RPS27 selectively regulates the expression and alternative splicing
of inflammatory and immune response genes in thyroid cancer cells
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Abstract

Background. The expression of ribosomal protein 527 (RPS27) is upregulated in multiple human malignan-
cies. In thyroid cancer, the expression of RPS27 is associated with patient outcomes. However, the carcinogenic
mechanisms of RPS27 and functions of RPS27 in the initiation and progression of thyroid cancer are still not
Clear.

Objectives. To investigate the carcinogenic mechanisms of RPS27 and functions of RPS27 in the initiation
and progression of thyroid cancer.

Materials and methods. The RPS27 gene was overexpressed in BTH101 cells and the influence on the lev-
el of gene expression and alternative splicing (AS) was then analyzed by comparing the transcriptomes
of the overexpressing cells with the controls. The procedures included cloning and plasmid construction
of RPS27, cell culture and transfection, evaluation of RPS27 overexpression, library preparation and sequenc-
ing, RNA-Seq raw data clean and alignment, differentially expressed genes (DEGs) analysis, AS analysis,
quantitative real-time polymerase chain reaction (qRT-PCR) validation of DEGs and AS events (ASEs), and
functional enrichment analysis.

Results. The results demonstrated that RPS27 could selectively requlate the expression of genes associ-
ated with autoimmune thyroid disease, inflammatory/immune response and AS of genes associated with
TRIF-dependent toll-like receptor signaling pathway and apoptotic process. The genes in question are BMP6,
SERPINA3, IL178, ILTRN, HLA-B, PF4, HLA-DOB, MADCAMI, HLA-DQAT, TPO, HLA-B, HLA-DQAT, HLA-DOB, HLA-C,
KRTS, CFLAR, HMGAT, CASPS, (CNH, UBE2D3, and MAPK9, among others.

Conclusions. The RPS27 selectively requlated the expression and alternative splicing of genes involved
in inflammatory/immune response and TRIF-dependent toll-like receptor signaling pathway, which were
tightly associated with the initiation and progression of thyroid cancer. These results extend our knowledge
on the molecular functions of RPS27 in thyroid cancer cells and have a potential value in thyroid cancer
treatment.
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Background

Thyroid cancer is a common endocrine tumor with
an increasing incidence worldwide.! The age-standardized
incidence rate of thyroid cancer rose by 20% from 1990
t02013.2In China, a recent investigation reported a rapidly
increasing number of thyroid cancer cases.? The immune
system plays a crucial role in prevention of tumors, as well
as in their initiation and progression.* Some tumor types
are strongly correlated with chronic infectious or inflam-
matory diseases, whereas others are not, but inflammatory
components are present in most of human neoplastic le-
sions. Studies have demonstrated that thyroid cancer can
be associated with thyroid autoimmunity, even if the exact
mechanisms remain poorly elucidated.>®

Ribosomal protein S27 (RPS27), also known as metallopan-
stimulin-1 (MPS-1), is a multifunctional protein ubiquitously
expressed in most of the human normal tissues and primarily
located in the cytoplasm.” It serves as an RNA-binding protein
(RBP) and subsequently affects the translation and degra-
dation of many mRNAs.® In addition to translation-related
functions, ribosomal proteins are also associated with plenty
of biological process functions, including apoptosis, genomic
stability, development, and cell proliferation.’ The expression
of RPS27 is upregulated in multiple human malignancies,
including liver, prostate, colon, stomach, and head and neck
cancers.'*!2 In thyroid cancer, the expression of RPS27 is as-
sociated with patient outcomes.'® However, the carcinogenic
mechanisms of RPS27 and functions of RPS27 in the initiation
and progression of thyroid cancer are still not clear.

Therefore, in this study, the RPS27 gene was overex-
pressed in BTH101 cells and the influence on the gene
expression level and alternative splicing (AS) was then ana-
lyzed through comparing the transcriptomes of the over-
expressing cells with the controls.

Objectives

The objectives were to investigate the carcinogenic
mechanisms of RPS27 and functions of RPS27 in the ini-
tiation and progression of thyroid cancer.

Materials and methods
Cloning and plasmid construction of RPS27

CE Design v. 1.04 (Vazyme Biotech, Nanjing, China) was
employed to design the primer pairs for Hot Fusion. Each
of the primers consists of a fragment of gene-specific sequence
and a 17-30 bp sequence of the pIRES-hrGFP-1a vector:

F-primer: agcccgggeggatccgaattc

ATGCCTCTCGCAAAGGATCTC

R-primer: gtcatccttgtagtcctcgag

GTGCTGCTTCCTCCTGAAGGA.
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The pIRES-hrGFP-1a vector was digested with EcoRI
and Xhol (New England Biolabs (NEB), Ipswich, USA)
for 2—3 h at 37°C. The enzyme-digested vector was then
run on 1.0% agarose gel and purified with the Qiagen
column kit (Qiagen, Hilden, Germany). Total RNA was
extracted from BHT101 cells with TRIzol (Ambion, Invi-
trogen, Carlsbad, USA). The purified RNA was reversely
transcribed for cDNA with oligo dT primer. The inserted
fragment was synthesized through polymerase chain reac-
tion (PCR) amplification. The ClonExpress® II One Step
Cloning Kit (Vazyme Biotech, Nanjing, China) was used
to ligate the linearized vector digested with EcoRI and
Xhol and PCR insert. Plasmids were introduced into Esch-
erichia coli strain through chemical transformation. Cells
were plated onto Luria broth (LB) agar plates contain-
ing 1 pL/mL ampicillin, and incubated overnight at 37°C.
Colonies were screened through colony PCR (28 cycles)
with universal primers located on the backbone vector.
Sanger sequencing was used to verify the insert sequence.

Cell culture and transfection

Chinese Academy of Sciences Cell Bank (Shanghai,
China) provided the human thyroid cancer cell line BHT101.
The BHT101 cells were cultured with 5% CO, at 37°C
in Dulbecco’s modified Eagle’s medium (DMEM) contain-
ing 10% fetal bovine serum (FBS), 100 ug/mL of strepto-
mycin and 100 U/mL of penicillin. Lipofectamine 2000
(Invitrogen) was employed to conduct plasmid transfection
of BHT101 cells following the manufacturer’s protocol, and
transfected cells were harvested after 48 h for quantita-
tive real-time PCR (qRT-PCR) and western blot analysis.
This study complied with the Declaration of Helsinki and
the study protocol was approved by the Ethical Committee
of People’s Hospital of Xinjiang Uygur Autonomous Region,
China (approval No. KY20180118148).

Evaluation of RPS27 overexpression

The evaluation of RPS27 overexpression was performed
by means of qRT-PCR and western blot analysis, using
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
as the control. The synthesis of cDNA was conducted
through standard procedures, and qRT-PCR was per-
formed on the Bio-Rad S1000 Thermal Cycler (Bio-Rad,
Hercules, USA) with Bestar SYBR Green RT-PCR Mas-
ter Mix (DBI Bioscience, Shanghai, China). The prim-
ers of RPS27 were 5"TCCTTCATCCCTCTCCAGAA-3'
(forward) and 5-GTAGGCTGGCAGAGGACAGT-3'
(reverse), respectively; and the primers of GAPDH were
5-CGGAGTCAACGGATTTGGTCGTAT-3' (forward)
and 5-"AGCCTTCTCCATGGTGGTGAAGAC-3' (reverse),
respectively. The 2722t method was employed to evaluate
the relative expression level of RPS27. The paired Student’s
t-test was used to perform the comparison between RPS27-
overexpressed cells and control cells.
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For western blot analysis, to prepare the total cell ly-
sates, RPS27-overexpressed and control BHT101 cells
were lysed in radioimmunoprecipitation assay (RIPA)
buffer, containing 150 mM NaCl, 50 mM Tris-HCI (pH
7.4), 0.1% sodium dodecyl sulfate (SDS), 1.0% deoxycho-
late, 1 mM ethylenediaminetetraacetic acid (EDTA),
and 1% Triton X-100. The samples were centrifuged
at 12,000 x g for 5 min. The supernatants were analyzed
using a 10% SDS polyacrylamide gel electrophoresis (SDS-
PAGE) gel and then transferred onto a polyvinylidene
difluoride (PVDF) membrane (Merck Millipore, Burling-
ton, USA). The RPS27 was detected with a monoclonal
Flag antibody (Sigma-Aldrich, St. Louis, USA) diluted
in Tris-buffered saline with Tween 20 (TBST) (1:2000),
and GAPDH (ABclonal Technology, Cumming Park,
USA) was used as the loading control (1:2000).

Library preparation and sequencing

Total RNA extracted from BHT101 cells was purified
using 2 phenol-chloroform treatments and then treated us-
ing RQ1 DNase (Promega, Madison, USA) to remove DNA.
The Smartspec Plus (Bio-Rad) was employed to evaluate
the quality and quantity of the purified RNA by measuring
the absorbance at 260 nm/280 nm (A260/A280), and 1.5%
agarose gel electrophoresis was used to verify the integrity
of the RNA.

The VAHTS Stranded mRNA-seq Library Prep Kit
(Vazyme Biotech) was used to perform RNA-seq library
preparation with 1 pg of the total RNA. Polyadenylated
mRNAs were converted into double-stranded cDNAs
after purification and fragmentation. The DNAs were
then ligated to VAHTS RNA Adapters (Vazyme Bio-
tech) following end repair and A tailing. Purified liga-
tion products ranging from 200 bps to 500 bps were di-
gested using heat-labile uracil-DNA glycosylase (UDG),
and the single-stranded cDNA was amplified, purified,
quantified, and stored at -80°C before high-throughput
sequencing.

For high-throughput sequencing, the libraries were pre-
pared according to the instructions of the manufacturer
and applied to Illumina HiSeq X Ten system (Illumina,
Inc., San Diego, USA) for 150 nt paired-end sequencing.

RNA-Seq raw data clean and alignment

Raw reads with more than 2-N bases in raw sequenc-
ing reads were excluded. FASTX-Toolkit v. 0.0.13 (http://
hannonlab.cshl.edu/fastx_toolkit/index.html) was then
used to trim adaptors and low-quality bases. The short
reads with less than 16 nt were also discarded. After that,
clean reads were aligned to the GRch38 genome with
tophat2,!*allowing 4 mismatches. Uniquely mapped reads
were used for calculation of gene reads number and frag-
ments per kilobase of transcript per million fragments
mapped (FPKM).!®
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Alternative splicing analysis

As described previously, the ABL alternative splicing
(ABLas) pipeline was employed to define and quantify
the alternative splicing events (ASEs) between the sam-
ples.!® Briefly, the detection of 10 types of ASEs was based
on the splice junction reads, including exon skipping (ES),
alternative 5’ splice site (A5SS), alternative 3’ splice site
(A3SS), intron retention (IR), mutually exclusive exons
(MXE), mutually exclusive 5’UTRs (5pMXE), mutually
exclusive 3'UTRs (3pMXE), cassette exon, A3SS&ES, and
AS5SS&ES.

gRT-PCR validation of differentially
expressed genes and ASEs

In order to elucidate the validity of the RNA-seq data,
the qRT-PCR was conducted for some of the differentially
expressed genes (DEGs). The information of primers was
demonstrated in Supplementary File 1. Total RNA re-
maining from RNA-seq library preparation was used for
qRT-PCR. The RNA was reversely transcribed into cDNA
using a M-MLV Reverse Transcriptase (Vazyme Biotech).
The qRT-PCR was conducted on the StepOne Real-
Time PCR System using the SYBR Green PCR Reagents
Kit (Yeasen, Shanghai, China). The qRT-PCR conditions
consisted of denaturing at 95°C for 10 min, 40 cycles
of denaturing at 95°C for 15 s, and annealing and exten-
sion at 60°C for 1 min. The qRT-PCR amplifications were
performed in triplicate for each sample. The expression
levels of all selected DEGs were normalized against that
of GAPDH.

Meanwhile, a qRT-PCR assay was also conducted for al-
ternative splicing event (ASE) validation. The primers used
were also presented in Supplementary File 1. To detect
alternative isoforms, we used a boundary-spanning primer
for the sequence encompassing the junction of constitutive
exon and alternative exon, as well as an opposing primer
in a constitutive exon. The boundary-spanning primer
of alternative exon was designed according to “model exon”
to detect model splicing or “altered exon” to detect altered
splicing.

Statistical analyses

The R Bioconductor package edgeR (https://biocon-
ductor.org/packages/release/bioc/html/edgeR.html) was
employed to screen out the DEGs whose expression lev-
els were assessed using FPKM.! A false discovery rate
(FDR) <0.05 and fold change (FC) >2 or <0.5 were set
as the cutoff criteria for identifying DEGs. The Student’s
t-test was performed to evaluate the significance of the ra-
tio alteration of ASEs between RPS27-overexpressed and
control cells. Regulated alternative splicing events (RASEs)
were identified when p < 0.05. To sort out functional cat-
egories of DEGs, Gene Ontology (GO) terms and Kyoto
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Encyclopedia of Genes and Genomes (KEGG) pathways
were identified using KOBAS 2.0 server (http://kobas.cbi.
pku.edu.cn/).!® The hypergeometric test and Benjamini—
Hochberg FDR controlling procedure were employed
to define the enrichment of each term. The expression
levels of RPS27, selected DEGs and ASEs were compared
using the Student’s t-test. Significance was set at p < 0.05.

Results
RNA-seq data analysis

The qRT-PCR and western blot were used to evaluate
the efficacy of RPS27 overexpression (Fig. 1A,B). Six cDNA
libraries were constructed and then sequenced for paired-
end reads of each sample. The average high-quality reads
of these 6 samples was 78.47 £3.92 million (Supplementary
File 2). Among these reads, 94.04—96.39% were aligned and
about 89.14—94.42% were uniquely aligned when they were
mapped onto the reference genome with TopHat 2 (Supple-
mentary File 2). Robust expression results for 20,994 genes
were obtained from RNA-seq data (Supplementary File 3).
A correlation matrix was computed with FPKM values
for all 20,994 genes according to the Pearson’s correlation
coefficient (Fig. 1C).

RPS27 overexpression in BHT101 cell
selectively regulates the expression
of inflammatory and immune
response genes

A total of 1504 genes were differentially expressed, in-
cluding 604 upregulated and 900 downregulated. Supple-
mentary File 4 provides the details of all the DEGs. A vol-
cano plot (Fig. 1D) demonstrated the DEGs regulated
by RPS27 overexpression. Figure 1E shows the hierarchical
clustering of DEGs in control and RPS27 overexpression
samples. These results showed that RPS27 overexpression
extensively regulated gene expression in BHT101 cells.

According to the cutoff criteria, the upregulated and
downregulated DEGs were enriched in 44 and 112 GO
terms, respectively (Supplementary Files 5 and 6). Interest-
ingly, the upregulated genes in the biological process terms
of the GO analysis were mainly associated with the inflam-
matory and immune response (Fig. 1F), including BMP6,
SERPINA3, IL17B, ILIRN, HLA-B, PF4, HLA-DOB, MAD-
CAM1I, and HLA-DQA1. Conversely, the downregulated
genes were primarily involved in mitosis and mitotic cell
cycle.

When the corrected p-values of the KEGG pathways
were set at <0.05, the upregulated and downregulated
DEGs were enriched in 166 and 211 pathways, respec-
tively (Supplementary Files 7 and 8). Strikingly, the up-
regulated genes were primarily associated with autoim-
mune thyroid disease (Fig. 1G), including TPO, HLA-B,

J. Wan et al. Ribosomal protein S27 in thyroid cancer

HLA-DQAI, and HLA-DOB. In contrast, the downreg-
ulated genes were primarily associated with pathways
in cancer, HTLV-I infection and regulation of actin cy-
toskeleton (Fig. 1G).

The expression of the DEGs involved in the inflamma-
tory and immune response and angiogenesis was quantified
using RNA sequencing data, including BMP6, SERPINA3,
IL17B, ILIRN, HLA-B, PF4, HLA-DOB, MADCAM]I, HLA-
DQAI and TPO. The results demonstrated that their ex-
pressions were significantly upregulated (Fig. 2). Among
them, we selected BMP6, HLA-B, HLA-DQA1, IL17B,
and SERPINAS3 for further qRT-PCR validation analysis.
The PCR primers were demonstrated in Supplementary
File 1. The qRT-PCR results were in agreement with the se-
quencing data (Fig. 3).

RPS27 regulates the alternative splicing
of a large number of immune-response
genes

Among the 66.7 £3.0 million uniquely mapped reads,
47.08-47.97% were junction reads (Supplementary File 2).
Compared with the reference genome annotation through
the use of the Tophat?2 pipeline, there were 62.69% annotated
exons (230,287 out of 367,321 annotated exons), 152,726
known splice junctions and 111,776 novel splice junctions.

There were 16,925 known ASEs in the model gene which
was termed as the reference genome, and 45,772 novel
ASEs excluding intron retention events (Supplementary
Files 9 and 10).

A total of 735 RASEs were identified, including 401 up-
regulated and 334 downregulated (Supplementary Files 11
and 12). The RPS27-regulated ASEs mainly included
the A5SS (157), A3SS (146), ES (120), and cassette exon
(73) (Fig. 4A). These results implied that RPS27 overall
regulated ASEs in BHT101 cell. The genes whose levels
of AS and expression were both regulated by RPS27 were
overlapped in order to determine whether the increase
in ASEs could be attributed to altered transcription,'® and
3 such genes were identified (Fig. 4B), including /ITGA1,
NPNT and MACFI. This result suggested that AS and
transcriptional regulation might be partially coupled.

Interestingly, among the genes regulated by RPS27-
mediated AS, most were enriched in “viral reproduction”,
“TRIF-dependent toll-like receptor signaling pathway” and
“MyD88-independent toll-like receptor signaling pathway”,
including HLA-C, KRT8, CFLAR, HMGA1, CASP8, CCNH,
UBE2D3, and MAPK9 (Fig. 4C). In contrast, enriched
KEGG pathways (p < 0.05) mainly included those associ-
ated with “pyrimidine metabolism”, “purine metabolism”
and “ribosome” (Fig. 4D).

The ASEs of the genes involved in thyroid cancer were
quantified using RNA sequencing data, including HLA-C,
KRTS8, CFLAR, HMGA1, CASP8, CCNH, UBE2D3, and
MAPKO. The results showed that they were significantly
upregulated (Fig. 5). To validate the ASEs identified from
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Fig. 1. RNA-seq analysis of ribosomal protein S27 (RPS27)-regulated transcriptome. A. RPS27 expression was quantified using quantitative real-time
polymerase chain reaction (qRT-PCR); t = —7.618; p = 0.002; **p < 0.01; B. RPS27 expression was quantified using western blot; C. Heat map showing

the hierarchically clustered Pearson’s correlation matrix resulting from comparing the transcript expression values of the control cells with RPS27
overexpression cells; D. Identification of RPS27-regulated genes. Upregulated genes were labeled in red, whereas downregulated were labeled in blue
in the volcano plot; E. Hierarchical clustering of differentially expressed genes (DEGs) in the control cells and RPS27 overexpression cells. Fragments

per kilobase of transcript per million fragments mapped (FPKM) values were log2-transformed and then median-centered by each gene; F. The top 10
representative Gene Ontology (GO) biological processes of up- or downregulated genes; G. The top 10 representative Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways of up- or downregulated genes.

Control (Ctrl) - BHT101 cells without RPS27 overexpression; OE — BHT101 cells with RPS27 overexpression; GAPDH - glyceraldehyde-3-phosphate
dehydrogenase; FDR - false discovery rate; IgA — immunoglobulin A.
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Fig. 2. Ribosomal protein S27 (RPS27) regulated the expression of the genes involved in the inflammatory and immune response and angiogenesis. Gene
expression was quantified using RNA sequencing data. Fragments per kilobase of transcript per million fragments mapped (FPKM) values were calculated
as explained in Materials and methods section; t = —4.677, —=7.468, —4.405, —3.495, —6.424, —6.243, —4.758, —4.727,—4.397,—3.955; p = 0.009, 0.002, 0.012, 0.025,

0.003,0.003, 0.009, 0.009, 0.012, 0.017; **p < 0.01; *p < 0.05.

Control (Ctrl) - BHT101 cells without RPS27 overexpression; OE — BHT101 cells with RPS27 overexpression.
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Fig. 3. Ribosomal protein S27 (RPS27) regulated the expression of BMP6, HLA-B, HLA-DQAI, IL17B, and SERPINA3. Both the RNA-seq and quantitative real-time
polymerase chain reaction (qRT-PCR) validation are shown; t = —4.677,—-1.316, —=7.468, —5.373, =3.495, —=3.254, —6.243, —4.829, —4.397; p = 0.009, 0.259, 0.002,
0.006, 0.025, 0.026, 0.003, 0.008, 0.012; Z = —2.235; p = 0.043; **p < 0.01; *p < 0.05.

Control (Ctrl) - BHT101 cells without RPS27 overexpression; OE — BHT101 cells with RPS27 overexpression.

the RNA-Seq data, 4 potential ASEs were analyzed using

gqRT-PCR. They were located in KRT8, CFLAR, CASPS,

and CCNH genes, respectively. The PCR primers were also
demonstrated in Supplementary File 1. All the 4 ASEs vali-
dated with qRT-PCR were highly consistent with the se-

quencing results (Fig. 4E,F, Fig. 6).

Discussion

In this study, we profiled the entire transcriptome
in BHT101 cells with the overexpression of RPS27, allow-
ing for the decoding of RPS27-mediated regulation for

gene expression and AS. Strikingly, the expression of genes
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Fig. 4. Ribosomal protein S27 (RPS27) regulated alternative splicing events (ASEs) in BHT101 cells. A. Classification of RPS27-regulated ASEs; B. The overlap
analysis between RPS27-regulated differentially expressed genes (DEGs) and alternative splicing genes (RASGs); C. The top 10 enriched Gene Ontology (GO)
biological processes of RPS27-regulated alternative splicing genes; D. The top 10 enriched Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways

of RPS27-regulated alternative splicing (AS) genes; E. RPS27 regulated AS of CASP8, with IGV-Sashimi plot showing an alternative 3’ splice sites (A3SS) event.
Both RNA-seq quantification and quantitative real-time polymerase chain reaction (qRT-PCR) validation are presented; F. RPS27-regulated AS of CFLAR, with
IGV-Sashimi plot showing an alternative 5’ splice sites (A5SS) event. Both RNA-seq quantification and gRT-PCR validation are presented. Reads distribution
of each ASE was plotted in the left panel with the transcripts of each gene shown below. The schematic diagrams depict the structures of ASEs, AS1
(purple line) and AS2 (green line). The constitutive exon sequences were denoted by black boxes, intron sequences by horizontal line (right panel, top),
while alternative exon by red box and intron by purple box. The RNA-seq quantification is shown at the bottom of the right panel; t = 4.406, 3.930, —3.058,
—1.349; p = 0.016, 0.017, 0.025, 0.249; *p < 0.05.

Control (Ctrl) - BHT101 cells without RPS27 overexpression; OE — BHT101 cells with RPS27 overexpression; SpMXE — mutually exclusive 5'UTRs;
3pMXE — mutually exclusive 3'UTRs; ES — exon skipping.
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Fig. 5. Ribosomal protein S27 (RPS27) regulated alternative splicing (AS) of the genes associated with thyroid cancer, with alternative 3’ splice sites (A3SS) for
CASPS, alternative 5" splice sites (A5SS) for CCNH, A3SS for HLA-C, A5SS for HMGAT, A3SS for KRT8, A5SS for KRT8, and intron retention (IR) for UBE203. RNA-
seq quantification is presented; t = 4.159, —4.376, —3.534, 3.032, —3.337,2.971, 6.627; p = 0.014, 0.012, 0.024, 0.039, 0.029, 0.042, 0.003; **p < 0.01; *p < 0.05.

Control (Ctrl) = BHT101 cells without RPS27 overexpression; OE — BHT101 cells with RPS27 overexpression.

involved in the inflammatory and immune response and
autoimmune thyroid disease were selectively upregulated
following RPS27 overexpression. Meanwhile, the genes
whose AS was specifically regulated by RPS27 were en-
riched in the positive regulation of viral reproduction,
apoptotic process, TRIF-dependent toll-like receptor sig-
naling pathway, MyD88-independent toll-like receptor sig-
naling pathway, and so forth. These results demonstrated
that RPS27 was involved in the initiation and progression
of thyroid cancer, possibly through regulating the expres-
sion of genes associated with autoimmune thyroid disease,
and inflammatory and immune response and AS of genes
associated with TRIF-dependent toll-like receptor signal-
ing pathway and apoptotic process.

The upregulated genes associated with the inflammatory
and immune response included BMP6, SERPINA3, IL17B,
ILIRN, HLA-B, PF4, HLA-DOB, MADCAM]1, and HLA-
DQA 1. Bone morphogenetic proteins (BMPs) are believed

to have complex roles in cancer progression.?’ Bentley et al.
showed that BMP-6 was correlated with bone metastases
in prostate cancer.?! Katsuta et al. found that a high ex-
pression of BMP6 was correlated with higher immune cell
infiltration and better prognosis in estrogen receptor-pos-
itive breast cancer, whereas it was correlated with a worse
prognosis in estrogen receptor-negative breast cancer.??
The expression of SERPINA3 has been detected in many
tumor cells, including hepatocellular carcinoma, breast
cancer, lung adenocarcinoma, and prostate cancer. Ko et al.
indicated that SERPINA3 could promote hepatocellular
carcinoma (HCC) cell survival and proliferation through
upregulating the transcriptional activity of HNRNP-K.?
Cao et al. demonstrated that the expression of SERPINA3
was higher in colon cancer tissues than in adjacent normal
tissues, and silencing of SERPINA3 had significant effects
on inhibiting the migration and invasion of colon cancer
cells.?* Recent studies have emphasized the potential role
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Fig. 6. Alternative splicing (AS) events of CCNH and KRT8 validated using quantitative real-time polymerase chain reaction (QRT-PCR) were highly consistent

with the sequencing results

Control (Ctrl) = BHT101 cells without RPS27 overexpression; OE — BHT101 cells with RPS27 overexpression; A5SS — alternative 5’ splice sites.

of the IL-17B/IL-RB pathway in cancer. The upregulated
expression of IL-17B or its receptor has been correlated
with a poor prognosis of various cancer types.?>~* In vitro
cell assays demonstrate that IL-17B can promote the sur-
vival of breast cancer cells through enhancing the expres-
sion of anti-apoptotic Bcl-2 family members and activating
the NF-kB and ERK pathways.?#? In thyroid cancer, IL-17B
is confirmed to be able to promote the growth, invasion and
migration of cancer cells in a dose-dependent manner.°
The ILIRN (interleukin-1 receptor antagonist) gene plays
a role in the pathogenesis of many autoimmune diseases.
The ILIRN(VNTR) polymorphism may be correlated
with susceptibility for Hashimoto’s thyroiditis, a complex
genetic autoimmune thyroid disease.3! The ILIRN poly-
morphisms are also associated with the susceptibility for
cancers. Wang et al. found that JLIRN rs315919, rs452204
and rs3181052 polymorphisms were associated with a de-
creased risk of esophageal cancer in a Northwest Han Chi-
nese population.®? Niedzwiecki et al. suggested that inter-
leukin-1 receptor antagonist (IL-1ra) might have a critical

role in the development of anaplastic thyroid carcinoma
and follicular thyroid carcinoma.?® As a chemokine, plate-
let factor 4 (PF4, CXCL4) is involved in the pathogenesis
of autoimmune thyroid diseases. Circulating PF4 levels
are decreased in subclinically hypothyroid autoimmune
thyroiditis (AIT).3* Additionally, PF4 can regulate the in-
flammation within the tumor microenvironment, tumor
angiogenesis, and, in turn, tumor growth.3®

The upregulated and downregulated DEGs were en-
riched in 166 and 211 pathways, respectively. Strikingly,
the upregulated genes were associated with autoimmune
thyroid disease, including TPO, HLA-B, HLA-DQA1, and
HLA-DOB. The TPO plays a critical role in the production
of thyroid hormones through catalyzing the iodination and
coupling of tyrosyl residues to thyroglobulin.?¢3” Many
astudy has investigated TPO as a marker for thyroid cancer.
It is used as a thyroid differentiation marker,3® and its ex-
pression is decreased in thyroid carcinoma.?*3” The human
leukocyte antigen (HLA) gene is involved in the recognition
and presentation of foreign antigens to the natural killer
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cells (NK) and T lymphocytes, which is the starting point
of the immune response.* This gene participates in tumor
immunity and is a susceptibility gene for many cancers,
including thyroid tumors.?*4% Some HLA alleles are risk
factors for some tumors, whereas some have a protective
role in tumorigenesis. Shuxian et al. showed that HLA-
B*51:01 may be a susceptible allele for papillary thyroid
carcinoma in the Chinese Han population of the Shandong
coastal areas.*! The HLA-DQA1 is located on chromosome
6p21 and belongs to the MHC Class II family.*? It has a role
in the progression of esophageal squamous-cell carcinoma
(ESCC) and may be a biomarker for ESCC diagnosis and
prognosis, as well as a potential target for the treatment
of ESCC patients.** As the B-subunit of the HLA-DO
class II paralogs, HLA-DOB has a negative regulation
for major histocompatibility complex class II molecules
through inhibiting HLA-DM molecules.** The DO:DM
ratio defines major histocompatibility complex class II
restricted-antigen presentation efficiency. Evidence has
demonstrated that the dysregulation of the antigen presen-
tation pathway has influence on development of cancer.*
A report indicated that the single nucleotide polymor-
phism (SNP) of HLA-DOB rs2071554 was correlated with
overall survival in patients with advanced non-small cell
lung cancer treated with first-line chemotherapy.*® Ad-
ditionally, certain HLA-C alleles are also predisposing
factors for papillary thyroid carcinoma.?

Among the genes regulated by RPS27-mediated AS,
some were enriched in “viral reproduction”, “TRIF-depen-
dent toll-like receptor signaling pathway” and “MyD88-in-
dependent toll-like receptor signaling pathway”, including
HLA-C,KRTS8, CFLAR, HMGA1, CASP8, CCNH, UBE2D3,
and MAPK9. Bromodomain-containing protein 4 (BRD4),
belonging to the bromodomain and extra terminal domain
family, has been reported to have important roles in vari-
ous cancers. The abnormal expression of BRD4 is associ-
ated with tumor progression in thyroid cancer.*® It can sup-
press tumor cell proliferation to inhibit the recruitment
of BDR4 to the promoter complex of the Ccndl and Myc
genes in rat thyroid follicular PCCL3 cells.* In prostate
cancer, the inhibition of BRD4 can suppress cell prolifera-
tion by regulating FOXO1-p21-Myc signaling.>® In Merkel
cell carcinoma, the disruption of BRD4 can inhibit MCC-3
xenograft tumor growth, possibly through downregu-
lating c-Myc expression.>! Keratin8 (KRT8), the major
component of the intermediate filament cytoskeleton,
is correlated with progression and metastasis of sev-
eral tumors. In gastric cancer, the abnormal expression
of KRT8 can promote proliferation and migration of can-
cer cells through upregulating MM P2, MM P9, PCNA, and
TIMP1.52 In lung adenocarcinoma, the expression of KRT8
is significantly elevated and may act as an independent
prognostic factor for poor overall survival and recurrence-
free survival.”® In anaplastic thyroid carcinoma (ATC),
the expression of KRT8 is upregulated, and upregulated
KRT8 expression is critical for survival of ATC tumor
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cells since siRNA-mediated knockdown of KRT8 expres-
sion leads to loss of cell viability and increased apoptosis
in ATC-derived cells in vitro.>* Mitogen-activated protein
kinases (M APKs) are associated with a large number of bi-
ological processes such as proliferation, differentiation,
growth, migration, and apoptosis.>® As a result, aberrant
expression of MAPKs results in various diseases, including
cancers.”® The Mapk9, also named as JNK2, is a kinase
from JNK subfamily. The function of JNK2 in cancers
is still controversial. Several studies demonstrated that
JNK2 acted as a tumor promoter in multiple myeloma,
epidermal neoplasia, glioblastoma, breast cancer, and lung
cancer.®’~ However, in bladder cancer and some lung and
breast cancers, JNK2 appears to act as a suppressor.5%6!
The high mobility group A1 (HMGA1) is an important
member of superfamily of nonhistone chromatin binding
proteins and plays a role in many cellular biology pro-
cesses, such as embryogenesis, transcriptional regula-
tion, viral integration, transformation, DNA repair, cell
cycle regulation, and differentiation.®> The expression
of HMGAL1 is significantly upregulated in plenty of can-
cers, including thyroid, lung, colon, pancreas, breast, and
ovary cancers.%>~% In addition, HMGAL1 is confirmed to be
correlated with high invasion and metastasis of thyroid
cancer.®>% The upregulated expression of HMGA1 can
foster carcinogenesis and tumor progression via dysregu-
lation of Wnt signaling and other developmental tran-
scriptional networks.®” Ubiquitin-conjugating enzyme
E2D3 (UBE2D3) belongs to ubiquitin-conjugating enzyme
(E2) family and is a critical component in ubiquitin (Ub)
proteasome system (UPS).%® Ubiquitin-dependent prote-
olysis by the 26S proteasome has a crucial role in the oc-
currence of tumors.*”® Guan et al. indicated that UBE2D3
might be a positive prognostic factor and might be associ-
ated with the expression of hTERT in esophageal cancer
patients.”® Additionally, the downregulation of UBE2D3
enhances radioresistance of esophageal cancer cells
through prolonging IR-induced G2/M arrest and increas-
ing telomere homeostasis,”* whereas its overexpression
enhances radiosensitivity through degrading hTERT.”?
Caspase 8 is an important component of the caspases fam-
ily proteins that are the main regulatory and executive en-
zymes in the apoptosis pathway.”® Apoptosis is associated
with prevention from overproliferation in normal cells,”*
and the aberration of the apoptosis pathway is involved
in the development of cancers.”” Caspase 8 regulates
the extrinsic apoptosis pathway,”® and the CASP8 -652 6N
ins/del polymorphism is correlated with a decreased risk
of various cancers.”’

The CFLAR gene encodes the apoptosis modulator
protein c-FLIP, which has a critical role in regulating
cell death.”® One mechanism c-FLIP uses is forming het-
erodimers with caspase 8.7 In HCC cells, the expression
of CFLAR is significantly elevated, and the inhibition
of CFLAR expression can reduce the proliferation of can-
cer cells.8°
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In summary, the overexpression of RPS27 selectively
regulated the expression and AS of inflammatory and
immune response genes in thyroid cancer cells, whereas
these genes had been confirmed to be involved in occur-
rence and development of cancer. Therefore, RPS27 was
involved in the initiation and progression of thyroid cancer,
possibly through regulating the expression of genes as-
sociated with autoimmune thyroid disease, and inflam-
matory and immune response and AS of genes associated
with TRIF-dependent toll-like receptor signaling pathway
and apoptotic process. These results broaden the current
understanding on functions of RPS27 in the initiation and
progression of thyroid cancer.

As for selection of cell lines, the objectives of this
study were to investigate the carcinogenic mechanisms
of RPS27 and functions of RPS27 in the initiation and
progression of thyroid cancer, so selecting the normal
cell line might not be enough. Meanwhile, we analyzed
the expression of RPS27 in thyroid cancer through
The Cancer Genome Atlas (TCGA). The results showed
that the expression level of RPS27 in thyroid cancer tis-
sues was not significantly different from normal tissues,
but the upregulated expression of RPS27 in thyroid can-
cer tissues was associated with the prognosis of thyroid
cancer patients. Therefore, we selected the BHT101 cells
for this study.

Limitations

The limitations of this study mainly included 2 aspects.
One aspect was that only a few DEGs and ASEs were vali-
dated through qRT-PCR, and the other aspect was that
in vivo study was not performed.

Conclusions

tHE RPS27 was involved in the initiation and progression
of thyroid cancer, possibly through regulating the expres-
sion of genes associated with autoimmune thyroid dis-
ease and inflammatory and immune response, and the AS
of genes associated with TRIF-dependent toll-like receptor
signaling pathway and apoptotic process.
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