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Inhibition of IncRNA RPPH1 activity decreases tumor
proliferation and metastasis through down-regulation
of inflammation-related oncogenes
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Abstract: Objective: Ribonuclease P RNA component H1 (RPPH1) is a long non-coding RNA (IncRNA) associated
with cancer progression. Higher RPPH1 expression in breast and cervical cancer samples than that in normal
tissues were observed through the INCRNASNP2 database; therefore, silencing RPPH1 expression might be a po-
tential strategy for cancer treatments, even though RPPH1 is also an RNA subunit of ribonuclease P involved in
processing transfer RNA (tRNA) precursors and the effect of RPPH1 knockdown is not yet fully understood. Methods:
Differentially expressed genes (DEGs) were identified through RNA sequencing in each shRNA-transfected RPPH1
knockdown MDA-MB-231, RPPH1 knockdown Hela cell, and respective control cells, then the gene ontology en-
richment analysis was performed by IPA and MetaCore database according to these DEGs, with further in vitro
experiments validating the effect of RPPH1 silencing in MDA-MB-231 and Hela cells. Results: Hundreds of down-
regulated DEGs were identified in RPPH1 knockdown MDA-MB-231 and Hela cells while bioinformatics analysis
revealed that these genes were involved in pathways related to immune response and cancerogenesis. Compared
to mock- and vector-transfected cells, the production of mature tRNAs, cell proliferation and migration capacity were
inhibited in RPPH1-silenced HeLa and MDA-MB-231 cells. Additionally, RPPH1 knockdown promoted G1 cell cycle
arrest mainly through the down-regulation of cyclin D1, although glycolytic pathways were only affected in RPPH1
knockdown Hela cells but not MDA-MB-231 cells. Conclusion: This study demonstrated that knockdown RPPH1 af-
fected tRNA production, cell proliferation and metabolism. Our findings might provide insight into the role of RPPH1
in tumor development.

Keywords: Long noncoding RNA, ribonuclease P RNA component H1, transfer RNA, next-generation sequencing,
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Introduction ies have indicated that up-regulation of tRNAs

is involved in the proliferation and migration of
Most cancer cells have a high level of energy cancer cells [3-5]. tRNAs are a group of highly
metabolism, so the dysregulation of tRNAs is conserved RNA molecules that convert genetic

seen as an inevitable result [1, 2]. Several stud- code into amino acids to assist protein synthe-


http://www.ajtr.org

The effect of RPPH1 inhibition in cancer cells

sis, and under normal circumstances, the
expression levels of tRNAs depend on the tis-
sue type, cell state and environment [6, 7].
However, the expression levels of tRNAs encod-
ed by the nucleus and mitochondria in breast
cancer cells are up to 10-fold higher than those
in normal breast tissue [8]. Another study
showed that the up-regulation of specific tRNAs
(tRNASUUC and tRNA*€CCG) promotes brea-
st cancer metastasis by directly increasing
EXOSC2 expression [9] while an up-regulated
tRNAY* level also enhances the migration and
invasion of melanoma cells [10]. These studies
indicated that the up-regulation of specific
tRNAs increases the malignancy of tumor cells.

Ribonuclease P (RNase P) is a ribonucleopro-
tein endonuclease that cleaves the 5’ end of
precursor-tRNAs (pre-tRNAs) to form a mature
5’ terminus of the tRNA molecule [11-13], and
besides tRNA processing, the subunits of
RNase P have also been found to be involved
in DNA damage repair and innate immunity
against pathogens [14, 15]. This highly con-
served enzyme is mostly composed of one RNA
molecule and one or more protein subunits in
bacteria, archaea, yeast and human cells [13].
In human cells, RNase P includes ten different
proteins and one RNA subunit, namely ribonu-
clease P RNA component H1 (RPPH1) [12].
RPPH1, the only RNA component of RNase P,
provides the catalytic activity of pre-tRNA pro-
cession in human cells [16, 17] with recent
studies indicating that the expression level of
RPPH1 as a long non-coding RNA (IncRNA), is
closely related to cancer progression [18-20].
For instance, RPPH1 has been found to be up-
regulated in gastric and breast cancers [19, 21]
and for the latter, it regulates CDC42 expres-
sion by binding to miR-330-5p thereby promot-
ing the progression of breast cancer by directly
targeting miR-122 [19, 20]. LncRNA RPPH1 pre-
sented in exosome promotes cancer metasta-
sis through the interaction of -1l tubulin while
promoting macrophage M2 polarization in the
colorectal cancer model [18]; furthermore, cir-
cRPPH1 as derived from the RPPH1 gene has
been reported to promote breast cancer pro-
gression through miR-328-3p/HMGA2, miR-
146b-3p/E2F2 or miR-542-3p/ARHGAP1 axes,
respectively [22-24]. These results indicate
that the RPPH1 gene plays an important role in
cell proliferation and metastasis through inter-
action with specific miRNAs.
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Targeting of oncogenic IncRNA is a novel
approach to cancer treatment [25]. RPPH1 is
not only an IncRNA but a component of RNase
P as well, with the RPPH1 expression level
being closely related to the protein synthesis of
a cell and the molecular function of RPPH1
being closely related to pre-tRNAs processing
[26], and therefore RPPH1 is speculated to be
related to the protein synthesis of a cell.

Since RPPH1 may play a crucial role in tumor
progression, the effect of RPPH1 silencing in
cancer cells is an issue that should be investi-
gated; however, comprehensive analysis in
RPPH1 knockdown tumor cells has not been
elucidated. In this study, two cancer cell lines
with high RPPH1 expression, namely Hela (cer-
vical cancer) and MDA-MB-231 (breast cancer)
cells, were investigated using a short hairpin
RNA inhibition strategy. The differences in gene
expression between RPPH1 knockdown cells
and mock cells and enriched pathways were
analyzed using next-generation sequencing
and bioinformatics tools. The results provide a
more comprehensive understanding of the
effect of RPPH1 inhibition on tumors.

Materials and methods
Cell culture

Human cervical cancer (HelLa) and breast
cancer (MDA-MB-231) were purchased from
the American Type Culture Collection (ATCC;
Rockville, MD, USA). All cells were cultured in
high Glucose of Dulbecco’s modified Eagle’s
medium (GIBCO; Grand Island, NY, USA) sup-
plemented with 44 mM NaHCO,, 10% Fetal
Bovine Serum (FBS) at 37°C in 5% CO,. The
stable shRPPH1 expression clones were main-
tained in growth medium containing 50 yg/mL
hygromycin B.

Cell transfection

Cells were cultured in 6-well plates at a density
of 1x10% per well. After 16 h, the cells were
transfected with expression constructs (2 ug)
using Lipofectamine 2000 (Invitrogen, Carls-
bad, CA, USA), according to the manufacturer’s
guidelines. In order to obtain a stable clone,
the transfected cells were treated by 300 ug/
mL hygromycin B. The selected hygromycin-B-
resistant colonies were analyzed by RT-PCR to
identify RPPH1 expression.
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Design and construction of the shRNA expres-
sion vector

Plasmid vectors and constructs were con-
structed through standard molecular cloning
techniques. The oligonucleotides used in this
study were purchased from commercial suppli-
ers. The stable shRNA expression vector pSU-
PER/Hyg" was constructed by subcloning the
hygromycin resistance gene expression cas-
sette (Hyg") isolated from pDsRed2-N1 into the
pSUPER. The shRNA expression vectors were
constructed by inserting an annealed oligonu-
cleotide duplex into the restriction enzyme
sites (Bglll/Hindlll) in the pSUPER/Hyg' vector.
The oligonucleotides were used for this study:
shRPPH1-1-F, 5-gatcccc-GCCAGCGAAGTGAGT-
TCAA-ttcaagaga-TTGAACTCACTTCGCTGGC-ttt-
ttggaaa-3’; shRPPH1-1-R, agcttttccaaaaa-GCC-
AGCGAAGTGAGTTCAA-tctcttgaa-TTGAACTCAC-
TTCGCTGGC-ggg.

Next-generation sequencing

Four cancer cell samples including HeLa and
HelLa-shRPPH1-1-52 (HeLa RPPH1 knockdown
clone), MDA-MB-231 and MDA-MB-231-shRP-
PH1-1-72 (MDA-MB-231 RPPH1 knockdown
clone) were collected. The extracted total RNA
of four samples were analyzed through genom-
ics Biotechnology Company (New Taipei City,
Taiwan), using poly-T oligo-attached beads to
purify mRNA, while the samples were also
fragmented and primed for cDNA synthesis.
The library was identified by Agilent 2100 Bio-
analyzer and Real-Time PCR System. In this
study, genes that matched both fold change
(FC) < 0.65 and false discovery rate (FDR) <
0.05 were considered down-regulated genes
and further analyzed through bioinformatics
tools.

MTT cell growth assay

Cells were seeded on 96-well plates at a den-
sity of 1x10° cells per well in 100 pL growth
medium. The cells were treated with 10 pL
MTT solution (5 mg/mL) for 5 h, disrupted in
200 pL dimethyl sulfoxide (DMSO), and mea-
sured at 590 nm using an ELISA reader (VERSA
tunable microplate reader, Molecular Dynamics,
Sunnyvale, CA, USA).

Colony formation assay

Cells were loaded into 6-well plates at a density
of 2x108 cells per well. After 7-10 days, the col-
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onies were stained with crystal violet for 10 min
and rinsed with deionized distilled water, photo-
graphed using a Nikon D80 digital camera (10
Mega-pixel; Nikon Corp., Tokyo, Japan), and
scored using AlphaEase FC software (Alpha
Innotech Inc., San Leandro, CA, USA).

Wound healing migration assay

Cells were plated into 6-well until confluency
and scratched using a sterile plastic 1 mL
micropipette tip, then photographed using an
inverted phase-contrast microscope every 12 h
until complete healing.

Boyden chamber migration assay

Cells were seeded on 10 cm Petri dishes to
70-80% confluency and harvested with 0.1%
trypsin (Cambrex, East Rutherford, NJ, USA). A
total of 2.5x10* cells were loaded into 8-ym
pore-size polycarbonated filters (Nucleopore
Crop., Pleasanton, CA, USA) in a 48-well Boy-
den chamber (Neuro Probe Inc., Gaithersburg,
MD, USA). The chemotactic migration of cells
was induced by 10% fetal calf serum (FCS) in
the lower chamber. After 12 h of incubation,
the migrated cells were fixed with 100% etha-
nol, stained with Liu’s staining solution, then
photographed and analyzed using an inverted
phase-contrast microscope. Experiments were
repeated in triplicate.

Cell synchronization by double thymidine block

Cells were seeded on 6-well plates at a density
of 1x10° cells per well. After 16 h, the cells
were treated with thymidine to a final concen-
tration of 2 mM and then cultured for 18 h in
tissue culture incubator. After 18 h, thymidine
was removed by 1X PBS and then cell samples
were incubated for 9 h with fresh media in
tissue culture incubator. After 9 h, they were
then treated with thymidine to a final concen-
tration of 2 mM and incubated for 15 h in tis-
sue culture incubator. Finally, thymidine was
removed by 1X PBS, the samples cultured for
10 h in fresh media, then analyzed quantita-
tively by flow cytometry using a FACS Calibur™
flow cytometer (Beckton Dickinson, San Jose,
CA, USA).

Western blot analysis

Total protein from cultured cells was harvested
by 1X Trypsin-EDTA Solution and lysed by RIPA
lysis buffer (0.1% SDS, 0.5% sodium deoxycho-
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late, 150 mM NaCl, 50 mM Tris, pH 8.0, 1%
NP-40). The protein extracts (25 ug) were sepa-
rated by 10% SDS-PAGE and electroblotted
onto a polyvinylidene difluoride membrane. The
antibodies used were mouse monoclonal anti-
HK1 (G-1, Santa Cruz Biotechnology, Santa
Cruz, CA, USA), goat polyclonal anti-HK2 (C-14,
Santa Cruz Biotechnology), sheep polyclonal
anti-LDH5 (@b9002, Abcam), rabbit polyclonal
anti-cyclin A (H-432, Santa Cruz Biotechnology),
rabbit polyclonal anti-cyclin B1 (H-433, Santa
Cruz Biotechnology), rabbit monoclonal anti-
cyclin D1 (@ab134175, Abcam), rabbit polyclonal
anti-cyclin E (M-20, Santa Cruz Biotechnology),
rabbit polyclonal anti-I.-6 (ab6672, Abcam),
rabbit polyclonal anti-GAPDH (ab9485, Abcam).

pH measurement in conditioned medium

Cells were plated into 6-well plates at a density
of 2x10° cells per well. The cells were cultured
until confluency and then incubated in fresh
culture medium for 24 h. The colors and pH
values of the conditioned media were photo-
graphed using a Nikon D80 digital camera (10
Mega-pixel; Nikon Corp., Tokyo, Japan) and
measured using a FE20-FiveEasy™ pH meter
(Mettler Toledo, Zchwerzenbach, Switzerland).

Analysis of survival rate

The correlations between the RPPH1 expres-
sion and overall survival rates of breast and
cervical cancer samples were evaluated by
gene chip and RNA sequencing data in Kaplan-
Meier (KM) plotter (http://kmplot.com) data-
base [27]. The high and low RPPH1 expression
groups were divided according to the “auto
select best cutoff” methodology in the
website.

Statistical analysis

Data were expressed as mean * standard devi-
ation. Student’s t-test was used for analysis of
difference between each experimental and
control group. P-value of < 0.05 was consid-
ered to be significant.

Results

RPPH1 expression in various cancers and ef-
fect on prognosis

To investigate the expression of RPPH1 in
human cancer cells, the level of RPPH1 in vari-
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ous human cancers was analyzed through the
INcRNASNP2 website (http://bioinfo.life.hust.
edu.cn/IncRNASNP). The data indicated that
RPPH1 is more highly expressed in most hu-
man cancers, including BRCA (breast invasive
carcinoma) (4.71 RPKM) and CESC (cervical
squamous cell carcinoma) (5.17 RPKM), than
in normal tissue types (Figure 1A); addition-
ally, the RPPH1 gene is amplified in several
cancers, especially cervical cancer, with a
4.35% alteration frequency, as determined
from a cBioPortal website (http://www.chiopor-
tal.org) analysis (Figure 1B). To understand
the correlation between the level of RPPH1
expression and the prognosis of patients, we
analyzed the prognosis of patients with breast
cancer through the Kaplan-Meier Plotter web-
site (https://kmplot.com/analysis/). The resul-
ts indicated that breast cancer patients with a
high RPPH1 expression level had poor progno-
sis according to the data from gene chip and
RNA sequencing (Figure 1C and 1D). Similar
results were observed when analyzing patients
with cervical cancer (Figure 1E).

Construction and evaluation of differentially
expressed genes in RPPH1 knockdown cancer
cells

Breast cancer cell line MDA-MB-231 and cervi-
cal cancer cell line HeLa were chosen to inves-
tigate the molecular mechanism of RPPH1.
RPPH1 knockdown cancer cells were generat-
ed using the RNAi-mediated gene silencing
technique. The expression levels of RPPH1 in
RPPH1 knockdown clones including Hela-
shRPPH1-1-39 and Hela-shRPPH1-1-52 as
well as MDA-MB-231-shRPPH1-1-72 and MDA-
MB-231-shRPPH1-1-78 were significantly inhib-
ited compared with those in mock- and vector-
transfected cells, as determined via RT-PCR
analysis (Figure 2A). To further investigate the
difference in transcriptional profiles between
RPPH1 knockdown cells and mock cells, HelLa-
shRPPH1-1-52 cells and MDA-MB-231-shRP-
PH1-1-72 cells were selected and analyzed
using RNA sequencing. The study flowchart is
shown in Figure 2B.

Identification of potential affected pathways in
two RPPH1 knockdown cancer cells through
bioinformatic analysis

The sequencing results of the four cancer cells

(HelLa, HeLa-shRPPH1-1-52, MDA-MB-231, and
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Figure 1. The status of RPPH1 in clinical samples. A. RPPH1 expression in multiple human cancers and normal
tissues (data obtained from the INcRNASNP2 website http://bioinfo.life.hust.edu.cn). The blue and purple bars
represent normal tissues and cancers respectively. RPPH1 data were obtained from the BLCA: bladder urothelial
carcinoma, BRCA: breast invasive carcinoma, CCRCC: clear cell renal cell carcinoma, CESC: cervical squamous cell
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carcinoma, COAD: colon adenocarcinoma, GBM: glioblastoma multiforme, HNSC: head and neck squamous cell
carcinoma, KICH: kidney chromophobe, KIRC: kidney renal clear cell carcinoma, KIRP: kidney renal papillary cell
carcinoma, LGG: brain lower grade glioma, LIHC: liver hepatocellular carcinoma, LUAD: lung adenocarcinoma, LUSC:
lung squamous cell carcinoma, OV: ovarian serous cystadenocarcinoma, PRAD: prostate adenocarcinoma, READ:
rectum adenocarcinoma, SKCM: skin cutaneous melanoma, STAD: stomach adenocarcinoma, THCA: thyroid carci-
noma, UCEC: uterine corpus endometrial carcinoma. B. The genomic mutation rate of the RPPH1 gene in various
cancers. Different cancer types are distinguished according to the status of RPPH1 genomic loci. The red and blue
bars represent the amplification and deletion of genomic loci respectively. The alteration frequency was analyzed
from the cBioportal website (http://www.cbioportal.org). C. Kaplan-Meier analysis estimates of the overall survival
plots for RPPH1 expression of gene chip data in breast cancer. D. Kaplan-Meier analysis estimates of the overall
survival plots for RPPH1 expression of RNA sequencing data in breast cancer. E. Kaplan-Meier analysis estimates
of the overall survival plots for RPPH1 expression of gene chip data in cervical cancer. The survival estimation was
analyzed from the Kaplan-Meier Plotter website (https://kmplot.com/analysis/).

A HeLa-shRPPH1-1 B

Hela-
M.W. Hela vector-1 39 52 Hela and MDA-MB-231 Hela-shRPPH1-1-52 and
o MDA-MB-231-shRPPH1-1-72

[ Next-generation sequencing }

GAPDH

l Predicted targets

RPPH1
[ VENNY diagram analysis ]

Down-regulated genes

MDA-MB-231 1
(FDR<0.05, FC<0.65)

MDA- chRPPH1-1
IPA J

MDA- MB-231-
GENE-E analysis J [ Gene Ontology (GO) ]

l

[ Experiment confirmation ]

M.W. MB-231vector-1 72 78 [

MetaCore analysis J

RPPH1

Figure 2. The effect of RPPH1 knockdown in MDA-MB-231 and Hela cells. A. Detection of RPPH1 expression in
untransfected mock cells, vector control, and RPPH1 knockdown clones HeLa-shRPPH1-1-39, HeLa-shRPPH1-1-52,
MDA-MB-231-shRPPH1-1-72 and MDA-MB-231-shRPPH1-1-78. One-step RT-PCR was performed with 0.5 pg
of total RNAs isolated from cells as indicated. B. Flowchart of study design. HeLa-shRPPH1-1-52, MDA-MB-231-
shRPPH1-1-72 and mock cells were deep-sequenced for RNA expression and analyzed using bioinformatics da-
tabases. Significantly down-regulated genes with false discovery rate < 0.05 and fold change < 0.65 were further
analyzed using bioinformatics tools and confirmed using experimental evidence.

MDA-MB-231-shRPPH1-1-72) were analyzed IPA databases for gene ontology enrichment

using CLC Genomics Workbench, with a total of
15,972 expressed genes being identified and
clustered using GENE-E software (Figure 3A).
Based on the criteria of a fold change (FC) of <
0.65 and a false discovery rate (FDR) of < 0.05,
603 and 546 down-regulated genes with differ-
ential expression were identified in Hela-
shRPPH1-1-52 and MDA-MB-231-shRPPH1-1-
72 respectively. These differentially expressed
genes (DEGs) were input into the MetaCore and
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analysis. Various enriched pathways involved in
the immune response and cancerogenesis in
RPPH1 knockdown cells were observed. Four
identical enriched pathways including “Immune
responses_|IL-1 signaling pathway”; “IL-1 signal-
ing in melanoma”; “Interleukins-induced inflam-
matory responses in asthmatic airway fibro-
blast”; and “Immune response_Histamine H1
receptor signaling in immune response” in both
cell lines were observed (Figure 3B). In addi-
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Figure 3. The results of RNA sequencing and bioinformatic analysis. A. The heat maps of 15,972 gene expression
levels in RPPH1 knockdown cells and mock cells were analyzed using CLC Genomics Workbench and visualized us-
ing GENE-E software. Red color indicates up-regulated gene; blue color indicates down-regulated gene. Genes and
samples were clustered using the one minus Pearson correlation method. B. Differentially expressed genes (DEGs)
were identified. A total of 603 and 546 genes in the orange circle and the green circle indicate down-regulated DEGs
in Hela-shRPPH1-1-52 and MDA-MB-231-shRPPH1-1-72 respectively. Potential enriched pathways were analyzed
using MetaCore databases. Red arrow indicates the pathway involving tumor progression and immune responses.
C. Gene expression using heatmap visualization of 40 overlapping down-regulated DEGs in RPPH1 knockdown cells
by GENE-E software. Red color indicates up-regulated gene; blue color indicates down-regulated gene. Genes and
samples were clustered using the one minus Spearman’s rank correlation method.
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Figure 4. Several amino acid pathways and tRNA production are down-regulated in RPPH1 knockdown cells. A. The
metabolic pathways of 40 down-regulated DEGs in RPPH1 knockdown cells were analyzed using MetaCore bioin-
formatics tools. Red arrow indicates the pathway associated with amino acid metabolism. B. RPPH1 knockdown
cells of tRNA expression in HeLa and MDA-MB-231 cells. One-step RT-PCR was performed with 0.5 pg of total RNAs

isolated from cells as indicated.

tion, only 40 overlapping DEGs in two RPPH1
knockdown cells were found and then cluster-
ed using GENE-E software (Figure 3C).
According to metabolic pathways analysis of
MetaCore database, the results showed that
the (L)-valine, methionine, (L)-threonine, (L)-
alanine and (L)-proline pathways were affected
in RPPH1 knockdown cells through the down-
regulation of TRPMA4, ICAM1 and ISG15 (Figure
4A), suggesting that these metabolic pathways
were common pathways involved in different
RPPH1 knockdown cancer cells.

Inhibition of RPPH1 expression decreases ma-
ture tRNA generation

RNase P is a ribonuclease that cleaves the 5’

sequence of pre-tRNAs to assist tRNA matura-
tion [11, 28]. Among its subunits, RPPH1 plays

6708

an important role in catalytic activity [16, 17].
To elucidate whether RPPH1 inhibition affects
the activity of RNase P in cervical cancer and
breast cancer, several tRNA products were
measured using RT-PCR. The RPPH1 knock-
down cells showed a large reduction in tRNAM®,
tRNAMetand tRNA™U generation compared to
that in the mock- and vector-transfected cells,
especially tRNAY (Figure 4B). These results
confirmed that the Cancer inhibition of RPPH1
expression decreases the production of mature
tRNAs and several amino acid pathways in cer-
vical and breast cancer cells.

Down-regulation of RPPH1 expression de-
creases tumor cell proliferation and migration

The cell morphology of RPPH1-knockdown can-
cer cells is shown in Figure 5A. Because sev-
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Figure 5. Inhibition of RPPH1 decreases cancer cell proliferation and migration. A. The cell morphology of RPPH1
knockdown HeLa and MDA-MB-231 cells (600x magnification). B. MTT cell growth assay of RPPH1 knockdown Hela
and MDA-MB-231 cells. Cells (as indicated) were cultured in 96-well plates and then subjected to the MTT assay.
*P < 0.05, **P < 0.04, ***P < 0.001. C. Wound healing migration assay of RPPH1 knockdown cells. Cells (as indi-
cated) were cultured until reaching confluency and then subjected to the scratched wound-healing migration assay;
wounds were then imaged after incubation for various time periods (as labeled, 100x magnification). D. Boyden
chamber migration assay of RPPH1 knockdown cells. Cells (as indicated) were loaded into Boyden chambers and
incubated for 6 h. The migrated cells were stained, imaged, and enumerated (100x magnification). *P < 0.05, **P
< 0.01. E. Colony formation assay of RPPH1 knockdown HeLa and MDA-MB-231 cells. Cells (as indicated) were cul-
tured in 6-well plates for 6 days. The grown colonies were stained and scored (100x magnification). ***P < 0.001.

6709 Am J Transl Res 2023;15(12):6701-6717



The effect of RPPH1 inhibition in cancer cells

Table 1. Enrichment by pathway maps

Maps

Gene

Ratio p-value FDR  Gene

IL-1 signaling in melanoma

Interleukins-induced inflammatory response in asthmatic airway fibroblasts

Immune response_lL-1 signaling pathway

Immune response_IL-17 signaling pathways

Inflammatory mechanisms of pancreatic cancerogenesis

Cigarette smoke-induced inflammatory signaling in airway epithelial cells

Glomerular injury in Lupus Nephritis

Release of pro-inflammatory factors and proteases by alveolar
macrophages in asthma

Immune response_Histamine H1 receptor signaling in immune response

Activation of TNF-alpha-dependent pro-tumoral effect in colorectal cancer

Immune response_IL-18 signaling

TNF-alpha and IL-1 beta-mediated regulation of contraction and secretion
of inflammatory factors in normal and asthmatic airway smooth muscle

6/42 1.097E%° 4.092E° GRO-1, GRO-2, MMP-1, COX-2
(PTGS2), IL-6, ICAM1

5/35 4.636E” 8.647E” GRO-1, GRO-2, COX-2 (PTGS2), IL-6,
ICAM1

6/82 6.981E% 8.680E% GRO-1, MMP-1, COX-2 (PTGS2), IL-6,
ICAM1, MMP-13

5/60 7.564E% 7.053E% GRO-1, MMP-1, COX-2 (PTGS2), IL-6,
ICAM1

5/67 1.326E% 9.892E% GRO-1, COX-2 (PTGS2), IL-6, ICAM1,
I1-32 (NK4)

4/36 5.394E°" 3.353E% COX-2 (PTGS2), IL-6, ICAM1, sICAM1
5/92 6.547E" 3.489E% GRO-1, GRO-2, MMP-1, IL-6, ICAM1
4/44 1.231E% 5.738E% GRO-1, GRO-2, MMP-1, IL-6

4/47 1.611E°® 6.677E® MMP-1, IL-6, ICAM1, MMP-13

4/49 1.909E° 7.120E° GRO-1, COX-2 (PTGS2), IL-6, ICAM1
4/63 5.274E°® 1.788E* IL-18R1, COX-2 (PTGS2), IL-6, ICAM1
4/65 5.979E% 1.859E* GRO-1, GRO-2, COX-2 (PTGS2), IL-6

eral down-regulated genes, including GRO-1,
GRO-2, MMP1, COX-2, IL-6, and ICAM-1, are
involved in tumor-related pathways (Table 1),
the tumor progression-associated properties
were further determined. To investigate the
effect of RPPH1 knockdown on tumor prolifera-
tion, the RPPH1 knockdown cells were exam-
ined using the MTT cell growth assay. The
RPPH1 knockdown cells showed a slower
growth rate than that of the mock- and vector-
transfected cells (Figure 5B). Moreover, slower
cell motility was observed in RPPH1 knock-
down cells compared to the mock- and vector-
transfected cells in wound-healing migration
assay (Figure 5C). The number of migrated
RPPH1 knockdown cells decreased in the short
term of the Boyden chamber migration assay
compared to that of the mock- and vector-
transfected cells (Figure 5D). Colony formation
assay is a technique to evaluate the capability
of clonal expansion. The number and size of
colonies greatly decreased in RPPH1 knock-
down cells compared to the mock- and vector-
transfected cells (Figure 5E). These results
showed that the presence of RPPH1 in both
cancer cell lines contributed to proliferation
and migration capabilities.

RPPH1 knockdown cells promote G1 arrest
through down-regulation of cyclin D1

In the MTT cell growth assay, the RPPH1 knock-
down cells showed a slower growth rate than
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that of the mock- and vector-transfected cells;
additionally, the RPPH1 knockdown cells took
more than 48 hours longer to reach confluency
in the wound-healing migration assay com-
pared to the control group. To investigate the
relevance of a slow growth rate and cell cycle
progression in RPPH1 knockdown cells, the
cells were measured at different time points
using a flow cytometer, with the RPPH1 knock-
down cells exhibiting a significant delay in the
G1 phase (Figure 6A). The cell-cycle-related
proteins were down-regulated in RPPH1 knock-
down cells compared to the mock- and vector-
transfected cells, especially the cyclin D1 pro-
teins (Figure 6B). These results indicated that
the knockdown of RPPH1 expression affects
cell cycle progression mainly through the down-
regulation of cyclin D1.

Down-regulated RPPH1 affects glycolytic path-
way in cervical cancer

Glucose is an important energy source for can-
cer cells [29, 30]. Malignant cells tend to fer-
ment glucose into lactic acid, even in the pres-
ence of abundant oxygen [31, 32]. The expres-
sion levels of HK1 (hexokinase 1), HK2 (hexoki-
nase 2), and glycogen phosphorylase were sig-
nificantly down-regulated after silencing RPPH1
in HeLa cell. The network of the glucose path-
way in RPPH1 knockdown Hela cells is shown
in Figure 7A. To confirm the bioinformatic analy-
sis, cancer cells were cultured in a medium

Am J Transl Res 2023;15(12):6701-6717
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Figure 6. Knockdown of RPPH1 decreases cell cycle progression in HelLa cells. A. Cell cycle progression of RPPH1
knockdown HelLa and MDA-MB-231 cells. Cells (as indicated) were treated with thymidine and then fixed in ethanol
and stained with PI. The fluorescence intensities of cells in each cell cycle were examined and analyzed using a flow
cytometer. B. Western blotting of proteins involved in cell cycle progression in RPPH1 knockdown HelLa and MDA-
MB-231 cells. Total proteins isolated from cells were hybridized with antibodies against cell-cycle-related proteins.
The level of GAPDH served as a control for protein loading.

GAPDH

media containing different concentrations of blotting with the results showing large decreas-
glucose, and based on cell growth rate, the glu- es in GLUT1 (glucose transporter 1), HK1, and
cose consumption rate of RPPH1 knockdown HK2 proteins in RPPH1 knockdown cells com-
Hela cells was slower than that of the mock- pared to the mock- and vector-transfected cells
and vector-transfected cells (Figure 7B). In (Figure 7D). The reduced LDH5 protein expres-
addition, the lactate production decreased sion in RPPH1 knockdown Hela cells is consis-
compared to that of the mock- and vector- tent with the significantly decreased pH in the
transfected cells, as determined by measuring conditioned media of the cells (Figure 7C and
the pH in the conditioned media of the cells 7D); in contrast, the glucose consumption rate
(Figure 7C). To confirm the alteration of the gly- and lactate production did not reveal signifi-
colytic pathway in RPPH1 knockdown cells, pro- cant differences between the RPPH1 knock-
tein expression was examined using western down MDA-MB-231 and the mock- and vector-
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works of glucose pathway in RPPH1 knockdown Hela cells determined using MetaCore database. Red circles indi-
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transfected cells (Figure 7B and 7C). Although
the protein expressions of HK-1 and HK-2 in
RPPH1 knockdown MDA-MB-231 cells were
also slightly lower than that in mock- and vec-
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tor-transfected cells (Figure 7D), the difference
in protein expression was not as significant as
that in HelLa cells. Taken together, these results
show that RPPH1 knockdown affects the glyco-
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lytic pathway through the down-regulation of
glycolysis-related proteins in the HelLa cells but
not in the MDA-MB-231 cells.

Discussion

RPPH1 is an RNA unit of RNase P that provides
the catalytic activity of tRNA processing [16,
17]. According to the data of clinical tumor
samples obtained from databases, relatively
high RPPH1 expression was found in breast
and cervical cancers; additionally, high genom-
ic mutation frequency was observed in cervical
cancer, with high expression of RPPH1 being
associated with poor prognosis in both breast
and cervical cancers. The results of RNA
sequencing identified hundreds of genes with
differential expression levels in MDA-MB-231
and Hela cells respectively. Gene ontology
analysis showed that various enriched path-
ways involved in the immune response and
cancerogenesis in RPPH1 knockdown cells
the two types of cancer cells. Metabolic path-
way analysis showed that several pathways
were involved in amino acids pathways in
RPPH1 knockdown cells based on 40 overlap-
ping DEGs. In MDA-MD-231 and Hela cells,
decreased tRNA production was observed in
RPPH1 knockdown cells. Silencing RPPH1
attenuated the capacity of cell proliferation and
metastasis and caused G1 phase cell cycle
arrest in both cell types. Finally, we demon-
strated that RPPH1 knockdown affects the gly-
colytic pathway in HelLa cells.

tRNA is an indispensable substance in protein
synthesis. Dysregulation of tRNA production
contributes to several types of human diseas-
es, including cancer [33]. The initiator methio-
nine tRNA (tRNA ") shows the most significant
decrease among tRNA in RPPH1 knockdown
cells. Initiator tRNA is a critical element in the
initiation of protein synthesis; it reads the start
codon to allow the initiating ribosome to correct
the location and initiate translation. Several
studies have shown that initiator tRNA is dereg-
ulated in specific cancers and is closely related
to the development of cancer [10, 34, 35] as
increased tRNA " levels drive tumor migration
and angiogenesis by enhancing the secretion of
type Il collagen-rich extracellular matrix from
stromal fibroblasts while increasing cell meta-
bolic activity by changing the global tRNA
expression profile [34]. These results indicate
that RPPH1 could promote tumor progression
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by regulating the expression level of intracellu-
lar tRNA; additionally, RPPH1 knockdown cells
were observed to down-regulate gene expres-
sions of the amino acid pathway and transport,
including that of TRPM4, ICAM1, and ISG15.
These gene are involved in the pathways of
valine, methionine, threonine, alanine and pro-
line. In this study, we demonstrated that the
inhibition of RPPH1 not only decreases mature
tRNA generation but down-regulates several
genes involved in the amino acid pathway and
transportation as well.

Several studies have shown that chronic inflam-
mation is closely related to the progression of
cancer [31, 32]. Specific signaling pathways
of the immune system are up-regulated to
support tumor proliferation, metabolism, and
metastasis [36, 37]. RPPH1 has been shown to
increase the expression of TNF-ac and Mcp-1 in
diabetic nephropathy (DN) by directly interact-
ing with the DN-related factor galectin-3 (Gal-3)
signaling pathway to promote inflammation
[38]. In our study, several inflammation-related
factors were found to be down-regulated in
RPPH1 knockdown cells, including IL-6, GRO-1,
ICAM1, and COX-2. IL-6 is a major pro-inflam-
matory cytokine that transiently responds to
tissue injuries and infections. This protein also
plays a critical role in the cancer-related inflam-
matory response and promotes the differentia-
tion and metastasis of cancer cells [39, 40]. In
four identical enriched pathways in breast and
cervical cancer cells, IL-1 might play a critical
role in inflammatory pathways of RPPH1 knock-
down cells. This IL-1 cytokine family consists of
11 members [41], where IL-1a and IL-103 are
associated with pro-tumorigenesis function
through promoting angiogenesis, inflammation
and induction of myeloid derived suppressor
cells [42]. The current study was not able to
examine whether RPPH1 knockdown cells
affected the behavior of peripheral immune
cells or stromal cells in the tumor microenviron-
ment because this was an in vitro study,
although it would be worthwhile to study this
issue in the future.

The inhibition of RPPH1 has been shown to
decrease cell proliferation and affect the cell
cycle [19, 43]. We confirmed that RPPH1 inhibi-
tion promotes cell cycle arrest in the G1 phase
mainly through the down-regulation of cyclin
D1. Cyclin D1 is a key regulator of cell cycle pro-
gression, which drives the G1-to-S phase pro-
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gression [44, 45]. Dysregulation of cyclin D1
has been linked to tumor development and pro-
gression [46, 47]. Although the other subunits
of RNase P Rpp25 and Rpp20 are reported to
regulate rRNA gene transcription during G1/S
phase [48], the mechanism of how RPPH1
affects the cell cycle through cyclin D1 remains
unclear. IL-6 has been shown to induce cell pro-
liferation by the activation of the JAK2/STAT3/
cyclin D1 pathway [49-51] while decreased IL-6
expression is observed in RPPH1 knockdown
cells. We speculate that IL-6 could serve as a
regulator linking RPPH1, cyclin D1 expression
and cell cycle G1 arrest.

Dysregulation of the glycolytic pathway is a
well-known strategy for cancer cells to obtain
energy [52, 53]. Most cancer cells increase the
expression of specific glycolytic enzymes to
promote tumor proliferation and metastasis
[54, 55]. In our study, we found a unique regula-
tory mechanism for the glycolytic pathway in
RPPH1 knockdown Hela cells. Several glyco-
lytic enzymes in RPPH1 knockdown Hela cells
are down-regulated, especially hexokinase,
which is the first enzyme of the glycolytic path-
way, transferring an inorganic phosphate group
from ATP to glucose to form glucose-6-
phosphate.

Hexokinase 2 (HK2) has been reported to be
up-regulated in various cancers and to enhance
the rate of glycolysis [56, 57], and importantly,
its overexpression might increase the resis-
tance of cancer cells to apoptosis [58]. This
enzyme plays a key role in cancer cell survival
and development. The current study does not
reveal how RPPH1 regulates the expression of
hexokinase in HelLa cells. Several studies have
shown that IL-6 enhances glycolysis through
the up-regulation of HK2 expression [59-61],
and this evidence might reveal a possible cor-
relation among RPPH1, IL-6 and the glycolytic
pathway in Hela cells.

This study is the first to comprehensively inves-
tigate the inhibitory effect of RPPH1 in cancer
cells, although several limitations remain; for
instance, the effect of overexpressing RPPH1
or silencing of RPPH1 with different expression
levels on tumor growth and cellular transcrip-
tional profiles was not determined, and only
one cell line was used in each type of cancer,
while detailed regulatory mechanisms between
down-regulated RPPH1 and cancerogenesis
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phenotypes and the impact of RPPH1 inhibition
in vivo have also not been investigated. These
issues require further investigation.

Conclusions

In this study, we demonstrated that the inhibi-
tion of RPPH1 in human cervical (HeLa) and
breast (MDA-MB-231) cancer cells decreased
mature tRNA generation. Bioinformatics analy-
sis suggested that various cancer progression-
related pathways were affected by silencing
RPPH1. Compared to the parental MDA-MB-
231 and Hela cells, silencing RPPH1 inhibited
tumor progression; additionally, our results
showed that RPPH1 affected the glycolytic
pathway only in HelLa cells. Current data sug-
gest that the effects of RPPH1 knockdown on
cancer cells are multidimensional, and imply
that different types of cancer cells could have
their own unique regulatory pathways. The
results provide novel insight into the role of
RPPH1 in tumor development.
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