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ABSTRACT
Background. As the most frequently diagnosed cancer in women, Breast cancer has
high mortality and metastasis rate, especially triple-negative breast cancer (TNBC). As
an oncogene, protein-L-isoaspartate (D-aspartate) O-methyltransferase (PCMT1) is
a prognostic biomarker in breast cancer and is highly expressed, while its underlying
functions remain unknown.
Methods. In this study, we silenced PCTM1 in TNBC MDA-MB-231 cells by short
hairpin RNA (shPCMT1) to investigate its cellular functions using cell proliferation,
apoptosis, migration, and invasion experiments. Following this, the transcriptome
sequencing (RNA-seq) experiment was conducted to explore the molecular targets
of PCMT1, including differentially expressed genes (DEGs) and regulated alternative
splicing events (RASEs).
Results. The results showed that shPCMT1 inhibited the proliferation, migration, and
invasion of MDA-MB-231 cells. We obtained 1,084 DEGs and 2,287 RASEs between
shPCMT1 and negative control (NC) groups through RNA-seq. The DEGs were sig-
nificantly enriched in immune or inflammation response and cell adhesion-associated
pathways, pathways associated with PCMT1 cellular function in cell migration. The
RASE genes were enriched in cell cycle-associated pathways and were associated with
the altered cell proliferation rate. We finally validated the changed expression and
splicing levels of DEGs and RASEs. We found that 34 RNA binding protein (RBP)
genes were dysregulated by shPCMT1, includingNQO1, S100A4, EEF1A2, and RBMS2.
The dysregulated RBP genes could partially explain how PCMT1 regulates the global
transcriptome profiles.
Conclusion. In conclusion, our study identified the molecular targets of PCMT1 in the
TNBC cell line, expands our understanding of the regulatory mechanisms of PCMT1
in cancer progression, and provides novel insights into the progression of TNBC. The
identifiedmolecular targets are potential therapeutic targets for futureTNBC treatment.
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INTRODUCTION
Breast cancer is the most commonly diagnosed cancer in women worldwide (Howard &
Olopade, 2021). Triple-negative breast cancer (TNBC), one subtype of breast cancer, lacks
progesterone receptor (PR), estrogen receptor (ER), and human epidermal growth factor
receptor 2 (HER2) (Yin et al., 2020). It accounts for 10–15% of all breast cancer cases and
has strong invasiveness, high rates of metastases and recurrence, and a poor prognosis.
Many therapies, such as hormonal or anti-HER2, have small effects on patients with TNBC
due to the absence of hormone receptors (HR) and HER2 (Won & Spruck, 2020). Thus
it is challenging to research TNBC therapy. Chemotherapy remains the standard of care
(SOC) for TNBC. However, there is even no SOC for relapsed or refractory TNBC, which
indicates the importance of developing a new therapy (Won & Spruck, 2020).

Researchers recently found that immune checkpoint inhibitors may facilitate the
development of TNBC therapy (Borri & Granaglia, 2021). TNBC can also be immunogenic
for multiple reasons. For example, the subtypes of TNBC have many genetic mutations and
the immune systemmay treat the aberrant proteins as foreign ones (Disis & Stanton, 2015).
As more antigens specifically expressed in TNBC cells were discovered, immunotherapy is
now considered to be a new promising solution to TNBC (Li et al., 2018b). These findings
facilitate the use of immunomodulatory agents such as immune checkpoint inhibitors
in TNBC clinical trials to further understand immune-related TNBC properties and to
find more novel immune markers (Romero-Cordoba et al., 2019). However, clinical trials
are still necessary to validate the efficacy of molecular targets (Fabbri, Salvi & Bravaccini,
2020).

Some proteins are considered to be involved in the regulation of breast cancer,
including PCMT1 that is related to the abundance of immune infiltration. A recent
study demonstrated that the level of PCMT1 in breast cancer cells is significantly high
(Guo, Du & Li, 2022a). PCMT1 has been proven to participate in the regulation of the
proliferation, apoptosis, and migration of different cancer cells, which further promotes
the occurrence and development of cancers (Dong et al., 2021). According to a previous
study, PCMT1 is a target gene in liver cancer, indicating that it serves as a therapeutic target
in multiple cancer treatments (Amer et al., 2014). PCMT1 may regulate cancer-related
processes such as apoptosis through regulating multiple proteins such as Mst1 (Yan et al.,
2013). Extracellular matrix (ECM) protein LAMB3 can interact with PCMT1 to activate
the integrin-FAK-Src pathway that promotes the adhesion, invasion, and migration of
cancer cells. These effects can be reversed by PCMT1-blocking antibody treatment (Zhang
et al., 2022a; Zhang et al., 2022b). PCMT1 can also regulate the stability of regulatory T
cells by methylating the promoter of forkhead box P3(FOXP3), which may explain some
of its functions (Ozay et al., 2020). However, the exact functions and downstream targets
of PCMT1 in TNBC are largely unknown.

In this study, we focused on the assumption that PCMT1 may regulate breast cancer-
related processes by influencing the global transcriptome profile, including gene expression
and alternative splicing events (ASEs). In this study, we knocked down PCMT1 in human
TNBC cells (MDA-MB-231). PCMT1-related transcriptome data were obtained using
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high-throughput transcriptome sequencing (RNA-seq). The data were then used to
analyze the potential targets regulating the transcription and alternative splicing (AS)
levels of PCMT1 in MDA-MB-231 cells. The results demonstrate that PCMT1 globally
regulates the transcriptome profile in MDA-MB-231 cells, and partly explain the functions
on cellular phenotype of PCMT1.

MATERIALS AND METHODS
Lentivirus
Sh-PCMT1 lentivirus was purchased from Genephem (Shanghai, China). ShRNA targeting
PCMT1 (shPCMT1) sequence was: 5′-GCTAGTAGATGACTCAGTAAA-3′ (sense), while
the negative control (NC) sequence was: 5′-TTCTCCGAACGTGTCACGT-3′ (sense).

Culture and shRNA transfection of cells
The MDA-MB-231 cell line (CL-0150B, Procell, Wuhan, China) were cultured with 5%
CO2 at 37 ◦C in Dulbecco’s modified Eagle medium (DMEM) that was supplemented
with 10% fetal bovine serum (FBS), 100 µg/mL streptomycin, and 100 U/mL penicillin.
MDA-MB-231 cells were infected by lentivirus with MOI = 100. Stable cell lines were
obtained by screening with 0.5 ug/ml puromycin and the cells were then harvested for
following experiments. The primers for RT-qPCR could be found from Table S1.

The proliferation assay
The proliferation assay of MDA-MB-231 cells was conducted using a Cell Counting kit-8
(CCK-8, 40203ES76, Yeasen, Shanghai, China). Briefly, stable MDA-MB-231 cell lines
were seeded with 10,000 cells/well in 96-well culture plates. Vials without cells were used
as blank controls. As the degree of cell polymerization will reach 100% after 96 h or longer,
we used 0 h, 24 h, 48 h, and 72 h for assessment. After incubation at 37 ◦C with 5% CO2,
we added 10 µl CCK-8 solution to the culture medium for an additional 3 h at 37 ◦C. We
then measured the optical density (OD) of the cells with a Microplate Reader (ELX800,
Biotek, Winooski, VT, USA) at an absorbance of 450 nm. The cell proliferation rate =
(experimental OD value − blank OD value)/(control OD value − blank OD value) ×
100%.

Flow cytometric analysis of cell apoptosis
An Annexin V-APC/7-ADD apoptosis detection kit (40304ES60, Yeasen, Shanghai, China)
was used to analyze cell apoptosis following the manufacturer’s instructions. Stable MDA-
MB-231 cell lines were seeded into 6-well plates and cultured for 48 h. The shPCMT1 and
NC cells were mixed with 5 µl Annexin V-APC separately and incubated in the dark at
room temperature for 5 min, and then mixed with 5 µl 7-AAD reagents and incubated
for 5 min, respectively. Then the cells were subjected to flow cytometric (FACSCanto, BD,
Franklin Lakes, NJ, USA) analysis to calculate cell apoptosis levels.

Cell invasion assay
Invasion assays were conducted using transwell chambers (3,422, Corning, Corning, NY,
USA). The transwell chambers had 8 µm filter at the bottom and were precoated with a
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uniform layer of Matrigel (356234, BD Biosciences, San Jose, CA, USA), diluted for 1:8
using serum-free medium, 100 ul diluted matrigel in chambers was incubated for 1 h
at 37 ◦C with 5% CO2 and removed unsolidified supernatant. Following this, 4 × 105

cells were added to the inserts. Then the transwell chambers were inserted in medium with
600 ul 10% FBS (10091148, Gibco,Waltham,MA, USA). The detailed steps were conducted
following a published study (Yan et al., 2018). The invasion cells were calculated under an
inverted microscope (MF52-N, Mshot, Guangzhou, China) at 200× magnification.

Cell migration assay
Migration assay was performed using transwell chambers (3422, Corning, Corning, NY,
USA). A total of 2.5 × 105 cells in 0.2 ml serum-free medium were added to the transwell
chambers with 8 µm filter. Then the chambers were inserted in medium with 600 ul 10%
FBS (10091148, Gibco, Waltham, MA, USA). The medium served as a chemoattractant in
the lower chamber. The detailed steps were conducted following a published study (Yan
et al., 2018). The migration cells were calculated under an inverted microscope (MF52-N,
Mshot, Guangzhou, China) at 200×magnification. The raw data of apoptosis, proliferation,
invasion, and migration results could be found from Table S2.

RNA extraction and sequencing
The DNAs were removed by RQ1 DNase (Promega, Madison, WI, USA) to extract total
RNAs. The quality and quantity of RNAs were then identified by the absorbance at
260 nm/280 nm (A260/A280) using SmartSpec Plus (BioRad, Hercules, CA, USA). For the
three biological replicates of shPCMT1 and NC samples, mRNAs were captured from 1 µg
of total RNA by VAHTS mRNA capture Beads (Vazyme, Nanjing, China; N401), and used
for directional RNA-seq library preparation by VAHTS Universal V8 RNA-seq Library
Prep Kit on Illumina (NR605). The detailed steps were conducted following a published
study (Ren et al., 2023). Illumina NovaSeq 6000 system was used to generate the raw 150
nt paired-end reads of RNA-seq libraries.

RNA-seq quality filtering and differentially expressed genes analysis
Raw reads were filtered by removing reads with N bases, trimming adaptors and low-
quality bases using a FASTX-Toolkit (Version 0.0.13). Too short reads (<16 nt) were
also discarded. The filtered reads were then aligned to the GRCh38 genome by HISAT2
(Kim, Langmead & Salzberg, 2015) allowing up to 4 mismatches. Fragments per kilobase
of transcript per million fragments mapped (FPKM) was calculated using the uniquely
mapped reads (Trapnell et al., 2010). The statistical power of this experimental design
(three biological replicates), calculated in RNASeqPower (Hart et al., 2013) is 1. The R
package DESeq2 (Love, Huber & Anders, 2014) was used to screen the DEGs. The corrected
p-value < 0.05 and fold change (FC) > 2 or <0.5 were set as the cut-off criteria to identify
DEGs differentially expressed genes differentially expressed genes (DEGs).

AS analysis
The ABLas pipeline (Jin et al., 2017;Xia et al., 2017) was used for AS analysis and predicting
the regulated alternative splicing events (RASEs) between shPCMT1 and NC samples.

Saiding et al. (2023), PeerJ, DOI 10.7717/peerj.16006 4/17

https://peerj.com
http://dx.doi.org/10.7717/peerj.16006#supp-3
http://dx.doi.org/10.7717/peerj.16006


Briefly, ABLas detected nine types of ASEs based on the splicing junction reads, comprising
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 exon, A3SS&ES, and A5SS&ES. To assess the RASEs by
shPCMT1, Student’s t -test was used to calculate the significance of the ratio alterations of
each AS event. Those events with a P-value < 0.05 were considered as RASEs.

Reverse transcription and quantitative polymerase chain reaction
Reverse transcription and quantitative polymerase chain reaction (RT-qPCR) was
performed to validate the DEGs and RASEs. Detailed steps and data analysis method
of this experiment could be found in the published article (Li et al., 2018a). The primers
for DEGs and RASEs could be found from Table S1. The raw data of RT-qPCR results
could be found from Tables S3–S4.

Functional enrichment analysis
To explore the functional categories of DEGs, KOBAS 2.0 server was used to identify
enriched Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways (Xie et al., 2011). Hypergeometric test and Benjamini–Hochberg FDR methods
were used to define the statistical significance of each pathway.

RESULTS
PCMT1 knockdown inhibits the proliferation of MDA-MB-231 cells
A previous study has demonstrated the prognostic value of PCMT1 in breast cancer (Guo,
Du & Li, 2022a). In this study, we further explored the cellular functions and downstream
targets of PCMT1 in MDA-MB-231 cells. The PCMT1-knockdown MDA-MB-231 cell
line was constructed by the short hairpin RNA (shRNA) method (shPCMT1); an empty
plasmid cell line was used as negative control (NC). According to the RT-qPCR results,
the expression levels between NC and shPCMT1 samples were different after transfection
(Fig. 1A), consistent with the Western blot result, indicating the successful knockdown of
PCMT1 (Figs. 1B, S1A). Based on the TCGA database, the survival curves of PCMT1 in
breast invasive carcinoma (BRCA) also indicated that the low PCMT1 expression group
had a better prognosis than the high expression group (Fig. 1C), consistent with the
previous result. The proliferation experiment also showed that NC samples had a higher
proliferation rate than shPCMT1 samples (Fig. 1D). While the apoptosis levels between
shPCMT1 and NC samples changed slightly (Figs. S1B–S1C). Taken together, these results
demonstrated that silencing PCMT1 decreases the proliferation rate of MDA-MB-231
cells.

PCMT1 knockdown inhibits the migration and invasion of
MDA-MB-231 cells
To further explore the cellular functions of PCMT1 in MDA-MB-231 cells, we conducted
cell migration and invasion experiments. The results proved that PCMT1 knockdown
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Figure 1 PCMT1 knockdown inhibits MDA-MB-231 cell proliferation. (A) Bar plot shows the RT-
qPCR results of NC and shPCMT1 samples. Error bars represent mean± SEM. N = 3. ****p-value <

0.0001, Student’s t -test. (B) The Western blot result shows that the PCMT1 knockdown is successful. (C)
The survival curve of BRCA patients by dividing them into two groups according to PCMT1 expression
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Error bars represent mean± SEM. N = 3. *p-value < 0.05, **p-value < 0.01, ***p-value < 0.001, Stu-
dent’s t -test.

Full-size DOI: 10.7717/peerj.16006/fig-1

significantly inhibited the migration and invasion ability of MDA-MB-231 cells (Figs. 2A–
2D). These results together indicate that PCMT1 may play an important role in the
progression of breast cancer, including TNBC.

PCMT1 regulates the global gene expression profile in MDA-MB-231
cells
We then used RNA-seq to identify the changed transcriptome profiles by shPCMT1 and
the molecular targets of PCMT1. According to the RNA-seq result, the expression level of
PCMT1 significantly decreased in shPCMT1 samples (Fig. 3A), confirming the successful
inhibition of PCMT1 expression in MDA-MB-231 cells. We then performed principal
component analysis (PCA) for all detected genes. The result shows that the shPCMT1
samples were separated from the NC samples by the first component, which accounted
for 41.7% of all sample variation (Fig. 3B). To identify the molecular targets of PCMT1,
we performed DEG analysis and obtained 1084 DEGs between shPCMT1 and NC samples
after PCMT1 knockdown, comprising 771 up-DEGs and 313 down-DEGs (Fig. 3C). The
hierarchical clustering heatmap also shows a consistent expression pattern in shPCMT1
and NC samples (Fig. 3D). We then performed a functional enrichment analysis of Gene
Ontology (GO) database to explore the underlying functions of DEGs. The up-DEGs were
enriched in immune and inflammation-associated pathways and cell adhesion- and cell
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migration-associated pathways (Fig. 3E, top panel). The down-DEGs were enriched in cell
adhesion-associated pathways (Fig. 3E, bottom panel). The enriched biological process
(BP) pathways were consistent with the cellular functions of PCMT1 identified in Fig. 2,
suggesting that PCMT1 could modulate the cellular state by regulating the expression levels
of associated genes.

Multiple cancer-related DEGs are found to be different between NC and shPCMT1
samples. In total, nine inflammation and cancer-associated DEGs were selected to show
their changed expression patterns, comprising four up-DEGs (ADM, FSTL3, SPDEF, and
SPNS2) and five down-DEGs (TACSTD2, CCL2, EDIL3, FAM20C, and OLFML2A). To
validate the dysregulation of these DEGs, we performed RT-qPCR experiment and found
that except SPDEF, eight of the nine DEGs showed consistent and significant difference
with RNA-seq data (Fig. 3F).

PCMT1 regulates the expression level of RBPs
As an important protein family, RNA binding proteins (RBPs) play essential roles
in transcriptional and post-transcriptional regulation and modulate the progression,
expression, and functions of various RNAs (Gerstberger, Hafner & Tuschl, 2014; Hentze et
al., 2018). Thus we analyzed the RBPs dysregulated by shPCTM1 in MDA-MB-231 cells
and found 34 RBPs and DEGs overlapped (Fig. 4A). Of the 34 RBPs, 22 were up-regulated
and 12 were down-regulated by shPCMT1, and these RBPs changed consistently in the two
groups (Fig. 4B). We selected several important cancer and alternative splicing associated
RBP genes that were differently expressed by shPCMT1, and validated their expression
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Figure 4 PCMT1 regulates the expression of RBPs. (A) Venn diagram shows the overlapped result be-
tween RBPs and DEGs. (B) The hierarchical cluster heatmap displays the expression levels of all over-
lapped RBPs from (A).The bar plot shows the expression pattern and statistical difference of 7 differen-
tially expressed RBPs by RNA-seq and RT-qPCR validation. Error bars represent mean± SEM. N = 3.
***p-value < 0.001; ****p-value < 0.0001. Student’s t -test.

Full-size DOI: 10.7717/peerj.16006/fig-4

pattern by RT-qPCR experiment (Fig. 4C). PCMT1 may regulate these RBPs to influence
the AS of cancer-related genes.

PCMT1 regulates the AS pattern of transcripts in MDA-MB-231 cells
Post-transcriptional regulation, especially AS, plays a critical role in various BPs (Ule &
Blencowe, 2019). We investigated whether shPCMT1 influenced the AS profile in MDA-
MB-231 cells using the RNA-seq data. Using the ABLas program (Xia et al., 2017), we
identified 2287 PCMT1-regulated ASEs (RASEs) between shPCMT1 and NC samples.
These RASEs fell into 9 AS types (Fig. 5A). The ES events increased in shPCMT1 samples,
while cassette exon decreased in shPCMT1 samples (Fig. 5A), indicating that PCMT1
knockdown tended to exclude exons during primary RNA processing. According to the
GO enrichment analysis of the RASE-embedded genes (RASGs), they were enriched
in cancer-related pathways such as cell cycle, cell division, and translation (Fig. 5B).

Saiding et al. (2023), PeerJ, DOI 10.7717/peerj.16006 9/17

https://peerj.com
https://doi.org/10.7717/peerj.16006/fig-4
http://dx.doi.org/10.7717/peerj.16006


3pMXE
5pMXE

A3SS
A3SS&ES

A5SS
A5SS&ES

ES
MXE

cassetteExon

0 100 200 300
Number

Up Down

positive regulation of protein targeting to
membrane

endoplasmic reticulum to Golgi vesicle−mediated
transport

viral transcription

nuclear−transcribed mRNA catabolic process,
nonsense−mediated decay

translational initiation
protein transport

cytoplasmic translation
cell division

cell cycle
translation

6 8 10

−log10 Pvalue

0.00025
0.00050
0.00075
0.00100Corrected.P.Value

Input.number
2040
60
80

RASG GO enrichment P top

1458 1029

55

RASGs
DEGs

A B C

D

F

ITGA6

AHNAK

0.0

0.2

0.4

0.6

N
C

SH

R
at

io

ITGA6 ES

0.0

0.2

0.4

0.6

N
C SH

R
at

io

AHNAK A3SS

**

**

ITGA6 qPCR

1 2 3 1 2 3
0.0
0.5
1.0
1.5
2.0
2.5 NC

SH

****

A
s

R
at

io

AHNAK qPCR

1 2 3 1 2 3
0

1

2

3

4 NC
SH

****

A
s

R
at

io

NPM1

0.0

0.1

0.2

0.3

R
at

io

NPM1 A3SS

NPM1 qPCR

1 2 3 1 2 3
0.0

0.2

0.4

0.6

0.8 NC
SH

****

A
s

R
at

io

N
C

SH

**

E

Figure 5 PCMT1 regulates the AS of genes inMDA-MB-231 cells. (A) The bar plot shows the number
and types of PCMT1-regulated ASEs. (B) The scatter plot displays the top enriched GO BP pathways of
the RASGs. (C) Venn diagram shows the overlapped genes between RASGs and DEGs. (D) PCMT1 regu-
lates the AS of ITGA6. Left panel: IGV-sashimi plot presents the RASEs and binding sites across mRNAs.
Reads distribution of RASE is shown above and the transcripts of each gene are shown below. (continued
on next page. . . )
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Figure 5 (. . .continued)
Right panel: The schematic diagram depicts the structure of ASEs. RNA-seq and RT-qPCR validation of
ASEs was shown in the right middle and bottom panel, respectively. (E) The same as (D) but for NPM1.
Error bars represent mean± SEM. N = 3. **p-value < 0.01, ****p-value < 0.0001; Student’s t -test.The
same as (D) but for AHNAK. Error bars represent mean± SEM. N = 3. **p-value < 0.01, ****p-value <

0.0001; Student’s t -test.

Meanwhile, we detected several AS pathways and associated genes from RASGs, including
SRSF3, LARP7, KHDRBS3, TIA1, HNRNPK, and RBM23 (Table S5). To investigate the
association between DEGs and RASGs, we found 55 genes overlapped between DEGs and
RASGs (Fig. 5C). We selected 10 overlapped RASGs to illustrate the reads distribution, the
splicing reads number, and the changed AS ratio of the dysregulated RASEs. They are ES
of ITGA6 (Fig. 5D), A3SS of NPM1 (Fig. 5E), A3SS of AHNAK (Fig. 5F), A5SS of DDX10
(Fig. S2A), 3pMXE of ZNF384 (Fig. S2B), A5SS of DUSP14 (Fig. S2C), cassette exon of
BAIAP2 (Fig. S3A), A3SS of SNHG29 (Fig. S3B), A3SS of FOXP1 (Fig. S4A), and A3SS of
CD44 (Fig. S4B). Meanwhile, we validated their changed AS ratios by RT-qPCR experiment
and found 8 of the 10 RASEs showed consistent and significant changed AS ratio except
FOXP1 and CD44 (Figs. 5D–5F, S2–S4). The expression levels of the genes related to AS
are different between NC and shPCMT1 samples, indicating that they may participate in
TNBC by regulating the AS of other genes.

DISCUSSION
The molecular nature of TNBC is an obstacle to its treatment and targeted therapy (Yin et
al., 2020). The challenges drive us to investigate novelmolecular targets and new therapeutic
strategies. PCMT1 is a proteinmethyltransferase enzyme that is highly expressed inmultiple
cancers and plays an important role in cancer development. A recent study demonstrated
the cellular functions and upstream regulatory axis of PCMT1 in breast cancer cell lines
(Zhang et al., 2022a; Zhang et al., 2022b). While the molecular targets of PCMT1 in breast
cancer remain unknown. In this study, we silenced PCMT1 in MDA-MB-231 cells and
explored its downstreammolecular targets to decipher the underlyingmechanisms bywhich
PCMT1 promotes the progression of breast cancer. We found the expression levels of cell
adhesion- and inflammation-associated genes were dysregulated due to shPCMT1,and the
AS pattern of cell cycle-associated genes was also dysregulated, indicating that PCMT1
could induce themalignancy of breast cancer cells bymodulating the transcriptome profiles
of these genes.

The cellular transcriptome profile is regulated by multiple proteins in a direct or indirect
interaction manner. In this study, we identified 1084 genes whose expression levels were
regulated by PCMT1 to investigate how PCMT1 regulates the transcriptome. Meanwhile,
we found that the dysregulated DEGs were highly associated with the cellular functions of
PCMT1. The top enriched cell adhesion-related pathways participate in cell migration and
invasion (Jacquemet, Hamidi & Ivaska, 2015). We found the cell adhesion-associated genes
were both up- and down-regulated by PCMT1, indicating that the cellular junction proteins
were dysregulated among cells. This dysregulation may inhibit the migration and invasion
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by shPCMT1. Meanwhile, we also found that the immune/inflammation-associated genes
were up-regulated by shPCMT1. A previous study demonstrated that tumor tissues from
TNBCpatients includedmixed and compartmentalized cells, and these cells were associated
with compartmentalization and survival (Keren et al., 2018). In TNBC treatment, there is
a potential for immunotherapy-based combination strategies to use immune checkpoint
inhibitors to enhance both innate and adaptive immune responses (Thomas, Al-Khadairi &
Decock, 2020). These findings together indicate that PCMT1 may be a possible therapeutic
target for TNBC immunotherapy in the future.

Among the DEGs regulated by PCMT1, several DEGs are associated with TNBC. For
example, SPNS2 encodes GUSBP11 which regulates TNBC progression by modulating the
miR-579-3p/SPNS2 axis (Wu, Sun & Qin, 2022). FSTL3 expression is inversely associated
with tumor size and nuclear grade in invasive breast cancer (Couto et al., 2017). FST is
proven to be a bona fide metastasis suppressor (Seachrist et al., 2017). ADM is a valuable
biomarker for TNBC prognosis and an anti-metastasis candidate therapeutic target in
TNBC (Liu et al., 2020). SPDEF expression inhibits cell migration and invasion partially
by down-regulating EMT-related protein markers, indicating that it plays a critical role in
the suppression of TNBC cell metastasis (Yousefi et al., 2021). We detected 34 RBPs from
the DEGs and validated their expression pattern of 7 RBPs using RT-qPCR. These RBPs
could regulate TNBC progression. For example, NQO1 helped reduce the resistance to
TNBC therapies (Cao et al., 2014). S100A4 may have stimulatory effects elicited in TNBC
cells through FGF2/FGFR1 signaling pathway (Santolla, Talia & Maggiolini, 2021). RBPs
have a wide range of effects on the RNAs from synthesis to degradation, influence every
step in the progression of cancer, and are emerging as a therapeutic target for cancer
prevention and treatment (Hong, 2017; Chen, Qin & Zheng, 2022). We propose that these
dysregulated RBPs participate in the progression of TNBC and that PCMT1 regulates the
cellular states and transcriptome profile perhaps by modulating the expression of these
RBPs. Our propositions need to be further investigated in future studies.

Another interesting finding is that PCMT1 modulates the AS pattern of primary
transcripts, which has not been reported. We speculate that PCMT1 may modulate the
global AS profile by regulating the functions of spliceosome-associated proteins, several
of which were detected from the RASGs (Table S5). The ES events were specifically
up-regulated in shPCMT1 samples, indicating that PCMT1 could affect splicing proteins
involved in ES. A previous study reported that PCMT1 protein contains RNA binding
activity and methyltransferase domain; the silencing of PCMT1 in HeLa cells affects the
cell cycle and increases cells in G2/M phases (Enunlu et al., 2003), consistent with the
finding that RASGs by PCMT1 were enriched in cell cycle pathways, which is also a
possible explaintion for the inhibited cell proliferation by shPCMT1. Based on the RNA
methylation function of PCMT1, we also speculate that PCMT1 regulate AS of target RNAs
probably by methylating RNA targets. We validated the changed splicing pattern of several
important RASGs. ITGA6 is found to be differently expressed in 2 sample groups. ITGA6
is potentially involved in the regulation of actin cytoskeleton, thus playing a role in TNBC
migration (Klahan et al., 2014). ITGA6 is a relevant regulatory target for the treatment
of cisplatin activity (Cataldo et al., 2020). Another DEG FOXP1 is a transcriptional
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regulator of lymphocyte development and is aberrantly expressed in some human tumors
(De Silva et al., 2019). It may serve as a winged helix/forkhead TF (Chiang et al., 2017).
FOXP1 might predict poor overall survival (OS) in patients with specific cancer types (Yu
et al., 2018). DEGAHNAK has been considered to act as a tumor suppressor that negatively
regulates TNBC cell proliferation (Chen et al., 2017). And it has been proven to play a role
in the chemotherapeutic response to breast cancer cells (Davis et al., 2018). Studies are
needed to further explore how PCMT1 regulates these ASEs by cooperating with other
proteins and how these RASEs regulate TNBC.

In summary, we identified the cellular functions and molecular targets of PCMT1 in
TNBC MDA-MB-231 cells, expanding our understanding of the functions of PCMT1 in
breast cancer. We found that PCMT1 has an impact on cell proliferation, migration, and
invasion by regulating transcriptome profiles. These results suggest a novel functional
mechanism for PCMT1 in TNBC progression by modulating the RNA expression and
splicing patterns. The identified molecular targets of PCMT1 could serve as potential
therapeutic targets for future TNBC treatment. Meanwhile, we have realized the limitations
of this study, including the single cell line used in this study, the shortage of directly
functional evidence between PCMT1 and target genes, and the absence of clinical samples
and animal model validation. Thus, more in vitro and in vivo experiments, including the
mutant cells with different levels of PCMT1 knockdown, and further studies are needed to
validate the potential targets regulated by PCMT1.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
The authors received no funding for this work.

Competing Interests
Xinyu Hu and Dong Chen are employed by Wuhan Ruixing Biotechnology Co., Ltd.. The
authors declare there are no competing interests.

Author Contributions
• Aili Saiding performed the experiments, prepared figures and/or tables, authored or
reviewed drafts of the article, and approved the final draft.
• Dilinuer Maimaitiyiming performed the experiments, prepared figures and/or tables,
authored or reviewed drafts of the article, and approved the final draft.
• Minglan Chen performed the experiments, authored or reviewed drafts of the article,
and approved the final draft.
• Futian Yan performed the experiments, authored or reviewed drafts of the article, and
approved the final draft.
• Dong Chen analyzed the data, authored or reviewed drafts of the article, and approved
the final draft.
• Xinyu Hu analyzed the data, prepared figures and/or tables, authored or reviewed drafts
of the article, and approved the final draft.

Saiding et al. (2023), PeerJ, DOI 10.7717/peerj.16006 13/17

https://peerj.com
http://dx.doi.org/10.7717/peerj.16006


• Ping Shi conceived and designed the experiments, authored or reviewed drafts of the
article, and approved the final draft.

Data Availability
The following information was supplied regarding data availability:

The data are available at NCBI GEO: GSE225762.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.16006#supplemental-information.

REFERENCES
AmerM, Elhefnawi M, El-Ahwany E, Awad A, Gawad NA, Zada S, Tawab F. 2014.Hsa-

miR-195 targets PCMT1 in hepatocellular carcinoma that increases tumor life span.
Tumor Biology 35(11):11301–11309 DOI 10.1007/s13277-014-2445-4.

Borri F, Granaglia A. 2021. Pathology of triple negative breast cancer. Seminars in Cancer
Biology 72:136–145 DOI 10.1016/j.semcancer.2020.06.005.

Cao L, Li LS, Spruell C, Xiao L, Chakrabarti G, Bey EA, Reinicke KE, Srougi MC, Moore
Z, Dong Y, Vo P, KabbaniW, Yang CR,Wang X, Fattah F, Morales JC, Motea
EA, BornmannWG, Yordy JS, Boothman DA. 2014. Tumor-selective, futile redox
cycle-induced bystander effects elicited by NQO1 bioactivatable radiosensitizing
drugs in triple-negative breast cancers. Antioxid Redox Signal 21(2):237–250
DOI 10.1089/ars.2013.5462.

Cataldo A, Romero-Cordoba S, Plantamura I, Cosentino G, Hidalgo-Miranda A,
Tagliabue E, Iorio MV. 2020.MiR-302b as a combinatorial therapeutic approach
to improve cisplatin chemotherapy efficacy in human triple-negative breast cancer.
Cancers 12(8):2261 DOI 10.3390/cancers12082261.

Chen B,Wang J, Dai D, Zhou Q, Guo X, Tian Z, Huang X, Yang L, Tang H, Xie X.
2017. AHNAK suppresses tumour proliferation and invasion by targeting multiple
pathways in triple-negative breast cancer. Journal of Experimental & Clinical Cancer
Research 36(1):65 DOI 10.1186/s13046-017-0522-4.

Chen Y, Qin H, Zheng L. 2022. Research progress on RNA-binding proteins in breast
cancer. Frontiers in Oncology 12:974523 DOI 10.3389/fonc.2022.974523.

Chiang K, Zielinska AE, Shaaban AM, Sanchez-BailonMP, Jarrold J, Clarke TL, Zhang
J, Francis A, Jones LJ, Smith S. 2017. PRMT5 is a critical regulator of breast cancer
stem cell function via histone methylation and FOXP1 expression. Cell Reports
21(12):3498–3513 DOI 10.1016/j.celrep.2017.11.096.

Couto HL, Buzelin MA, Toppa NH, Bloise E, Wainstein AJ, Reis FM. 2017. Prog-
nostic value of follistatin-like 3 in human invasive breast cancer. Oncotarget
8(26):42189–42197 DOI 10.18632/oncotarget.15026.

Davis T, Van Niekerk G, Peres J, Prince S, Loos B, Engelbrecht AM. 2018. Doxorubicin
resistance in breast cancer: a novel role for the human protein AHNAK. Biochemical
Pharmacology 148:174–183 DOI 10.1016/j.bcp.2018.01.012.

Saiding et al. (2023), PeerJ, DOI 10.7717/peerj.16006 14/17

https://peerj.com
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE225762
http://dx.doi.org/10.7717/peerj.16006#supplemental-information
http://dx.doi.org/10.7717/peerj.16006#supplemental-information
http://dx.doi.org/10.1007/s13277-014-2445-4
http://dx.doi.org/10.1016/j.semcancer.2020.06.005
http://dx.doi.org/10.1089/ars.2013.5462
http://dx.doi.org/10.3390/cancers12082261
http://dx.doi.org/10.1186/s13046-017-0522-4
http://dx.doi.org/10.3389/fonc.2022.974523
http://dx.doi.org/10.1016/j.celrep.2017.11.096
http://dx.doi.org/10.18632/oncotarget.15026
http://dx.doi.org/10.1016/j.bcp.2018.01.012
http://dx.doi.org/10.7717/peerj.16006


De Silva P, Garaud S, Solinas C, DeWind A, Van den Eyden G, Jose V, Gu-Trantien C,
Migliori E, Boisson A, Naveaux C, Duvillier H, Craciun L, Larsimont D, Piccart-
Gebhart M,Willard-Gallo K. 2019. FOXP1 negatively regulates tumor infiltrat-
ing lymphocyte migration in human breast cancer. EBioMedicine 39:226–238
DOI 10.1016/j.ebiom.2018.11.066.

Disis ML, Stanton SE. 2015. Triple-negative breast cancer: immune modulation as the
new treatment paradigm. American Society of Clinical Oncology Educational Book
35(1):e25-e30.

Dong LM, Zhang XL, MaoMH, Li YP, Zhang XY, Xue DW, Liu YL. 2021. LINC00511/
miRNA-143-3p modulates apoptosis and malignant phenotype of bladder carcinoma
cells via PCMT1. Frontiers in Cell and Developmental Biology 9:650999
DOI 10.3389/fcell.2021.650999.

Enunlu I, Papai G, Cserpan I, Udvardy A, Jeang KT, Boros I. 2003. Different isoforms
of PRIP-interacting protein with methyltransferase domain/trimethylguanosine
synthase localizes to the cytoplasm and nucleus. Biochemical and Biophysical Research
Communications 309(1):44–51 DOI 10.1016/S0006-291X(03)01514-6.

Fabbri F, Salvi S, Bravaccini S. 2020. Know your enemy: genetics, aging, exposomic and
inflammation in the war against triple negative breast cancer. Seminars in Cancer
Biology 60:285–293 DOI 10.1016/j.semcancer.2019.10.015.

Gerstberger S, Hafner M, Tuschl T. 2014. A census of human RNA-binding proteins.
Nature Reviews Genetics 15(12):829–845 DOI 10.1038/nrg3813.

Guo J, Du X, Li C. 2022. PCMT1 is a potential prognostic biomarker and is corre-
lated with immune infiltrates in breast cancer. BioMed Research International
2022:4434887.

Hart SN, Therneau TM, Zhang Y, Poland GA, Kocher JP. 2013. Calculating sam-
ple size estimates for RNA sequencing data. Journal of Computational Biology
20(12):970–978 DOI 10.1089/cmb.2012.0283.

Hentze MW, Castello A, Schwarzl T, Preiss T. 2018. A brave new world of RNA-binding
proteins. Nature Reviews Molecular Cell Biology 19(5):327–341
DOI 10.1038/nrm.2017.130.

Hong S. 2017. RNA binding protein as an emerging therapeutic target for cancer
prevention and treatment. Journal of Cancer Prevention 22(4):203
DOI 10.15430/JCP.2017.22.4.203.

Howard FM, Olopade OI. 2021. Epidemiology of triple-negative breast cancer: a review.
Journal of Cancer 27(1):8–16 DOI 10.1097/PPO.0000000000000500.

Jacquemet G, Hamidi H, Ivaska J. 2015. Filopodia in cell adhesion, 3D migration and
cancer cell invasion. Current Opinion in Cell Biology 36:23–31
DOI 10.1016/j.ceb.2015.06.007.

Jin L, Li G, Yu D, HuangW, Cheng C, Liao S, WuQ, Zhang Y. 2017. Transcriptome
analysis reveals the complexity of alternative splicing regulation in the fungus
Verticillium dahliae. BMC Genomics 18(1):1–14 DOI 10.1186/s12864-016-3406-7.

Keren L, Bosse M, Marquez D, Angoshtari R, Jain S, Varma S, Yang SR, Kurian A,
Valen DVan,West R, Bendall SC, Angelo M. 2018. A structured tumor-immune

Saiding et al. (2023), PeerJ, DOI 10.7717/peerj.16006 15/17

https://peerj.com
http://dx.doi.org/10.1016/j.ebiom.2018.11.066
http://dx.doi.org/10.3389/fcell.2021.650999
http://dx.doi.org/10.1016/S0006-291X(03)01514-6
http://dx.doi.org/10.1016/j.semcancer.2019.10.015
http://dx.doi.org/10.1038/nrg3813
http://dx.doi.org/10.1089/cmb.2012.0283
http://dx.doi.org/10.1038/nrm.2017.130
http://dx.doi.org/10.15430/JCP.2017.22.4.203
http://dx.doi.org/10.1097/PPO.0000000000000500
http://dx.doi.org/10.1016/j.ceb.2015.06.007
http://dx.doi.org/10.1186/s12864-016-3406-7
http://dx.doi.org/10.7717/peerj.16006


microenvironment in triple negative breast cancer revealed by multiplexed ion beam
imaging. Cell 174(6):1373–1387 e1319 DOI 10.1016/j.cell.2018.08.039.

KimD, Langmead B, Salzberg SL. 2015.HISAT: a fast spliced aligner with low memory
requirements. Nature Methods 12(4):357–360 DOI 10.1038/nmeth.3317.

Klahan S,WuM-S, Hsi E, Huang C-C, HouM-F, ChangW-C. 2014. Computational
analysis of mRNA expression profiles identifies the ITG family and PIK3R3 as crucial
genes for regulating triple negative breast cancer cell migration. BioMed Research
International 2014:536591.

Li RZ, Hou J, Wei Y, Luo X, Ye Y, Zhang Y. 2018a. hnRNPDL extensively regulates
transcription and alternative splicing. Gene 687:125–134.

Li Z, Qiu Y, LuW, Jiang Y,Wang J. 2018b. Immunotherapeutic interventions
of triple negative breast cancer. Journal of Translational Medicine 16(1):147
DOI 10.1186/s12967-018-1514-7.

Liu L-L, Chen S-L, Huang Y-H, Yang X,Wang C-H, He J-H, Yun J-P, Luo R-Z. 2020.
Adrenomedullin inhibits tumor metastasis and is associated with good prognosis
in triple-negative breast cancer patients. American Journal of Translational Research
12(3):773.

LoveMI, HuberW, Anders S. 2014.Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biology 15(12):1–21
DOI 10.1186/gb-2014-15-1-r1.

Ozay EI, Shanthalingam S, Torres JA, Osborne BA, Tew GN,Minter LM. 2020. Protein
kinase C theta modulates PCMT1 through hnRNPL to regulate FOXP3 stability in
regulatory T cells.Molecular Therapy 28(10):2220–2236
DOI 10.1016/j.ymthe.2020.06.012.

Ren T,Wang S, Zhang B, ZhouW,Wang C, Zhao X, Feng J. 2023. LTA4H extensively
associates with mRNAs and lncRNAs indicative of its novel regulatory targets. PeerJ
11:e14875 DOI 10.7717/peerj.14875.

Romero-Cordoba S, Meneghini E, Sant M, Iorio MV, Sfondrini L, Paolini B, Agresti R,
Tagliabue E, Bianchi F. 2019. Decoding immune heterogeneity of triple negative
breast cancer and its association with systemic inflammation. Cancers 11(7):911
DOI 10.3390/cancers11070911.

Santolla MF, Talia M, Maggiolini M. 2021. S100A4 is involved in stimulatory ef-
fects elicited by the FGF2/FGFR1 signaling pathway in triple-negative breast
cancer (TNBC) cells. International Journal of Molecular Sciences 22(9):4720
DOI 10.3390/ijms22094720.

Seachrist DD, Sizemore ST, Johnson E, Abdul-Karim FW,Weber Bonk KL, Keri RA.
2017. Follistatin is a metastasis suppressor in a mouse model of HER2-positive breast
cancer. Breast Cancer Research 19(1):1–10 DOI 10.1186/s13058-016-0797-y.

Thomas R, Al-Khadairi G, Decock J. 2020. Immune checkpoint inhibitors in triple
negative breast cancer treatment: promising future prospects. Frontiers in Oncology
10:600573.

Trapnell C, Williams BA, Pertea G, Mortazavi A, Kwan G, Van BarenMJ, Salzberg
SL,Wold BJ, Pachter L. 2010. Transcript assembly and quantification by RNA-Seq

Saiding et al. (2023), PeerJ, DOI 10.7717/peerj.16006 16/17

https://peerj.com
http://dx.doi.org/10.1016/j.cell.2018.08.039
http://dx.doi.org/10.1038/nmeth.3317
http://dx.doi.org/10.1186/s12967-018-1514-7
http://dx.doi.org/10.1186/gb-2014-15-1-r1
http://dx.doi.org/10.1016/j.ymthe.2020.06.012
http://dx.doi.org/10.7717/peerj.14875
http://dx.doi.org/10.3390/cancers11070911
http://dx.doi.org/10.3390/ijms22094720
http://dx.doi.org/10.1186/s13058-016-0797-y
http://dx.doi.org/10.7717/peerj.16006


reveals unannotated transcripts and isoform switching during cell differentiation.
Nature Biotechnology 28(5):511–515 DOI 10.1038/nbt.1621.

Ule J, Blencowe BJ. 2019. Alternative splicing regulatory networks: functions, mecha-
nisms, and evolution.Molecular Cell 76(2):329–345.

WonKA, Spruck C. 2020. Triple-negative breast cancer therapy: current and fu-
ture perspectives (Review). International Journal of Oncology 57(6):1245–1261
DOI 10.3892/ijo.2020.5135.

WuG, Sun P, Qin C. 2022. GUSBP11 inhibited the progression of triple negative breast
cancer via targeting the miR-579-3p/SPNS2 axis. Cell Journal 24(5):230–238.

Xia H, Chen D,WuQ,WuG, Zhou Y, Zhang Y, Zhang L. 2017. CELF1 preferentially
binds to exon-intron boundary and regulates alternative splicing in HeLa cells.
Biochimica et Biophysica Acta (BBA)-Gene Regulatory Mechanisms 1860(9):911–921
DOI 10.1016/j.bbagrm.2017.07.004.

Xie C, Mao X, Huang J, Ding Y,Wu J, Dong S, Kong L, Gao G, Li C-Y,Wei L. 2011.
KOBAS 2.0: a web server for annotation and identification of enriched pathways and
diseases. Nucleic Acids Research 39(suppl_2):W316–W322 DOI 10.1093/nar/gkr483.

Yan G, Qin Q, Yi B, Chuprun K, Sun H, Huang S, Sun J. 2013. Protein-L-isoaspartate
(D-aspartate) O-methyltransferase protects cardiomyocytes against hypoxia induced
apoptosis through inhibiting proapoptotic kinase Mst1. International Journal of
Cardiology 168(4):3291–3299 DOI 10.1016/j.ijcard.2013.04.045.

Yan F,Wang C, Li T, CaiW, Sun J. 2018. Role of miR-21 in the growth and metas-
tasis of human salivary adenoid cystic carcinoma.Molecular Medicine Reports
17(3):4237–4244.

Yin L, Duan JJ, Bian XW, Yu SC. 2020. Triple-negative breast cancer molecular
subtyping and treatment progress [Abstract]. Breast Cancer Research 22(1):61
DOI 10.1186/s13058-020-01296-5.

Yousefi H, VatanmakanianM, Koul S, Okpechi S, Alahari S, Koul H. 2021. SPDEF
targets EMT pathway to inhibit cell migration and invasion in triple-negative breast
cancer. The FASEB Journal 35.

Yu B-H, Li B-Z, Zhou X-Y, Shi D-R, YangW-T. 2018. Cytoplasmic FOXP1 expression is
correlated with ER and calpain II expression and predicts a poor outcome in breast
cancer. Diagnostic Pathology 13(1):1–9.

Zhang J, Li Y, Liu H, Zhang J, Wang J, Xia J, Zhang Y, Yu X, Ma J, HuangM. 2022a.
Genome-wide CRISPR/Cas9 library screen identifies PCMT1 as a critical driver
of ovarian cancer metastasis. Journal of Experimental & Clinical Cancer Research
41(1):1–22 DOI 10.1186/s13046-021-02201-4.

Zhang Z, Li F, Li Y, Li Z, Jia G. 2022b. In vitro anti-malignant property of PCMT1
silencing and identification of the SNHG16/miR-195/PCMT1 regulatory axis in
breast cancer cells. Clinical Breast Cancer 23(3):302–316.

Saiding et al. (2023), PeerJ, DOI 10.7717/peerj.16006 17/17

https://peerj.com
http://dx.doi.org/10.1038/nbt.1621
http://dx.doi.org/10.3892/ijo.2020.5135
http://dx.doi.org/10.1016/j.bbagrm.2017.07.004
http://dx.doi.org/10.1093/nar/gkr483
http://dx.doi.org/10.1016/j.ijcard.2013.04.045
http://dx.doi.org/10.1186/s13058-020-01296-5
http://dx.doi.org/10.1186/s13046-021-02201-4
http://dx.doi.org/10.7717/peerj.16006

