collagen mRNAs®. This interaction is crucial for regulating the localized translation of these
mRNAs, thereby playing a predominant role in the positive regulation of collagen biosynthesis. A study has
shown that in TNBC, the expression of LARP6 is strongly upregulated when epithelial-mesenchymal transition
(EMT) is induced, and cells undergoing EMT are more dependent on LARP6 for the promotion of protein
synthesis to facilitate malignant cell proliferation and invasion®. LARP6, an RBP, has been reported to be a key
prognostic biomarker in gastric cancer and lung adenocarcinoma!®!!. These findings suggest that inhibiting
LARP6 might be used as a therapeutic target. However, in TNBC, the downstream regulatory targets and
underlying regulatory molecular mechanisms of LARP6 remain unclear. Therefore, the function of LARP6 in
TNBC needs to be further explored, and its mechanism of action needs to be clarified.
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In this study, we obtained transcriptome data (RNA-seq) data for human breast cancer cells (MDA-MB-231)
overexpression LARP6 and then analysed the potential transcriptional and AS targets regulated by LARP6 in
MDA-MB-231 cells. Moreover, an LARP6 antibody was used in MDA-MB-231 cells to conduct improved RNA
immunoprecipitation combined with high-throughput sequencing (iRIP-seq) to identify the RNA binding
targets and motifs of LARP6 in MDA-MB-231 cells. Finally, through integrated analysis of RNA-seq and iRIP-
seq data, we found that LARP6 directly binds to multiple genes and promotes TNBC progression mainly by
regulating the AS of genes. In conclusion, our study elucidates the LARP6-RNA interaction mechanism in
MDA-MB-231 cells, which helps elucidate the regulatory mechanism of LARP6 at the pre-RNA splicing level
and provides a basis for an in-depth understanding of the role of LARP6 in various biological processes.

Materials and methods

Cell culture and transfection

The MDA-MB-231 cell line (CL-0150, Procell Life Science & Technology Co., Ltd., China) was cultured at 37 °C
with 5% CO, in DMEM (PM150210, Procell Life Science & Technology Co., Ltd., China) supplemented with
10% foetal bovine serum (FBS) (10091148, Gibco, China), 100 ug/ml streptomycin, and 100 U/ml penicillin
(SV30010, HyClone, USA). The plasmid transfection of MDA-MB-231 cells was carried out by following the
manufacturer’s protocol for Lipofectamine 2000 (11668019, Invitrogen, Carlsbad, CA, USA). The pcDNA3.1-
LARP6 vector (NM_018357.4) was purchased from Youbio Biotech (Changsha, China). The cells transfected
with the gene of interest were collected 48 h later for RT-qPCR and Western blot analysis.

MCFI10A cells (CRL-10317, Shanghai Zhong Qiao Xin Zhou Biotechnology Co., Ltd., China) were cultured
at 37 °C with 5% CO, in complete medium (ZQ-1311, Shanghai Zhong Qiao Xin Zhou Biotechnology Co., Ltd.,
China) containing 5% horse serum and 1% penicillin/streptomycin. MDA-MB-468, SUM159 and BT-20 cells
were obtained from the Key Laboratory of Fertility Preservation, Ministry of Education. MDA-MB-468 cells
were purchased from Wuhan Prosai Life Science Technology Co., Ltd. (CL-0290), SUM159 cells were purchased
from Guangzhou Keluojie Biotechnology Co., Ltd. (KC0326), and BT-20 cells were purchased from Shanghai
Zhonggqiao Xinzhou Biotechnology Co., Ltd. (ZQ0940). We took appropriate measures to ensure that the quality
of these cells was reliable, and we used these cells for our research to explore some of the characteristics of TNBC.

RNA extraction and RT-qPCR

Total RNA was isolated using TRIzol (Ambion). Afterwards, the RNA was subjected to chloroform extraction
for further purification and then treated with RQ1 DNase (Promega, Madison, WI, USA) to eliminate any
remaining DNA (if protein contamination was present, it was further purified via phenol-chloroform isoamyl
alcohol). The quantity and quality of the purified RNA were assessed by measuring the absorbance at 260 nm/280
nm (A260/A280) on a Nanodrop One (Thermo). Additionally, the integrity of the RNA was confirmed via 1.0%
agarose gel electrophoresis. The effects of LARP6 overexpression were assessed via the use of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) as a control gene. cDNA synthesis was performed via standard procedures,
and RT-qPCR analysis was carried out on a Bio-Rad $1000 instrument with HieffO qPCR SYBR' Green Master
Mix (Low Rox Plus; YEASEN, China). The concentration of each transcript was subsequently normalized to
the level of GAPDH mRNA via the 2722CT method. The RT-qPCR sequences of primers used were as follows:
LARP6 forward sequence: 5'-CCGCAAGTGTATGGATTATTC-3/, reverse sequence: 5'-CTCTGGTGTTGTC
AGGAC-3’; GAPDH forward sequence: 5'-GGTCGGAGTCAACGGATTTG-3', reverse sequence: 5'-GGAAG
ATGGTGATGGGATTTC-3'. The primer sequences for the other genes are shown in the Supplementary Data.

Western blotting

MDA-MB-231 cells were lysed in ice-cold RIPA buffer (PR20001, Proteintech, China) supplemented with a
protease inhibitor cocktail (4693116001, Sigma, USA) and incubated on ice for 30 min. The samples were boiled
for 10 min in boiling water with protein loading buffer (P1040, Solarbio, China) and loaded onto a 10% SDS-
PAGE gel, and RNA-binding proteins were transferred onto 0.45 mm PVDF membranes (ISEQ00010, Millipore,
USA). The PVDF membranes were then blocked for 1 h at room temperature and incubated overnight at
4 °C with primary antibodies against FLAG tag (anti-FLAG, 1:2000, antibody produced in rabbit, 66008-3-Ig,
ABclonal) and GAPDH (1:1000, antibody produced in rabbit, 60004-1-IG, Proteintech), followed by incubation
with horseradish peroxidase-conjugated secondary antibodies (anti-rabbit, 1:5000, SA00001-2, Proteintech,
China or anti-mouse, 1:5000, AS003, ABclonal, China) for 45 min at room temperature. Then, the membranes
were visualized via chemiluminescence with enhanced ECL reagent (P0018FM, Beyotime, China). The LARP6
primary antibody used for the MCF10A and TNBC cells was an IgG antibody (1:2000, antibody produced
in rabbits, 383B8A17) purchased from Thermo Fisher Scientific, and the B-actin antibody (1:5000, antibody
produced in rabbits, 221050321) was purchased from Proteintech.

Cell proliferation assay

The Cell Counting Kit-8 (CCK-8, 40203ES76, Yeasen, Shanghai, China) assay was used to conduct the cell
proliferation assay. In brief, MDA-MB-231 cells were plated at a density of 10,000 cells/well in 96-well culture
plates. The cells in both the control group and the experimental group were treated appropriately, and vials
without cells were used as blank controls. Following culture for 0, 24, 48 and 72 h at 37 °C and 5% CO,,
10 pl of CCK-8 solution was added to the culture medium and incubated for an additional 3 h at 37 °C. The
optical density of the cells was subsequently measured with a microplate reader (ELX800, Biotek, USA) at an
absorbance of 450 nm. To calculate the cell proliferation rate, the following formula was used: proliferation rate
= (experimental OD value —blank OD value)/(control OD value —blank OD value) x 100%.
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Cell invasion assay

Transwell chambers (3422, Corning, USA) were utilized for conducting in vitro invasion assays. Transwell
chambers with 8 um filters precoated with a thin layer of Matrigel (356234, BD Biosciences, USA) were diluted
1:8 with serum-free medium, and 100 pl of diluted Matrigel in each chamber was incubated for 1 h at 37 °C and
5% CO,, after which the unsolidified supernatant was removed. A total of 5x 10 cells in 0.2 ml of serum-free
medium were added to the inserts, after which the Transwell chambers were inserted in medium supplemented
with 600 pl of 10% FBS (10091148, Gibco, China), which served as a chemoattractant in the lower chamber,
and incubated for 48 h at 37 °C and 5% CO,,. Afterwards, the cells remaining on the upper membrane surface
of the inserts were removed using a cotton swab. The total number of cells that penetrated the lower chamber
were then fixed with 4% paraformaldehyde (P0099; Beyotime, China) for 20 min and subsequently stained with
0.1% crystal violet (C0121; Beyotime, China). The invading cells were observed and counted under an inverted
microscope (MF52-N, Mshot, China) at 200x magnification.

RNA sequencing (RNA-seq)

The RNA extraction method remained unchanged. The KCTM Stranded mRNA Library Prep Kit for Illumina
(Catalogue No. DR08402, Wuhan Seghealth Co., Ltd., China) was used to construct a stranded RNA-seq library.
According to the manufacturer’s instructions, a total of 2 ug of total RNA was used for RNA library construction
through the steps of mRNA enrichment, mRNA fragmentation, reverse transcription, adapter ligation, and PCR
amplification. The concentration of the library was measured using a Qubit 4.0. The PCR products within the
range of 200-500 base pairs were enriched and quantified. Finally, sequencing was performed on a NovaSeq
6000 sequencer (Illumina) in PE150 mode.

RNA-Seq Raw data cleaning and alignment

First, raw reads containing more than 2-N bases were discarded. Next, adaptors and low-quality bases were
removed from the raw sequencing reads via FASTX-Toolkit (version 0.0.13). Additionally, short reads less
than 16 nt in length were dropped. The clean reads were subsequently aligned to the GRCh38 genome using
HISAT2'2, allowing 4 mismatches. Only uniquely mapped reads were used for gene read counting and FPKM
(fragments per kilobase of transcript per million fragments mapped reads) calculation®®.

Differentially expressed genes (DEGs) analysis
The DESeq2!* R Bioconductor package was used to identify DEGs. DEGs were identified on the basis of the cut-
off criteria of an FDR-adjusted p value <0.05 and an original fold change > 1.5 or <2/3.

Alternative splicing analysis
The ABLas pipeline was used to define and quantify alternative splicing events (ASEs) and regulated alternative
splicing events (RASEs) between the samples, as described in the previous section, where RNA-binding proteins
connect in the future!®. ABLas detected ten types of ASEs on the basis of splice junction reads, which included
exon skipping (ES), alternative 5’ splice site (A5SS), alternative 3’ splice site (A3SS), mutually exclusive exons
(MXE), mutually exclusive 5' UTRs (5pMXE), mutually exclusive 3’ UTRs (3pMXE), cassette exons, A3SS&ES,
and A5SS&ES.

To evaluate the significance of the ratio alteration of ASEs and determine RBP-regulated ASEs, a Student’s
t test was conducted. ASEs that demonstrated significance at a P value cut-off corresponding to a 5% false
discovery rate were considered RBP-regulated ASEs.

Functional enrichment analysis

To identify functional categories of DEGs and peak-associated genes (target genes), we utilized the KOBAS 2.0
server'® for GO term and KEGG pathway enrichment analyses. The enrichment of each term was defined via the
hypergeometric test and the Benjamini-Hochberg false discovery rate (FDR) controlling procedure.

iRIP-Seq: coimmunoprecipitation and library preparation

MDA-MB-231 cells were irradiated once 400 mJ/cm? and lysed in ice-cold wash buffer. Cell lysis was performed
in cold wash buffer (1x PBS, 0.1% SDS, 0.5% NP-40 and 0.5% sodium deoxycholate) supplemented with 400 U/
mL RNase inhibitor (Takara) and protease inhibitor cocktail (Bimake) and incubated on ice for 30 min. The clear
cell lysate was centrifuged at 10,000 rpm for 10 min at 4 °C. To achieve a final concentration of 0.1 U/ul, RQ I
(Promega, M6101) was added, and the mixture was incubated at 37 °C for 30 min in a heat block. After vigorous
vibration, the mixture was centrifuged at 13,000 x g at 4 °C for 15 min to eliminate any cell debris. Then, RNA
digestion by MNase (Takara, 2910 A) was performed, and 0.5 M EDTA was added to stop the digestion.

For immunoprecipitation, the supernatant was incubated overnight at 4 °C with 10 pg of anti-Flag antibody
(Sigma-Aldrich: F7425) and control IgG-conjugated antibody (AC005). The immunoprecipitates were
subsequently incubated with protein A/G Dynabeads (Thermo Scientific, 26162) for 2 h at 4 °C. After magnet
application and supernatant removal, the beads were sequentially washed with lysis buffer, high-salt buffer (250
mM Tris 7.4, 750 mM NaCl, 10 mM EDTA, 0.1% SDS, 0.5% NP-40 and 0.5 deoxycholate), and PNK buffer (50
mM Tris, 20 mM EGTA and 0.5% NP-40) for two rounds each. The beads were resuspended in elution buffer,
which was composed of 50 mM Tris 8.0, 10 mM EDTA and 1% SDS. The suspension was placed in a heat block
at 70 °C for 30 min to release the immunoprecipitated RBP with crosslinked RNA. The mixture was vortexed,
and then the magnetic beads were separated via a separator. The resulting supernatant was transferred to a clean
1.5 ml microfuge tube. Proteinase K (Sangon Biotech, B600169) was added to the 10% input mixture (without
immunoprecipitation), and RBP was immunoprecipitated with crosslinked RNA at a final concentration of
1.2 mg/ml. The mixture was incubated for 120 min at 55 °C. The RNA was purified with phenol: chloroform:
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isopentyl alcohol (25:24:1 pH<5) reagent (Solarbio, p1011). cDNA libraries were prepared with the KAPA
RNA Hyper Prep Kit (KAPA, KK8541) according to the manufacturer’s procedure. The libraries were prepared
according to the manufacturer’s instructions for high-throughput sequencing and then subjected to 150 nt
paired-end sequencing on the Illumina NovaSeq system 6000.

iRIP-seq data analysis

Sequence alignment was performed as previously indicated. Two software programs, Piranha (Version 1.2.1,
Peak Identification and Motif Discovery for High—Throughput Sequencing Data, https://github.com/smithl
abcode/piranha) and ABLIRC, were subsequently used to perform peak calling. Piranha has been described
elsewhere!”. ABLIRC was used to identify the binding regions as previously described!®. The process of peak
calling was as follows: first, the whole genome was scanned with 5 bp as a window and 5 bp as a step from the
beginning of each chromosome. The peak was identified by requiring that the depth of the first window be 2.5
times greater for 8 consecutive windows on the genome or that the average depth of the first window be greater
than 50. When 8 consecutive windows were less than 4% of the maximum depth of this peak, the peak ended.
At the same time, the reads for each gene were randomly distributed to each gene 500 times, and the frequency
of the peak depth of each peak was assessed to conduct a significance analysis on the identified peaks and screen
out the peaks with a significant (P<0.05) or maximum depth of a certain degree (>10). Then, with the input
samples as the control, abundance difference analysis was conducted for the locations of these peaks, and the
peak with an IP abundance greater than 4 times (adjustable parameter) the input abundance was screened as
the final binding peak. The target genes of IP were ultimately determined by the peaks, and the binding motifs
of the IP protein were identified via HOMER (Hypergeometric Optimization of Motif EnRichment, http://hom

er.ucsd.edu/homer/) software!®.

Data availability
The data discussed in this publication can be accessed with the GEO series accession number GSE248132.

Results

LARPS is significantly upregulated in TNBC cell lines compared to normal breast cells

First, Western blotting was conducted to assess the expression level of LARP6 in both normal breast cells and
TNBC cells. The findings revealed significantly greater expression of LARP6 in TNBC cells than in normal breast
cells (P<0.05) (Fig. 1).

LARP6 overexpression influences the proliferation and invasion of MDA-MB-231 cells

We subsequently created a cell model in which LARP6 was overexpressed in MDA-MB-231 cells. The LARP6-
overexpressing (OE-LARP6) and negative control (NC) cell groups were constructed via plasmid transfection,
and the expression level of LARP6 was detected by RT-qPCR (Fig. 2A) and Western blotting (Fig. 2B). Next, we
explored whether LARP6 overexpression affects the proliferation and invasion of MDA-MB-231 cells via CCK-
8 and Transwell assays. CCK-8 assays revealed that the survival rate of the OE-LARP6 group was significantly
greater than that of the NC group at 72 h (P<0.05) (Fig. 2C). Transwell assays revealed that the number of
cells stained with crystal violet in the OE-LARP6 group was significantly greater than that in the NC group
(P<0.0001) (Fig. 2D).
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Fig. 1. LARP6 is highly expressed in TNBC cell lines. (A) Bar graph of the Western blotting results (MDA-
MB-231, SMU159, MDA-MB-468 and BT-20 are TNBC cell lines, and MCF-10 A is a normal breast cell line).
(B) Western blot band map. ***P<0.00001.
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Fig. 2. LARP6 overexpression promotes the proliferation and invasion of MDA-MB-231 cells. (A) The
histogram shows the RT-qPCR results for the control and treatment samples. The error bars represent the
means + SEMs. *P<0.05, *** P value <0.001. (B) Western blot analysis revealed that LARP6 overexpression
was successful. (C) Proliferation assay results sfor MDA-MB-231 cells after LARP6 overexpression. (D) Cell
invasion results for MDA-MB-231 cells after LARP6 overexpression.

LARPG6 regulates the transcriptome in MDA-MB-231 cells

We carried out RNA-seq on cells from the OE-LARP6 group and NC group to examine alterations in the gene
expression profile of MDA-MB-231 cells following LARP6 overexpression. Figure 3A shows that LARP6 was
highly expressed in the OE-LARP6 group at the transcriptional level. Principal component analysis (PCA)
revealed that the NC group and the OE-LARP6 group could be well distinguished, indicating that the two
groups were comparable (Fig. 3B). A comparison of the gene expression of the two groups revealed that the
number of DEGs reached 171 (105 were upregulated and 66 were downregulated), which indicated that LARP6
overexpression affects the expression of some genes in MDA-MB-231 cells (Fig. 3C). The genes in the NC group
and OE-LARP6 group were analysed 3 times, and the expression of all the genes detected in each sample was
analysed via sample cluster analysis (Fig. 3D). The experimental results demonstrated excellent repeatability.
We performed GO enrichment analysis on the downregulated genes to elucidate their functions, and the results
indicated their predominant involvement in the immune response (Fig. 3E). Then, according to the P value,
we selected 8 DEGs for RT-qPCR verification and found that their expression levels were consistent with those
identified by RNA-seq (Fig. 3F). These genes might have tumour-promoting or tumour-suppressing functions
in TNBC.

LARPE6 influences the AS of genes in MDA-MB-231 cells

The RNA-seq data were also used to assess AS. A comparison of the ASEs of the OE-LARP6 group and the NC
group revealed that the number of regulated alternative splicing genes (RASGs) reached 1575 (796 upregulated
AS events and 779 downregulated AS events) (Table 1), indicating that LARP6 overexpression can affect the AS
of many genes in MDA-MB-231 cells.

Through the analysis of AS, we found that LARP6 overexpression affected multiple ASEs in MDA-MB-231
cells (Fig. 4A). Similarly, a clustering heatmap was generated for three replicate samples from the NC group
and the OE-LARP6 group, and the consistency of the two groups of samples was good (Fig. 4B). Next, we
conducted GO enrichment analysis of the RASGs, and the results revealed that 4 of the top 10 significantly
enriched pathways were related to DNA replication and repair (Fig. 4C). Finally, to determine the accuracy of
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Fig. 3. LARP6 overexpression affects the expression of genes in MDA-MB-231 cells. (A) Bar plot showing
the expression patterns and significant differences in DEGs related to LARP6. The error bars represent

the means + SEMs. ***P value <0.001. (B) PCA of the FPKM values of all the genes detected after LARP6
overexpression. The ellipse for each group indicates the confidence interval. (C) Volcano plot showing all DEGs
between the OF and NC samples. (D) Hierarchical clustering heatmap showing the expression levels of all
DEGs. (E) Bubble plot showing the top 3 enriched GO biological process results of the downregulated DEGs.
(F) Bar plot showing the expression patterns and significant differences in DEGs among some important genes.
The error bars represent the means + SEMs. ***P value <0.001, **P value <0.01, *P value < 0.05.

AS analysis, we selected the genes encoding RASG WW and C2 domain-containing protein 1 (WWC1) and
SLC9A3R2. We then verified the changes in AS in the OE-LARP6 group and the NC group via RT-qPCR. The
AS patterns were quantified by calculating the inclusion/exclusion (In/Ex) ratios. AS analysis revealed that the
overexpression of LARP6 upregulated the A3SS of WWC1 and the A5SS of SLC9A3R2, which was consistent

with the results verified by RT-qPCR (Fig. 4D).
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Sample Type | 3pMXE | 5pMXE | A3SS | A3SS&ES | A5SS | A5SS&ES | ES | MXE | Cassetteexon | Total
OE-LARP6 vs. NC | Up 60 50 184 |28 195 |27 116 | 32 104 796
OE-LARP6 vs. NC | Down | 62 57 188 |28 160 |29 104 | 54 97 779

Table 1. Statistics of RASEs. *ES, exon skipping; A5SS, alternative 5’splice site; A3SS, alternative 3’splice site;
MXE, mutually exclusive exons; 5pMXE, mutually exclusive 5UTRs; 3pMXE, mutually exclusive 3’'UTRs.

iRIP-seq of LARP6 in MDA-MB-231 cells

Through iRIP-seq, we analysed the binding profile of LARP6 in MDA-MB-231 cells. First, the binding specificity
of the LARP6 antibody and the effectiveness of the immunoprecipitation technique were confirmed by Western
blotting, and two groups (IP-1 and IP-2) of repeated experiments were set up (Fig. 5A). We found that LARP6
binds to the 5" untranslated region (5’UTR), 3’ untranslated region (3'UTR), coding sequence (CDS), Nc_exon,
introns, intergenic region, and antisense region of RNA (Fig. 5B). The CDS was the most common binding
site (Fig. 5C). The motif of the LARP6 binding peak was subsequently analysed via HOMER software, and the
first five binding motifs in two repeated IP samples were obtained. The binding motifs of the two groups had
CGACGAG sequences, and those of the other groups were also similar (Fig. 5D). Second, we intersected the
binding peaks of the two groups and found 312 overlapping binding peaks (Fig. 5E). Finally, we performed GO
enrichment analysis on the genes with overlapping binding peaks and found that they were enriched in multiple
pathways related to transcription and translation regulation. Moreover, the genes were enriched in the negative
regulation of the apoptosis process, cell proliferation, cell motility and other pathways (Fig. 5F). These findings
indicate that LARP6 performs posttranscriptional regulation by recognizing and combining with the unique
sequence of RNA.

Integrated analysis of transcriptome data and iRIP-Seq

Through gene annotation and correlation analysis of binding peak reads, we found that there were 255 binding
peak-related genes. We then intersected these genes with the DEGs of the transcriptome and obtained the
differentially expressed binding peak-related genes (LARP6 and EGR1) (Fig. 6A). Interestingly, we found that
LARP6 can interact with its own RNA. We further studied the binding site between LARP6 and its own RNA.
The location of this site in the genome is shown in Fig. 6B. Finally, our iRIP-PCR validation of LARP6 binding
to self-RNA revealed that LARP6 was significantly enriched in LARP6 immunoprecipitates compared with the
input control.

Integration analysis of AS and iRIP-seq

To further investigate the genes by which LARP6 binds to and regulates AS, we performed an overlap analysis of
RASGs enriched in the RNA-seq dataset and peak genes identified via iRIP-seq, which revealed 16 overlapping
genes (PTPN11, PTMS, LARP6, SLC9A3R2, NT5C3B, DAZAP1, TCEA2, NSD2, FLOT1, TMUB1, YWHAZ,
CYHRI, RDX, RPL27a, RNF126, and MZT2B) (Fig. 7A). KEGG enrichment analysis was performed on these
overlapping genes, and the main enriched term was proteoglycans in cancer (Fig. 7B). Among these genes,
we noted PTMS, SLC9A3R2, and TMUBI, whose dysregulation is associated with cell proliferation and drug
resistance?’22,

In this study, iRIP-seq revealed that LARP6 overexpression promoted A3SS events for PTMS and A5SS
events for SLC9A3R2 and suppressed A3SS events for LARP6, which was consistent with the results of our
validation experiment involving iRIP-PCR (Fig. 7C). Next, we investigated the binding sites between LARP6 and
PTMS in the genome, as shown in Fig. 7D. Finally, iRIP-PCR validation revealed that compared with the input
control, PTMS was significantly enriched in LARP6 immunoprecipitates. We explored the binding sites between
TMUBI and LARP6 in the same way, and the iRIP-PCR results revealed that TMUB1 was enriched in LARP6
immunoprecipitates (Fig. 7E).

Discussion

Previous studies have shown that posttranscriptional regulation of RBP expression plays a crucial role in
regulating the occurrence and progression of TNBC?®. Further research and a better understanding of the
function of RBPs in TNBC may help to identify biomarkers that can predict patient prognosis and therapeutic
effects and to evaluate potential new targets to develop new treatments for TNBC. In our study, we clarified the
mechanism by which LARP6 functions as an RBP in TNBC.

LARPS plays a cancer-promoting role in most cancer diseases'®!!. In this study, we found that LARP6
expression is upregulated in TNBC cell lines and promotes the proliferation and invasion of MDA-MB-231
cells. Our findings align with the results reported by Shao R et al.*%. According to the RNA-seq transcriptome
data, LARP6 overexpression affects the expression levels of 171 genes, and according to the iRIP-seq results,
only 2 genes are directly regulated by LARP6. These findings suggest that LARP6 is not a significant factor in
regulating gene expression. In contrast, the AS analysis results indicated that LARP6 affects almost all types of
ASEs, mainly A3SS and A5SS events. It has been reported that genes with differential A3SS splicing are enriched
in splicing and RNA processing gene sets?. This finding shows that a better understanding of the regulatory
role of alternative splice sites is very valuable. The regulation of splice site usage is important for selective pre-
mRNA splicing to correctly express protein isoforms in cells, but its disruption can lead to diseases, including
cancer?®?. For example, a mutation from AA to AG creates a hidden 3’ splice site that adds 11 nucleotides to
BRCA1 mRNA, which encodes a truncated protein in the breast cancer family?. Moreover, compared with the
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Fig. 4. LARP6 influences the AS of genes in MDA-MB-231 cells. (A) Bar plot showing the LARP6 RASEs. (B)
Hierarchical clustering heatmap based on AS ratio values. (C) Scatter plot showing the top 10 enriched GO
biological process results of the RASGs. (D) LARP6 regulates alternative splicing of WWCI1 and SLC9A3R2.
Left panel: IGV-Sashimi plot showing the RASEs and binding sites across mRNAs. The read distribution of
RASE is plotted in the upper panel, and the transcripts of each gene are shown below. Right panel: Schematic
diagrams depicting the structures of A3SS and A5SS. The results of RNA-seq validation of the A3SS and A5SS
are shown at the bottom of the right panel. The error bars represent the means + SEMs. *P value < 0.05. ****P
value <0.0001.
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Fig. 5. RNA binding profile of LARP6 in MDA-MB-231 cells. (A) Western blotting of LARP6
immunoprecipitates with an anti-Flag monoclonal antibody; two replicates were performed (The WB band of
GAPDH appears to have the membrane edges too close due to the light adjustment of the figure. The original
figure can be viewed in the supplementary materials). (B) Bar plots showing the distribution of LARP6 iRIP-
seq samples across different regions of the genome. (C) Pie chart showing the genomic distribution of LARP6-
bound peaks from the two biological replicates. (D) Motif analysis results showing the enriched motifs from
LARP6-bound peaks from the two biological replicates. (E) Venn diagram showing the overlapping binding
peaks between two replicates. (F) Bubble plot showing the most enriched GO biological process results for the
overlapping binding peaks.

number of DEGs, the number of differential RASGs was significantly greater. Therefore, LARP6 may play a
cancer-promoting role by regulating gene splicing events.

When the DEGs and iRIP-seq results were combined, LARP6 was found to directly bind and affect the AS of
16 genes (PTPN11, PTMS, LARP6, SLC9A3R2, NT5C3B, DAZAP1, TCEA2, NSD2, FLOT1, TMUB1, YWHAZ,
CYHRI, RDX, RPL27a, RNF126, and MZ2B). Among them, the protein tyrosine phosphatase SHP2 encoded
by the proto-oncogene PTPNI1 regulates the stability of cyclin D1 through the PI3K/AKT/GSK3p signalling
pathway and increases the carcinogenic activity of -catenin, thus promoting the proliferation and invasion of
TNBC®-¥0. NSD2 is related to cell division, mitotic nuclear division and the transition of the mitotic cell cycle, and
its overexpression can significantly promote the proliferation, migration and invasion of TNBC cells*!. RPL27A
is a ribosomal protein-encoding gene that is significantly upregulated in TNBC; it activates the EIF2 signalling
pathway and promotes cancer cell invasion®>. YWHAZ promotes the proliferation and invasion of cancer cells
by inhibiting mitochondrial apoptosis, inducing anchoring-independent growth, malignant transformation of
cancer cells and antiapoptotic effects®>. TMUBI is a ubiquitin-like protein that shuttles between the cytoplasm
and nucleus. Many studies have shown that TMUBI not only controls proliferation but also plays important
roles in apoptosis, cycle regulation and genomic stability>®. Therefore, we speculate that LARP6 can play a
cancer-promoting role by affecting the AS of genes.

In addition, according to the GO enrichment analysis, RASGs were enriched in the important pathways of
DNA repair, the cell response to DNA damage and the cell cycle. By using RT-qPCR, we verified that LARP6
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Fig. 6. LARP6 binds and regulates the expression of its own genes in MDA-MB-231 cells. (A) Venn diagram
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transcripts of each gene are shown below. The panel on the right shows the validation results of RIP-PCR for
LARP6. **P value <0.01. ***P value <0.0001.

overexpression increased the A3SS splicing level of WWC1. WWC1, also known as KIBRA, phosphorylates
KIBRA to mediate the proliferation and migration of MDA-MB-231 cells, and it may also act as a scaffold
protein or linker protein, which helps the platform to further recruit other DNA damage response factors, thus
promoting DNA repair**. Most importantly, core anticancer therapy attempts to eradicate malignant cells by
inducing DNA damage with ionizing radiation or chemicals*”*%. Although there is a lack of direct evidence
supporting the contribution of specific splicing variants involved in the DNA damage response (DDR) to the
development of drug resistance, splicing-based regulation is prominent in the DDR pathway and may affect
therapeutic drug resistance®. Studies have shown that after DNA double-strand break induction, BRCA1 recruits
proteins involved in DNA repair at the damaged site and interacts with the RBPs BCLAF1 and THRAP3 to form
complexes, thus regulating the expression of DDR genes through AS*. In some cancers, the main component of
the DNA damage repair pathway is AS*’. Therefore, we speculate that the inhibition of LARP6 may increase the
sensitivity of TNBC cells to anticancer drugs.

In this study, we used iRIP-seq to elucidate the direct interaction between LARP6 and RNA in TNBC MDA-
MB-231 cells. The results revealed that a significant portion of the LARP6 binding peaks were enriched in the
CDS and 5" UTR regions. Furthermore, we identified the consensus sequence of LARP6-binding genes through
motif analysis. Its binding sites on different genes are not the same, but there are certain commonalities. Our
study reveals a CGACGAG binding motif, which provides a new perspective for further exploration of the
cancer-promoting mechanism of LARP6 in tumour cells and may lead to the identification of new potential
therapeutic targets. Interestingly, in this study, the LARP6 protein directly binds to its own RNA, reducing
the occurrence of self-A3SS splicing events and altering the level of LARP6 mRNA expression. These findings
provide directions for subsequent in-depth research.

The advantages of this study include the following: LARP6 enhances the growth and blood vessel formation
of human breast cancer patients, and this activity depends on its nuclear localization?!; however, the specific
mechanism of action is unclear. Our study identified the target genes and binding motifs bound by LARP6
through RNA-seq and iRIP-seq high-throughput sequencing technologies, laying a solid foundation for
continued research on the mechanism of action of LARP6 in TNBC. The limitations of this study are as follows:
(1) No in vivo experiments have been conducted to verify the malignant biological behaviour of LARP6 in
promoting TNBC. (2) The target genes of LARP6 have not been further verified at the molecular level.

Conclusion
Although we determined that LARP6 directly regulates the AS of TNBC-promoting genes, the exact mechanism
by which LARP6 regulates the AS of related genes has not been fully elucidated, and further research is needed.
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Fig. 7. LARP6 binds and regulates the AS of genes associated with proliferation and drug resistance in MDA-
MB-231 cells. (A) Venn diagram showing the overlapping genes between peak genes and RASGs. (B) Scatter
plot showing the most enriched KEGG pathway results for the overlapping genes. (C) Bar plot showing the
ratio values for AS of some overlapping genes. The error bars represent the means + SEMs. ****P value <0.0001,
***P value <0.001, *P value <0.05. (D) LARP6 binding peak reads for PTMS. IGV-Sashimi plot showing the
peak reads and binding sites across mRNAs; the green and red panels represent the positions of the peaks. The
read distribution of the bound genes is plotted in the upper panel, and the transcripts of each gene are shown
below. The right figure shows the iRIP-PCR results for PTMS. (E) LARP6 binding peak genes of TMUBI.
IGV-Sashimi plot showing the peak reads and binding sites across mRNAs; the green and red panels represent
the positions of the peaks. The read distribution of the bound genes is plotted in the upper panel, and the
transcripts of each gene are shown below. The right figure shows the iRIP-PCR results for TMUBI.
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In summary, our study provides a basis for an in-depth understanding of the role of LARP6 in various biological
processes and provides new clues for targeted therapy for TNBC.

Data availability
The datasets generated and analysed during the current study are available in the Gene Expression Omnibus
(GEO) repository, [https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?&acc=GSE248132].
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