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Simple Summary: Previous research has revealed a genetic predisposition to breast carcinogenesis.
Thus, identifying causal genetic variants and their associated gene networks may improve breast
cancer diagnostics and risk assessment. Our study investigated YBEY, an uncharacterized gene in
humans, and its functions in breast cancer risk and progression. We identified two genetic variants
associated with YBEY expression that may have causal functions in breast cancer risk. We performed
in vitro functional assays using MCF-7, T47D, and MDA-MB-231 breast cancer cell lines and showed
that knockdown of YBEY expression significantly inhibited proliferation, colony formation, and
invasion/migration. We utilized RNA sequencing to identify gene networks associated with YBEY
knockdown including inflammation and metabolic pathways. Further, we used data available in The
Cancer Genome Atlas to explore trends in YBEY expression patterns in normal and tumor tissues.
Our study provides a role for YBEY in breast carcinogenesis, and further studies investigating its
mechanistic functions are warranted.

Abstract: We previously identified a locus at 21q22.3, tagged by the single nucleotide polymorphism
(SNP) rs35418111, being associated with breast cancer risk at a genome-wide significance level;
however, the underlying causal functional variants and gene(s) responsible for this association are
unknown. We performed functional genomic analyses to identify potential functional variants and
target genes that may mediate this association. Functional annotation for SNPs in high linkage
disequilibrium (LD, r2 > 0.8) with rs35418111 in Asians showed evidence of promoter and/or
enhancer activities, including rs35418111, rs2078203, rs8134832, rs57385578, and rs8126917. These five
variants were assessed for interactions with nuclear proteins by electrophoretic mobility shift assays.
Our results showed that the risk alleles for rs2078203 and rs35418111 altered DNA-protein interaction
patterns. Cis-expression quantitative loci (cis-eQTL) analysis, using data from the Genotype-Tissue
Expression database (GTEx) European-ancestry female normal breast tissue, indicated that the risk
allele of rs35418111 was associated with a decreased expression of the YBEY gene, a relatively
uncharacterized endoribonuclease in humans. We investigated the biological effects of YBEY on
breast cancer cell lines by transient knock-down of YBEY expression in MCF-7, T47D, and MDA-
MB-231 cell lines. Knockdown of YBEY mRNA in breast cancer cell lines consistently decreased
cell proliferation, colony formation, and migration/invasion, regardless of estrogen receptor status.
We performed RNA sequencing in MDA-MB-231 cells transfected with siRNA targeting YBEY and
subsequent gene set enrichment analysis to identify gene networks associated with YBEY knockdown.
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These data indicated YBEY was involved in networks associated with inflammation and metabolism.
Finally, we showed trends in YBEY expression patterns in breast tissues from The Cancer Genome
Atlas (TCGA); early-stage breast cancers had elevated YBEY expression compared with normal
tissue, but significantly decreased expression in late-stage disease. Our study provides evidence of a
significant role for the human YBEY gene in breast cancer pathogenesis and the association between
the rs35418111/21q22.3 locus and breast cancer risk, which may be mediated through functional
SNPs, rs35418111 and rs2078203, that regulate expression of YBEY.

Keywords: breast cancer; YBEY gene; functional assays

1. Introduction

The Surveillance, Epidemiology, and End Results program estimates that approx-
imately 276,000 new breast cancer cases will be diagnosed within the United States in
2020, accounting for over 15% of all newly diagnosed cancer cases [1]. While improved
diagnostics and treatments for breast cancer have significantly enhanced patient prognosis
in recent years, the need to understand the underlying molecular mechanisms of breast
carcinogenesis is the focus of much research. Genetic factors driving breast carcinogenesis
have been revealed to have profound impacts on risk assessment, prognosis, and treat-
ment. Hereditary pathogenetic mutations in known breast cancer susceptibility genes
(e.g., BRCA1) only explain a small percentage (5–10%) of breast cancer cases in the general
population [2]; thus, identifying genetic variants and their associated gene networks that
contribute to breast cancer risk remains paramount. Further studies investigating genetic
regulatory mechanisms in breast cancer etiology will expand breast cancer risk assessment
and potential intervention strategies.

Our group recently identified genetic variant rs35418111 to be associated with breast
cancer risk in a genome-wide association study (GWAS) [3]. Single nucleotide polymor-
phism (SNP), rs35418111, is located in the intronic region of the pericentrin (PCNT) gene.
Expression quantitative trait loci (eQTL) analysis indicated that rs35418111 is associated
with the expression of the uncharacterized human YBEY (C21orf57) gene, which is proximal
to PCNT [3]. While YBEY has no known function in humans, the bacterial Ybey protein
functions as a metalloendoribonuclease, with explicit roles in ribosomal RNA (rRNA)
biogenesis and maturation [4,5]. Studies in bacteria and human cell lines demonstrate
that YBEY localizes in the mitochondria and is an essential gene for cell growth and mito-
chondrial function [6,7]. Further, Ybey has been shown to regulate chloroplast processing
in plants [8], establishing the conserved nature of this gene. A prior exome sequencing
study conducted in a Chinese population identified rs13047478 to be associated with breast
cancer risk, and subsequent eQTL analysis indicated that this variant was associated with
YBEY expression [9]. Additionally, YBEY has been suggested as a potential causal gene for
colorectal adenomatous polyposis [10]. This evidence suggests that human YBEY may play
a significant role in cancer pathogenesis.

In our study, we explored the biological relevance of the YBEY gene in human breast
cancer cell lines using in vitro functional assays to assess proliferation, colony forma-
tion, and invasion/migration. We also performed RNA sequencing (RNA-seq) following
siRNA-mediated knockdown (k.d.) of YBEY mRNA to identify genes and gene networks
significantly associated with human YBEY. We also performed electrophoretic mobility
shift assays (EMSA) to identify potential causal variants which were in high linkage dise-
quilibrium (LD) with the index SNP, rs35418111. Our results show, for the first time, that
several genetic variants may play a role in breast cancer risk through modulation of human
YBEY expression.
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2. Materials and Methods
2.1. Functional Annotation

Following our previous work [11], we identified putative functional SNPs in strong LD
(r2 > 0.8 in Asian populations) for the GWAS-identified SNP, rs35418111, using 1000 Genomes
project data from HaploReg v4 [12] (Broad Institute of MIT and Harvard, Cambridge, MA,
USA). The putative functional SNPs, with evidence of promoter or enhancer activities, anno-
tated either from The Encyclopedia of DNA Elements (ENCODE, National Institutes of Health,
Bethesda, MD, USA) and/or the Roadmap Epigenomics Mapping Consortium (ROADMAP)
projects (National Institutes of Health), were selected for further analysis. We prioritized vari-
ants for in vitro functional assays based on their evidence of breast cancer-related transcription
factor DNA-bindings and motifs, chromatin accessibility sites, and histone modifications.

2.2. Cis-eQTL

We extracted cis-eQTL results for the GWAS-identified SNP, rs35418111, and nearby
genes (within 1Mb to the lead SNP) from the Genotype-Tissue Expression v8 (GTEx, Broad
Institute of MIT and Harvard) database, based on normal breast tissues (detailed analysis
in [3]). In addition, target genes from HaploReg v4.1 were also evaluated based on the
above functional annotation.

2.3. Cell Culture

The human breast cancer cell lines, MDA-MB-231 and MCF-7, were obtained from the
American Type Culture Collection (ATCC, Manassas, VA, USA). The T47D cell line was a
kind gift from Jennifer Pietenpol (Vanderbilt-Ingram Cancer Center, Nashville, TN 37203,
USA). MDA-MB-231 is a triple-negative breast cancer cell line, while MCF-7 and T47D lines
are estrogen receptor (ER) positive lines. All three cell lines were cultured in Dulbecco’s
Modified Eagle Medium (DMEM, Thermo Fisher, Waltham, MA, USA) supplemented with
10% fetal bovine serum (FBS, Thermo Fisher) and 1% penicillin-streptomycin (Thermo Fisher)
at 37 ◦C with 5% CO2 in a humidified incubator. All cell lines were monitored for mycoplasma
contamination using the colorimetric MycoAlert detection kit (Lonza, Basel, Switzerland)
throughout the course of the study. All experiments were performed on cells within a passage
number less than ten, following an initial passage of the cryopreserved cells.

2.4. Electrophoretic Mobility Shift Assays (EMSA)

SNPs to be assessed by EMSA were selected using the HaploReg v4.1 database and
were in high LD with rs35418111. SNPs were prioritized based on a combination of eQTL
hits, number of motif changes, and allele frequency in Asian and European populations.
Nuclear lysates from each cell line were obtained using the NE-PER Nuclear and Cytoplas-
mic Extraction kits (Thermo Fisher). Briefly, 1 × 106 breast cancer cells per well were seeded
in 6-well culture treated plates for 48 h and subsequently harvested by trypsinization. Cells
were washed twice with phosphate buffered saline (PBS, Thermo Fisher), pelleted by
centrifugation at 1000 rpm for 10 min, and protein lysates were extracted following the
manufacturer’s recommended protocols. EMSAs were performed using the LightShift
Chemiluminescent EMSA kit (Thermo Fisher) following the manufacturers recommended
protocols. Optimization of DNA-protein binding was performed by varying the final
concentrations of magnesium chloride in the sample. DNA-protein complexes were run
on a 6% polyacrylamide gel at 100 V for 60 min. Complexes were transferred to a nylon
membrane at 100 V for 30 min and crosslinked using a UV Stratalinker 2400 UV Crosslinker
(Stratagene, Santa Clara, CA, USA). Chemiluminescent detection was performed using
the Amersham Imager 600 (GE Healthcare, Chicago, IL, USA). Sequences for the reference
and alternate oligos for the alleles assayed are provided in Table S1. Full gel images are
provided in Figure S1.
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2.5. RNA Interference

MDA-MB-231, T47D, and MCF-7 cells were plated at 1.25 × 105 cells/well in 6-well
plates and reverse-transfected using three siRNAs (Y1, Y2, and Y3) targeting different sites
of YBEY mRNA (Dharmacon, Lafayette, CO, USA) at 10 nM using liposomal delivery
(RNAiMAX, Life Technologies, Carlsbad, CA, USA). The sequences for each siRNA have
been provided in Table S2. A non-targeting control (NTC) siRNA (AllStars Neg Control
siRNA, Qiagen, Germantown, MD, USA) and a positive control (POS) siRNA (AllStars
Hs Cell Death Control siRNA, Qiagen) were used as the negative control and the positive
control, respectively. The k.d. efficiency was assessed after 24 h and up to 48 h post-
transfection by quantitative real-time PCR (qPCR) using glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) as a housekeeping gene. These data represent fold-changes
normalized to the negative control and have been provided in Figure S2.

2.6. RNA Isolation and qPCR

Following transfection, RNA was isolated from breast cancer cells using the miRNeasy
Mini Kit (Qiagen) according to the manufacturer’s protocol. cDNA was synthesized by
using the High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher). Amplification
and quantitation were performed on an Applied Biosystems 7900HT Fast Real-Time PCR
system (Thermo Fisher) equipped with Relative Quantitation (RQ) Manager software using
the Luna Universal qPCR Master Mix (New England BioLabs, Ipswich, MA, USA). Relative
mRNA expression levels for each gene and condition were calculated using the ∆∆Ct
method. GAPDH was used as the reference gene. Sequences for each primer have been
provided in Table S3.

2.7. Cell Viability

Cell viability was assessed using the alamarBlue™ Cell Viability Reagent (Thermo
Fisher). MDA-MB-231, T47D, and MCF-7 cells were plated at 5 × 103 cells/well in 100 µL
of DMEM in cell culture treated 96-well plates (Corning Costar, Corning, NY, USA) and
transfected with siRNAs targeting YBEY mRNA. 96 h post-transfection, 10 µL of alamarBlue
reagent was added to each well. Plates were then incubated at 37 ◦C for 2–4 h, and
subsequently, fluorescence was measured on a BioTek Synergy HT plate reader (BioTek,
Winooski, VT, USA) with excitation at 570 nm and emission at 585 nm. Relative fluorescence
for each condition was averaged and normalized to the negative control and presented as
percent of control. Results represent data obtained from three independent experiments
performed in quadruplicate.

2.8. Colony Formation Assay

After 16 h post-transfection, the siRNA-transfected cells were harvested and re-seeded
in 6-well plates at a density of 2000 cells per well in 2 mL of antibiotic-free culture media
and allowed to proliferate for 10–14 days. Colonies, as defined to consist of ≥50 cells, were
then fixed with 10% neutral buffered formalin (Sigma-Aldrich, St. Louis, MO, USA) for
30 min, stained with crystal violet (0.1% w/v, Sigma) for 1 h on an orbital shaker, and
counted using ImageJ v1.53 (National Institutes of Health, NIH). The relative number
of colonies per experimental condition was averaged and normalized to the negative
control. Figures represent data obtained from three independent experiments performed
in triplicate.

2.9. Cell Migration and Invasion Assay

Cell migration and invasion assays were performed in a 24-well plate using poly-
carbonate inserts with 8µm pores (EMD Millipore, Burlington, MA, USA) coated with
(invasion assay) or without (migration assay) Corning Matrigel matrix (growth factor
reduced). MDA-MB-231, T47D, and MCF-7 cells were transfected with Y2, Y3, and NTC for
24 h. Transfected cells were harvested via enzyme-free trypsin (Tryp-LE, Thermo Fisher)
and re-seeded into the upper chamber of the insert containing 200µL of serum-free DMEM
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media at 5 × 104 cells/well (MDA-MB-231 and T47D) or 1 × 105 cells/well (MCF-7). 750 µL
of media containing 10% FBS was placed into the lower chamber to induce chemotaxis.
After incubation for 24 h, cells migrating through the membrane were fixed in 10% formalin,
stained with 0.1% crystal violet, and counted under a microscope. Five visual fields from
each insert were randomly selected for cell counting, averaged and presented as mean
cells per field. Mean cell counts were normalized to wells containing breast cancer cells
transfected with the NTC and presented as percent of control. Data were obtained from
two independent experiments performed in triplicate. T47D cells were not assayed for
invasion, as they did not readily invade through the Matrigel-coated inserts under our
experimental conditions.

2.10. RNA Sequencing and Data Processing

Total RNA was extracted from transiently transfected MDA-MB-231 cells using
miRNeasy Mini Kit (Qiagen) according to the manufacturer’s protocol. RNA quality
was checked by running an aliquot on an Agilent Bioanalyzer (Santa Clara, CA, USA)
to confirm integrity, and a Qubit RNA fluorometry assay (Thermo Fisher) was used to
measure concentration. Only RNA samples with an RNA Integrity Number (RIN) greater
than 8 were used for library preparation. mRNA enrichment and cDNA library preparation
utilizing the stranded mRNA (polyA-selected) sample prep kit was performed. RNA-seq
was performed at paired-end 150 base pairs (bp) on the Illumina NovaSeq 6000 (San Diego,
CA, USA). A minimum of 30M reads were obtained for each sample.

The quality control of RNA-seq raw data was analyzed by FastQC software (https:
//www.bioinformatics.babraham.ac.uk/projects/fastqc, accessed on 20 February 2020.
Babraham Institute, Cambridge, UK). The STAR two-pass method was used for raw
data alignment to the human reference genome (hg38). Gene expression levels were
determined from aligned BAM files using featureCounts [13]. GENCODE v30 (the National
Human Genome Research Institute, Bethesda, MA, USA) was used for coding gene and
noncoding RNA annotation in the human genome. DESeq2 [14] was used to quantify
the differential expression genes (DEGs) between NTC and YBEY k.d. samples at 24 h
and 48 h timepoints. DEGs were identified with the false discovery rate (FDR) <0.05 and
fold change (FC) >2. DEGs were used for gene ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) database pathway analysis by using WebGestalt [15]. GO
was classified as cellular component (CC), biological process (BP), and molecular function
(MF). Benjamini-Hochberg (BH) adjustment was used to identify enrichment GO categories
and KEGG pathway, and only the terms with FDR < 0.05 were considered significantly
enriched. MetaCore 5.0 software (Clarivate Analytics, Philadelphia, PA, USA) was also
used to identify and validate significantly enriched gene sets and pathways associated
with YBEY k.d.

2.11. Statistical Analysis

UALCAN (http://ualcan.path.uab.edu/, accessed on 9 March 2020) is a publicly
available online portal to perform in-depth analyses of The Cancer Genome Atlas (TCGA)
gene expression data. We used univariate UALCAN analysis to compare expression of
YBEY between breast cancer tumor tissues and adjacent normal tissues, as well as various
subgroups, based on breast cancer stages. Expression levels were normalized as transcripts
per million reads, and a log-rank p-value < 0.05 was considered as statistically significant.
We further analyzed survival data available through KM Plotter (https://kmplot.com/
analysis/, accessed on 11 March 2020), a database which includes publicly available data
from TCGA, the Gene Expression Omnibus (GEO), and the European Genome-phenome
Archive (EGA) to identify any associations between YBEY expression and breast cancer
survival by estrogen receptor status.

All data from in vitro experiments were expressed as mean ± SD. A two-tailed paired
t-test was used to determine significant difference between two groups. Comparisons
between more than two groups were analyzed by one-way ANOVA, followed by Dunnett’s

https://www.bioinformatics.babraham.ac.uk/projects/fastqc
https://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://ualcan.path.uab.edu/
https://kmplot.com/analysis/
https://kmplot.com/analysis/
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correction for multiple comparisons. Statistics were performed by GraphPad Prism 8.0
(GraphPad Software, San Diego, CA, USA), and p-values < 0.05 were considered statisti-
cally significant.

3. Results

We first aimed to identify potential causal functional variants for index SNP rs35418111
identified in our previous GWAS. eQTL analysis, using data from GTEx and annotation
from HaploReg v4.1 identified YBEY as a target gene for rs35418111. SNP rs35418111 and
four additional SNPs in high LD with rs35418111 were prioritized based on allele frequency
in Asians, motif changes, chromatin alterations, and histone modifications (Figure 1A).
Thus, a total of five SNPs, including rs8134832, rs57385578, rs8126917, rs2078203, and
rs35418111, were prioritized and assessed by EMSA for changes in DNA-protein interac-
tions based on these criteria. No notable changes in DNA-protein binding were observed
for SNPs rs8134832, rs57385578, and rs8126917. We did observe a significant increase in nu-
clear protein binding for rs35418111 when comparing the reference sequence to the breast
cancer risk allele. Conversely, for rs2078203, we observed a significant decrease in protein
binding by the reference sequence compared with the alternative sequence (Figure 1B).
Differential patterning and band intensities have been indicated; non-specific binding is
indicated by black arrows (Figure 1B). Full gel images for rs35418111 and rs2078203 have
been provided in Figure S1. eQTL analysis, using data from GTEx, indicated that rs2078203
was associated with YBEY expression in breast tissues.

In vitro functional assay results showing the impact of YBEY k.d. on cell proliferation
and colony formation are displayed in Figure 2. Following k.d. with three siRNAs targeting
YBEY mRNA, siRNAs Y2 and Y3 significantly reduced cell proliferation by 54.3% and
33.9%, respectively, in MCF-7 cells (Figure 2A). YBEY k.d. resulted in 43.1% and 23.3%
decreased proliferation for Y2 and Y3, respectively, in T47D cells. MDA-MB-231 cell
proliferation was reduced by 45.6% and 32.2% for Y2 and Y3, respectively. Proliferation
was not significantly different from the negative control following treatment with the Y1
siRNA in any cell line. We chose to proceed testing colony forming efficiency with siRNAs
Y2 and Y3, as these resulted in a significant decrease in YBEY gene expression (Figure S2),
as well as significant reductions in proliferation. Y2 and Y3 reduced colony formation in
MCF-7 cells by 86.4% and 58.8%, respectively (Figure 2B). In T47D cells, Y2 and Y3 reduced
colony forming efficiency by 30.0% and 43.3%, respectively. In MDA-MB-231 cells, colony
formation was reduced by 69.6% and 68.1% for Y2 and Y3, respectively. Treatment with
both siRNAs resulted in significant decreases in colony formation in MCF-7 and MDA-
MB-231 cell lines (Figure 2B). While there was an evident reduction in colony formation in
T47D cells, this difference was not significantly different from our negative control group.
Representative images are presented (Figure 2C) for all cell lines treated with the NTC,
positive control (POS), and YBEY-targeting siRNA (Y2).

We next performed migration and invasion assays to determine whether YBEY k.d.
influenced cell mobility and invasion through a basement membrane (Figure 3). Compared
with the NTC, Y2 and Y3 reduced migration in MCF-7 cells by 90.4% and 98.2%, respectively.
Y2 and Y3 reduced invasion in MCF-7 cells by 86.5% and 97.1%, respectively. In T47D cells,
Y2 and Y3 reduced migration by 56.6% and 92.5%, respectively (Figure 3A). Invasion was
not measured in T47D cells, as they did not readily invade through the Matrigel coated
inserts in our culture conditions. Y2 and Y3 significantly reduced MDA-MB-231 migration
by 80.6% and 88.6%, respectively. Y2 and Y3 resulted in a decrease in MDA-MB-231 cell
invasion by 59.3% and 77.1%, respectively (Figure 3B). Representative images are provided
to illustrate MDA-MB-231 cell migration (Figure 3C) and invasion (Figure 3D), following
treatment with the vehicle (lipid), NTC, and siRNAs targeting YBEY (Y2 and Y3).
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Figure 1. SNPs in high LD of the index SNP (rs35418111) in Asians (rs8134832, rs57385578, rs8126917, and rs2078203)
and Europeans (rs57385578) were prioritized using HaploReg v4.1 annotation (A) and assessed for differential binding of
nuclear proteins by EMSA (B). Two SNPs (rs35418111 and rs2078203), indicated in red, were observed to have differences in
band intensities between the reference allele sequence and the alternate allele. Differential patterning and band intensities
are indicated by parentheses; non-specific binding is indicated by arrows. LD = linear discrimination, ASN= Asian,
EUR = European, BLD = blood, BRN = brain, ADRL = adrenal gland, THYM = thymus. Breast cancer cells were incubated
with biotin-labeled probes corresponding to the reference allele (lanes 1–5) or the alternate allele (lanes 6–10) in the absence
or presence of competitors. Lanes 1 and 6, no nuclear protein extract; lanes 2 and 7, competitor in 200-fold molar excess; lanes
3 and 8 (5 mmol/L MgCl2), lanes 4 and 9 (2.5 mmol/L MgCl2), and lanes 5 and 10 (1.25 mmol/L MgCl2), no competitor.

RNA-seq and subsequent pathway analysis were performed to identify genes and gene
networks associated with the YBEY gene. WebGestalt and Metacore analysis tools were
used to determine cellular processes and pathways significantly up- or down-regulated
following transient YBEY k.d. at 24 and 48 h (Figure 4). At 24 h, we identified 45 DEGs
following YBEY k.d. At 48 h, we identified 155 DEGs (Table S4). Of note, all genes up-
or down-regulated at the 24 h timepoint were also differentially expressed at the 48h
timepoint. Due to our small sample size per condition (n = 2), we performed qPCR to
confirm YBEY k.d., as well as to validate that mRNAs identified by RNA-seq could be
replicated (Figure S3). Principle component analysis showed consistent clustering of each
replicate for our treatment conditions. GSEA analysis showed several DEGs identified in
our analysis were involved in metabolic processes and biological regulation, the majority of
which are protein binding (Figure 4A). Additionally, we used Metacore pathway analysis
to identify the top 10 enriched gene maps, processes, and networks at the 48h timepoint
(Figure 4B). Several gene networks were identified using both tools including immune
response and the metabolism/modification of proteins and macronutrients; however, many
networks did not reach the threshold for significance using the MetaCore 5.0 software.
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Figure 2. Proliferation and colony formation were assessed following siRNA k.d. of YBEY in breast cancer cells. Both
proliferation (A) and colony formation (B) were reduced following YBEY k.d., when compared to the negative control (NTC).
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Statistical significance is denoted by the number of asterisks; * = p < 0.05, ** = p < 0.01, *** = p < 0.001 and **** = p < 0.0001).
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Figure 3. Migration and invasion were evaluated following YBEY k.d. in breast cancer cell lines. Migration (A) and invasion
(B) were significantly reduced following YBEY k.d., compared to the negative control. Images for migration (C) and invasion
assays (D) were taken of the MDA-MB-231 cell line at 40×. Statistical significance is denoted by the number of asterisks; * =
p < 0.05, ** = p < 0.01, *** = p < 0.001 and **** = p < 0.0001).
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Figure 4. RNA sequencing was performed following siRNA mediated k.d. of YBEY. GSEA was performed to demonstrate
Biological Processes, Cellular Components, and Molecular Functions of the DEGs (A). WebGestalt was used to identify
enriched pathways in YBEY k.d. samples (B). Pathway enrichment was also performed using MetaCore analysis tools to
identify gene maps, processes, and networks associated with YBEY k.d.

Finally, we found that in the TCGA breast cancer (TCGA-BRCA) dataset, YBEY expres-
sion was significantly increased in tumors compared with normal tissues (Figure 5A). Inter-
estingly, YBEY expression at Stage IV disease was significantly decreased from early-stage
disease (i.e., Stage I and Stage II). Univariate analysis revealed that YBEY expression was
positively associated with overall survival using the same dataset (p = 0.035, Figure S4A);
however, results derived from KM Plotter showed that this association may be dependent
upon estrogen receptor status (Figure S4B,C).
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Figure 5. Expression of YBEY (C21ORF57) in TCGA breast tumor datasets: YBEY expression was compared in normal
tissues and tumor tissues of breast cancer patients from TCGA (A). Expression of YBEY was also compared across stages at
diagnosis in the TCGA dataset (B). An asterisk (* = p < 0.05, ** = p < 0.01) denotes the level of significance from normal
tissues and the double dagger (‡, p < 0.05) represents a statistical difference from stage IV disease.

4. Discussion

Human YBEY is an uncharacterized gene with no known function; however, it is
predicted to function similarly to its bacterial homologues [16]. Our study demonstrates
that several genetic variants associated with YBEY expression may be functional via
increasing or decreasing nuclear protein binding. We also show that k.d. of YBEY results
in significant reductions in breast cancer cell proliferation, colony formation, migration,
and invasion, in vitro. Pathway analysis from RNA-seq data shows several pathways,
including metabolic and immune processes, were affected by siRNA-mediated k.d. of
YBEY. Finally, we show that YBEY expression is higher in early-stage tumor tissues than
adjacent normal tissues in TCGA breast cancer database. However, YBEY expression
was significantly reduced in late-stage disease compared with early-stage, suggesting a
potential molecular phenotype switch in metastatic disease compared with initial stages.

YBEY was initially discovered to function as an endoribonuclease in E. Coli [4]. Sub-
sequent studies suggest that it is critical for bacterial cell growth due to its significant
function in rRNA maturation and ribosome biogenesis [6]. We showed that cellular func-
tions, including proliferation, colony formation, and invasion/migration, were significantly
reduced following YBEY mRNA k.d. in human breast cancer cell lines. These data suggest
that YBEY may have a global function in mammalian systems outside of rRNA maturation,
as characterized in bacteria.

While YBEY k.d. may disrupt proper rRNA maturation and ribosomal biogenesis, migra-
tion and invasion of cancer cell lines depend on several factors, including chemokine/cytokine
signaling, cytoskeletal rearrangements, and matrix metalloproteases [17,18]. To test whether
YBEY may regulate genes involved in these processes, we performed RNA-seq following
transient YBEY k.d. Our pathway analysis provides evidence that YBEY may have functions
outside of proliferation and ribosomal biogenesis. The top pathways identified in our RNA-
seq analysis included metabolic processes and immune responses. Interestingly, ribosomal
biogenesis has been reported to play a critical role in immune response through interferon
signaling [19] and other signaling pathways [20]. While the power and, thus, interpretation of
our RNA-seq analysis is limited due to the small sample size, this is the first study to indicate
a potential function of human YBEY. Transient k.d. using siRNAs greater than 23 bp in length
has been reported to induce interferon signaling [21]; however, the siRNAs used in this study
were less than 20 bp, which should minimize any innate immune signaling in our breast
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cancer cell lines. Further, we observed a global decrease in genes associated with immune
response. Further mechanistic studies utilizing stable transfections (i.e., CRISPR) would
provide more robust evidence for this association. Additionally, it was recently discovered
that YBEY expression may be significantly altered by DNA methylation [22]. However, we
did not consider the impact of epigenetics when assessing the associations between SNPs and
YBEY expression. Further studies elucidating the mechanisms by which YBEY regulates the
cellular functions observed in our in vitro screens are warranted.

Our previous GWAS and subsequent eQTL analysis suggest that YBEY expression
may be inversely associated with breast cancer risk [3]. Data from TCGA showed that,
compared to normal adjacent tissue, breast cancers had a significantly increased expression
of YBEY. However, metastatic disease (i.e., Stage IV) had significantly decreased YBEY
expression compared with Stage I and II breast cancers. This trend may underpin the
disparities seen in survival analysis derived from TCGA when grouped by median YBEY
expression. While higher YBEY expression appears to be beneficial in overall survival
analyses, these data may be skewed due to the higher number of earlier stage breast
cancers in TCGA or potentially confounded by estrogen receptor status, as observed in our
survival analysis. Additionally, our study utilized breast cancer cell lines that had already
undergone oncogenic transformation; consequently, using in vitro functional assays to test
cancer cell lines may not completely recapitulate breast cancer risk, but may illustrate that
YBEY is involved in disease progression, as suggested by the trend in YBEY expression by
cancer stage.

5. Conclusions

Overall, our study has provided preliminary evidence that the human YBEY gene,
and SNPs associated with its expression, may have a potential causal function in breast
cancer risk. In vitro functional assays showed a significant reduction in several cellular
processes associated with cancer progression including proliferation, clonal capacity, and
migration/invasion. RNA-seq analysis provided additional clues to further roles of YBEY
in immunological or metabolic processes as well. Data derived from TCGA provided
evidence of differential YBEY expression depending on cancer stage, with metastatic disease
having significantly lower expression compared with earlier stages. These studies provide
the first evidence that YBEY may contribute to cancer risk and/or cancer progression.
Further studies are necessary to shed light on this uncharacterized gene and its involvement
in carcinogenesis.
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G.; et al. YBEY is an essential biogenesis factor for mitochondrial ribosomes. Nucleic Acids Res. 2020, 48, 9762–9786. [CrossRef]

7. Jacob, A.I.; Köhrer, C.; Davies, B.W.; RajBhandary, U.L.; Walker, G.C. Conserved Bacterial RNase YbeY Plays Key Roles in 70S
Ribosome Quality Control and 16S rRNA Maturation. Mol. Cell 2013, 49, 427–438. [CrossRef] [PubMed]

8. Liu, J.; Zhou, W.; Liu, G.; Yang, C.; Sun, Y.; Wu, W.; Cao, S.; Wang, C.; Hai, G.; Wang, Z.; et al. The Conserved Endoribonuclease YbeY
Is Required for Chloroplast Ribosomal RNA Processing in Arabidopsis. Plant Physiol. 2015, 168, 205–221. [CrossRef] [PubMed]

9. Zhang, B.; Chen, M.-Y.; Shen, Y.-J.; Zhuo, X.-B.; Gao, P.; Zhou, F.-S.; Liang, B.; Zu, J.; Zhang, Q.; Suleman, S.; et al. A Large-Scale,
Exome-Wide Association Study of Han Chinese Women Identifies Three Novel Loci Predisposing to Breast Cancer. Cancer Res.
2018, 78, 3087–3097. [CrossRef]

10. Horpaopan, S.; Spier, I.; Zink, A.M.; Altmüller, J.; Holzapfel, S.; Laner, A.; Vogt, S.; Uhlhaas, S.; Heilmann, S.; Stienen, D.; et al.
Genome-wide CNV analysis in 221 unrelated patients and targeted high-throughput sequencing reveal novel causative candidate
genes for colorectal adenomatous polyposis. Int. J. Cancer 2015, 136, E578–E589. [CrossRef]

11. Guo, X.; Lin, W.; Bao, J.; Cai, Q.; Pan, X.; Bai, M.; Yuan, Y.; Shi, J.; Sun, Y.; Han, M.-R.; et al. A Comprehensive cis-eQTL Analysis
Revealed Target Genes in Breast Cancer Susceptibility Loci Identified in Genome-wide Association Studies. Am. J. Hum. Genet.
2018, 102, 890–903. [CrossRef]

12. Ward, L.D.; Kellis, M. HaploReg v4: Systematic mining of putative causal variants, cell types, regulators and target genes for
human complex traits and disease. Nucleic Acids Res. 2016, 44, D877–D881. [CrossRef] [PubMed]

13. Liao, Y.; Smyth, G.K.; Shi, W. featureCounts: An efficient general purpose program for assigning sequence reads to genomic
features. Bioinformatics 2013, 30, 923–930. [CrossRef] [PubMed]

14. Love, M.I.; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome
Biol. 2014, 15, 550. [CrossRef]

15. Liao, Y.; Wang, J.; Jaehnig, E.J.; Shi, Z.; Zhang, B. WebGestalt 2019: Gene set analysis toolkit with revamped UIs and APIs. Nucleic
Acids Res. 2019, 47, W199–W205. [CrossRef]

16. Ghosal, A.; Köhrer, C.; Babu, V.M.; Yamanaka, K.; Davies, B.W.; Jacob, A.I.; Ferullo, D.J.; Gruber, C.C.; Vercruysse, M.; Walker,
G.C. C21orf57 is a human homologue of bacterial YbeY proteins. Biochem. Biophys. Res. Commun. 2017, 484, 612–617. [CrossRef]

17. Melchers, F.; Rolink, A.G.; Schaniel, C. The Role of Chemokines in Regulating Cell Migration during Humoral Immune Responses.
Cell 1999, 99, 351–354. [CrossRef]

18. Friedl, P.; Alexander, S. Cancer Invasion and the Microenvironment: Plasticity and Reciprocity. Cell 2011, 147, 992–1009. [CrossRef]
19. Bianco, C.; Mohr, I. Ribosome biogenesis restricts innate immune responses to virus infection and DNA. eLife 2019, 8. [CrossRef]

[PubMed]
20. Zhu, X.; Zhang, W.; Guo, J.; Zhang, X.; Li, L.; Wang, T.; Yan, J.; Zhang, F.; Hou, B.; Gao, N.; et al. Noc4L-Mediated Ribosome

Biogenesis Controls Activation of Regulatory and Conventional T Cells. Cell Rep. 2019, 27, 1205–1220.e4. [CrossRef] [PubMed]
21. Reynolds, A. Induction of the interferon response by siRNA is cell type- and duplex length-dependent. RNA 2006, 12, 988–993.

[CrossRef] [PubMed]
22. Lu, Y.; Wang, B.; Jiang, F.; Mo, X.; Wu, L.; He, P.; Lu, X.; Deng, F.; Lei, S. Multi-omics integrative analysis identified SNP-

methylation-mRNA: Interaction in peripheral blood mononuclear cells. J. Cell. Mol. Med. 2019, 23, 4601–4610. [CrossRef]
[PubMed]

http://doi.org/10.3322/caac.21590
http://www.ncbi.nlm.nih.gov/pubmed/31912902
http://doi.org/10.1155/2013/747318
http://doi.org/10.1038/s41467-020-15046-w
http://doi.org/10.1111/j.1365-2958.2010.07351.x
http://doi.org/10.1107/S1744309105031131
http://doi.org/10.1093/nar/gkaa148
http://doi.org/10.1016/j.molcel.2012.11.025
http://www.ncbi.nlm.nih.gov/pubmed/23273979
http://doi.org/10.1104/pp.114.255000
http://www.ncbi.nlm.nih.gov/pubmed/25810095
http://doi.org/10.1158/0008-5472.CAN-17-1721
http://doi.org/10.1002/ijc.29215
http://doi.org/10.1016/j.ajhg.2018.03.016
http://doi.org/10.1093/nar/gkv1340
http://www.ncbi.nlm.nih.gov/pubmed/26657631
http://doi.org/10.1093/bioinformatics/btt656
http://www.ncbi.nlm.nih.gov/pubmed/24227677
http://doi.org/10.1186/s13059-014-0550-8
http://doi.org/10.1093/nar/gkz401
http://doi.org/10.1016/j.bbrc.2017.01.149
http://doi.org/10.1016/S0092-8674(00)81521-4
http://doi.org/10.1016/j.cell.2011.11.016
http://doi.org/10.7554/eLife.49551
http://www.ncbi.nlm.nih.gov/pubmed/31841110
http://doi.org/10.1016/j.celrep.2019.03.083
http://www.ncbi.nlm.nih.gov/pubmed/31018134
http://doi.org/10.1261/rna.2340906
http://www.ncbi.nlm.nih.gov/pubmed/16611941
http://doi.org/10.1111/jcmm.14315
http://www.ncbi.nlm.nih.gov/pubmed/31106970

	Introduction 
	Materials and Methods 
	Functional Annotation 
	Cis-eQTL 
	Cell Culture 
	Electrophoretic Mobility Shift Assays (EMSA) 
	RNA Interference 
	RNA Isolation and qPCR 
	Cell Viability 
	Colony Formation Assay 
	Cell Migration and Invasion Assay 
	RNA Sequencing and Data Processing 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

