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ARTICLE INFO ABSTRACT

Keywords: Breast cancer is one of the most common malignant tumors in women worldwide. Similarly,
Brgast cancer Canine mammary tumors (CMTs) are mostly diagnosed as spontaneous diseases in female dogs.
Epigenetics Many studies have suggested that CMTs serve as good models for human breast cancer. However,

Canine mammary tumor

ALYREF comparative approaches to histone modifications are still lacking. This study aimed to compare

the canine mammary tumor Histone H3 lysine 4 trimethylation (H3K4me3) landscape with that
in human breast cancer. Our H3K4me3 ChIP-seq data from CMTs revealed a significant enrich-
ment of H3K4me3 in the ALYREF gene promoter in tumor tissues compared to normal tissues.
Furthermore, our study and publicly available RNA-sequencing data revealed that ALYREF
expression was elevated in malignant tissues and breast cancer cell lines, and its upregulation was
associated with poor prognosis in humans. Depletion of ALYREF resulted in changes in cellular
phenotypes, including increased proliferation and colony formation, as well as decreased
apoptosis. ALYREF increased cell viability and anchorage-independent growth while decreasing
apoptosis by regulating the mRNA expression and protein levels of enhancer of zeste 2 polycomb
repressive complex 2 subunit (EZH2), which promotes hormone receptor-positive breast cancer
and CMTs via epigenetic modifications. This suggests that ALYREF may function as a contributing
factor to malignant transformation in both CMT and human breast cancer.

1. Introduction

Breast cancer is one of the most prevalent malignancies in women worldwide and is typically caused by a variety of genetic and
environmental factors. Although age, family history, and genetic mutations (e.g., BRCA1 and BRCA2) are prominent non-modifiable
risk factors, the disease etiology is multifaceted, necessitating a comprehensive understanding of effective clinical management [1].
The classification of primary breast cancer subtypes depends on the simultaneous expression of key tumor markers, such as the es-
trogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor 2-neu (HER2), which guide clinical in-
terventions. Population-based investigations have identified HER2 overexpression in approximately 20 % of early-stage breast cancer
cases. This overexpression is often associated with increased recurrence rate and mortality, independent of nodal staging [2]. ER, a
nuclear protein that regulates specific gene expression, is prevalent in approximately 80 % of patients with breast cancer who are
considered to have a good response to first-line endocrine therapy. However, primary (de novo) resistance may manifest in some
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Abbreviations

BP Biological processes

CC Cellular compartment

ChIP Chromatin immunoprecipitation
CMT Canine mammary tumor

CNV Copy number variation

DAVID Database for Annotation, Visualization, and Integrated Discovery
DHR Differentially histone-modified regions

DNMT DNA methyltransferase

EZH2 Enhancer of Zeste 2 Polycomb Repressive Complex 2 Subunit

ER Estrogen receptor
FACS Fluorescence-activated cell sorting
FBS Fetal bovine serum

FDR False discovery rate
GBM Glioblastoma

GEO Gene Expression Omnibus
GO Gene Ontology
HCC Hepatocellular carcinoma

HER2  Human epidermal growth factor receptor 2
KEGG Kyoto Encyclopedia of Genes and Genomes

MBC Metastatic breast cancer

MEGS Mammary Epithelial Growth Supplement
MF Molecular function

PR Progesterone receptor

PRC Polycomb repressive complex

SD Standard deviation

SRA Sequence Read Archive
TCGA  The Cancer Genome Atlas
TNBC  Triple-negative breast cancer
TREX Transcription export

TSG Tumor suppressor gene

TSS Transcription start site

patients with ER + metastatic breast cancer (MBC), while others, although initially responsive, may eventually develop secondary
(acquired) resistance, leading to disease progression in many cases [3].

Animal models have emerged as invaluable tools for studying cancer pathogenesis and developing therapeutic interventions.
Canine mammary gland tumors (CMTs) represent a particularly relevant model because of their spontaneous occurrence in female
dogs, mirroring the hormonal etiology (ER, PR, HER-2, and Ki-67) and clinicopathological characteristics of human breast cancer.
Furthermore, their subtype-enriched transcriptomic signatures closely resemble those of human breast cancer [4,5]. Our previous
study showed a remarkable resemblance of the PIK3CA hotspot mutation between dogs and humans, with both species sharing the
same hotspot A3140G (H1047R) mutation, occurring in approximately 30 % of cases [6]. Moreover, the average age of onset and risk
factors for CMT are similar to those for human breast cancer [4]. Due to their high epidemiological and histological similarities, CMTs
serve as excellent models for studying human breast cancer [7,8]. Consequently, various studies, including genetic and epigenetic
approaches, have been performed on CMT for human and canine comparative oncology [6,9-12].

Epigenetic modifications, including DNA methylation, histone modification, and modification of noncoding RNA, play pivotal roles
in gene regulation and have been implicated in tumorigenesis. Post-translational histone modifications, such as methylation, acety-
lation, and phosphorylation, govern multiple cellular processes involved in tumorigenesis and progression by regulating chromatin
accessibility. Histone H3 lysine 4 trimethylation (H3K4me3) is a well-defined modification that regulates preinitiation complex for-
mation and interactions with the TFIID complex, ultimately leading to active gene expression [13]. Nuclear staining of H3K4me3 has
been demonstrated to correlate with positive estrogen receptor (ER) status, shorter breast cancer-specific survival, and shorter
progression-free survival. Additionally, patients with high nuclear H3K4me3 staining exhibit decreased overall survival [14]. Modi-
fication of histone H3 lysine 27 trimethylation (H3K27me3) is mediated by the enhancer of zeste homolog 2 (EZH2), a subunit of the
polycomb repressive complex (PRCs), and is responsible for the repressed expression of genes. EZH2 expression is elevated in human
breast cancer patients compared to that in normal or hyperplastic patients, correlating with aggressiveness and poor clinical outcomes.
Moreover, EZH2 promotes anchorage-independent colony growth and invasion abilities in the breast epithelial cell line HI6N2 as well
as the proliferation of mouse embryonic fibroblasts [15].

ALYREF, an RNA-binding protein, plays a crucial role in transcriptional regulation and mRNA export, facilitating the nuclear-to-
cytoplasmic export of mRNA, which is a pivotal step in gene transcription and mRNA processing. As a component of the transcription
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export (TREX) protein complex, ALYREF binds to mature mRNA, facilitating its transfer to the cytoplasm [16]. ALYREF has been
reported to be frequently amplified in various human cancers, its expression is dysregulated in cancers such as hepatocellular car-
cinoma (HCC) [17], neuroblastoma [18], glioblastoma [19], and triple-negative breast cancer (TNBC) [20]. In TNBC, upregulated
ALYREF leads to enhanced NEAT1 IncRNA expression and stabilization of CPSF6, which selectively regulates the post-transcriptional
activity of NEAT1 [20]. ALYREF participates in diverse cellular processes, including cell proliferation, apoptosis, and migration, and
exhibits varied responses depending on the cellular environment in multiple cancers, including TNBC. However, the precise function of
ALYREF in non-TNBC cells remains unclear.

Here, we used chromatin immunoprecipitation sequencing (ChIP-seq) to investigate the global landscape of H3K4me3 in CMTs and
identified increased ALYREF expression. Moreover, depletion of ALYREF induced apoptosis and decreased cell viability in both CMTs
and human breast cancer cell lines, suggesting that ALYREF may play a tumor-promoting role.

2. Material and methods
2.1. Clinical samples

This study was reviewed and approved by the Seoul National University Institutional Review Board/Institutional Animal Care and
Use Committee (IACUC SNU-170602-1, approval July 26, 2016), and all methods were performed in accordance with the relevant
guidelines and regulations. For the ChIP-seq discovery phase, three pairs of specimens consisting of CMTs and adjacent normal tissues
were collected from the dogs. To establish the primary cell line, one pair of specimens consisting of CMT and adjacent normal tissue
were collected from dogs.

2.2. Canine mammary gland tumor (CMT) primary cell line establishment

The primary CMT cell line was established directly from digested CMT tissues obtained from the Veterinary Medical Teaching
Hospital of Seoul National University using TrypLE Express solution containing the Rho kinase inhibitor Y-27632, DNase I, and
Collagenase/Dispase. The digested cells were filtered and equilibrated in PBS containing 1X Mammary Epithelial Growth Supplement
(MEGS). Primary cells were first cultured in advanced DMEM/F12 supplemented with 2 mM L-glutamine, penicillin (100 U/mL)-
streptomycin (100 pg/mL), and 1X MEGS. Subsequent cell cultures were grown in DMEM with the same supplementation as mentioned
above, except without additional L-glutamine and replacing MEGS with 10 % fetal bovine serum (FBS). All cells were grown in a
humidified incubator at 37 °C with 5 % CO, and were tested regularly for mycoplasma contamination.

2.3. Cell culture

Human breast cancer cell lines and breast epithelial cell line MCF-10A were obtained from the Korean Cell Line Bank and cultured
as previously reported [21]. Briefly, normal epithelial MCF-10A cells were cultured in MEBM Basal Medium (CC-3151; Lonza, Basel,
Switzerland) or MEGM supplemented medium (CC4136; Lonza, Basel, Switzerland). SKBR3 cells were cultured in RPMI 1640 medium
supplemented with L-glutamine (SH30027.01, Hyclone, UT, USA). MCF-7 cells were cultured in DMEM/high glucose supplemented
with L-glutamine and sodium pyruvate (SH30243.01; Hyclone, UT, USA). CHMp canine mammary gland adenocarcinoma cell line was
purchased from N. Sasaki lab [22] and grown in RPMI 1640 medium (HyClone, SH30027) containing 10 % FBS; Gibco 1600044) and
50 pg/mL gentamicin (Sigma—-Aldrich, G1272). All cell lines were cultured at 37 °Cin a 5 % CO5 atmosphere. All cells were cultured in
a humid incubator at 37 °C with 5 % CO», and their mycoplasma contamination was verified to be absent.

2.4. Expression and human ChIP-seq data set

Online datasets were retrieved from Gene Expression Omnibus (GEO, https://www.ncbi.nlm.nih.gov/geo/) and The Cancer
Genome Atlas (TCGA, https://portal.gdc.cancer.gov/). This study utilized three public cohorts, GSE65194 and GSE119810, which
encompass microarray expression profiles of normal and cancerous human breast and canine mammary tissues, respectively. Addi-
tionally, GSE85158 provided the H3K4me3 ChIP-sequencing data for human breast cancer cell lines. Student’s t-tests were used to
detect significant differences between two or more groups.

2.5. siRNA transfection

A total of 30 pmol each of ALYREF siRNA (Genolution, Seoul, South Korea) and SN-1012 (Bioneer, Daejeon, Republic of Korea) as
negative controls were transfected with Lipofectamine RNAiMAX transfection reagent (Thermo Fisher Scientific, Waltham, MA, USA)
according to the manufacturer’s instructions. The cells were harvested 48 and 72 h after incubation for further analysis. The siRNA
sequences are listed in Supplementary Table 1.

2.6. RNA extraction and quantitative RT-PCR

RNA extraction and quantitative RT-qPCR (qRT-PCR) were performed as previously reported [21]. Briefly, total RNAs were
extracted using the TRIzol reagent (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. Total
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RNA (2 pg) was reverse transcribed into cDNA using the CellScript All-in-One 5 x First Strand cDNA Synthesis Master Mix (CellSafe,
Yong-In, Republic of Korea) according to the manufacturer’s instructions. The primers used for RT-qPCR are listed in Supplementary
Table 1. The samples were run in triplicate and the expression of each target gene mRNA level was analyzed using the 2-AACT method
and normalized to GAPDH expression in humans and dogs.

2.7. Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis

GO and KEGG pathway enrichment analyses were performed using Database for Annotation, Visualization, and Integrated Dis-
covery (DAVID) bioinformatics resources to predict the gene function of identified differentially histone-modified genes. The promoter
region was defined as 2 kb upstream and downstream of the TSS.

2.8. Cell growth assay

Cell viability was determined using a Cell Counting Kit-8 (CCK-8; Dojindo, Tokyo, Japan) as previously described [23]. Briefly, cells
were seeded into 96-well plates at 5000 cells for CHMp and 7500 cells (MCF7 and SKBR3) per well. A volume of 10 pL of CCK-8 reagent
was added to each well. Plates were incubated for 3 h at 37 °C, and the absorbance value (OD) of each well was measured at 450 nm
using a spectrophotometer (Epoch Microplate spectrophotometer, BioTek Instruments, Winooski, VT, USA) according to the manu-
facturer’s instructions.

2.9. Cell migration assay

Cell migration was assessed as previously described [24]. The assay was performed using SPL Transwell inserts (#37224; SPL Life
Sciences, Seoul, Korea) in 24-well plates. For all cells, approximately 5 x 104 cells in 200 pL of DMEM/high glucose medium (Hyclone,
Logan, UT, USA) supplemented with 10 % US origin FBS (Hyclone, Logan, UT, USA) were placed in the chamber, and 500 pL of the
same medium was added in the chamber. The plates were incubated at 37 °C in 5 % CO,. After washing, cells were fixed and stained
with crystal violet. Cells were counted under a microscope using ToupView software.

2.10. Colony formation assay

Five hundred cells were seeded 24 h after transfection in a 6-well plate with the appropriate media. After incubating the cells for
10-14 days at 37 °C in 5 % CO», they were fixed and stained with 2.5 % crystal violet and the number of colonies was counted.

2.11. Genome-wide ChIP-seq and ChIP-PCR

ChIP assays were performed on canine mammary tissue and human breast cancer cell lines to evaluate H3K4me3 (Abcam, ab8580,
USA) and H3K27me3 (Abcam, ab6002, USA) enrichment, according to a previous study. Briefly, the samples were fixed with 1 %
formaldehyde in a rocker at room temperature for 10 min to cross-link histones to DNA, and the reaction was stopped by adding glycine
to a final concentration of 125 mM. The DNA was then sheared by sonication to generate 300-600 bp DNA fragments. Immunopre-
cipitation was performed with the H3K4me3 antibody at a concentration of 5 pg per 25 pg chromatin, and the same amount of normal
IgG (AC-005, Abclonal, China) was used as control. The precipitated DNA was detected by RT-PCR using specific primers
(Supplementary Table S1). Across all generated in-house ChIP-seq datasets, the CanFam3.1 genome was used as a reference genome
assembly. The ChIP-seq data were processed as in our previous study [25].

2.12. Protein extraction and western blot analysis

Protein extraction and western blotting were performed as described previously [21]. Immunoblotting was performed and anti-
bodies specific for ALYREF (1:1000, A4298, Abclonal, China), BAX (1:500, a12009, Abclonal, China), and B-Actin (1:1000, sc-47778,
Santa Cruz Biotechnology, Santa Cruz, USA). Images were quantified using ImageJ and relative optical densities were calculated by
adjusting to B-actin loading control.

2.13. Statistical analysis

All statistical analyses were performed using Prism software (version 8.0.1; GraphPad Software, La Jolla, CA, USA). For statistical
significance between the two groups, the Student’s t-test was performed. Data are expressed as mean =+ standard deviation (SD). n
values indicate the number of individual experiments conducted. Significant differences are indicated by different letters in figure
legends.
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3. Result
3.1. Genome-wide analysis of H3K4me3

To determine the differences in H3K4me3 active histone-marked genes between normal and cancerous tissues, we performed ChIP-
seq using the three CMTs and matched normal mammary gland tissues obtained from individuals during surgery (Fig. 1a and Table 1).
DNA fragments pulled down by ChIP-grade antibodies against H3K4me3 were aligned using the CamFam3.1 database. The differ-
entially histone-marked gene was defined as regions exhibiting a 1.5-fold higher or lower change in H3K4me3 binding compared to
adjacent normal tissues, with a false discovery rate (FDR) adjusted to a p-value of <0.05. Sequence statistics are summarized in
Supplementary Table 2.

A total of 3943 H3K4me3 histone-marked regions were identified in the tissue comparison, with 1858 identified as high and 2085
identified as low in the tumor. To better understand the H3K4me3 ChIP landscape of CMT, all histone-marked regions were separated
according to their genomic distribution in both gene or intergenic regions. Promoters were defined as those located 2 kb upstream and/
or downstream of the transcription start site (TSS). A total of 434 (11 %) regions were annotated as promoter regions, 361 (9.1 %)
regions were annotated as exon, 1616 (42 %) regions were annotated as intron, and 1435 (36.3 %) regions were annotated as
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Fig. 1. Scheme of research flow and statical summary of histone-marked regions.

(a) Scheme of this study from discovery to validation. (b) Genomic distribution of differentially histone-modified regions (DHRs) defined by a 1.5-
fold difference. False discovery rate (FDR) is adjusted g-value <0.05 in CMT tissues. (c) Volcano plots of all DHRs in the promoter region. The colors
indicate significant methylation: hyper (red) and hypo (blue). The x-axis represents log2 fold change and the y-axis represents —log10 g-value.
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Table 1

Patients’ information.
Patient ID Sex Age Breed Diagnosis
CCRCD0001 F 10y Great Pyrenees Mammary Gland complex Carcinoma
CCRCD0095 FS 11y Maltese Mammary Gland adenocarcinoma
CCRCD0125 FS 16y Schnauzer Mammary Gland tubular carcinoma
CCRCD1111 FS 7y Maltese Mammary Gland complex Carcinoma

intergenic regions (Fig. 1b). The volcano plot in Fig. 1c shows the genes annotated in the promoter region. A significantly higher

number of genes were enriched for H3K4me3 marks (Fig. 1c).

3.2. Gene ontology (GO) and KEGG pathway analysis of the gene set differentially marked by H3K4me3

To investigate the H3K4me3-marked genes that were aberrantly enriched in tumors, GO functional analysis was performed using
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Fig. 2. Gene ontology (GO) and KEGG pathway analysis.

(a—c) Enrichment analysis of gene ontology (GO) and KEGG pathway using differentially histone-marked genes in CMT. The top 10 significant
GO_BP terms and the top 5 KEGG terms are depicted. (a) Gene Ontology (GO) analysis of genes exhibiting a 1.5-fold increase and (b) decrease in
H3K4me3, and (c) KEGG analysis of genes with increased H3K4me3.
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DAVID. The results revealed diverse cancer-associated terms. A total of 329 genes with a more than 1.5-fold highly enriched H3K4me3
marks in tumors compared with adjacent normal tissues were categorized into 41 subcategories in biological processes (BP), 23
subcategories in molecular function (MF), and 28 subcategories in the cellular compartment (CC) (data not shown). The top 10 GO
terms in the BP categories are listed according to the p-value in Fig. 2a and b. We observed processes associated with carcinogenesis,
such as cell cycle regulation (GO:0051726) organic substance metabolic processes (GO:0071704), and upregulated GO. These GO
terms were upregulated in human breast cancer [26,27]. The terms of H3K4me3 downregulated genes were highly enriched in the
nervous system (G0O:007399)-related terms (Fig. 2b).

KEGG pathway analysis revealed that genes with high levels of H3K4me3 were predominantly enriched in metabolism-related
pathways, including those for drugs, nucleotides, and purines. Among the 39 genes associated with these pathways, we identified
several well-known breast cancer-related genes, including SQLE, SRD5A1, and UAPI1. Analysis of human cohorts and Kaplan-Meier
(KM) plots indicated that the upregulation of SQLE, SRD5A1, and UAP1 was associated with poor prognosis and reduced survival in
patients with breast cancer [28-30]. To validate the impact of H3K4me3 histone modifications on metabolism-related gene expression
in cancer cells, their expression levels were assessed. The expression of all three genes was upregulated in CMT and human breast
cancer cell lines compared to normal cells (Supplementary Figs. 1a-c). A web-based Kaplan-Meier plotter (https://kmplot.com/
analysis/index.php?p=service) was used to draw the KM plots. The KM plots revealed that SQLE, SRD5A1, and UAP11 upregula-
tion led to poor prognosis and survival in patients with breast cancer.

In summary, we found that the upregulation of metabolism-related genes SRD5A1, UAP1, and SQLE by higher H3K4me3 marks in
CMT and their higher expression levels were also demonstrated in both canine and human breast cancers (Supplementary Figs. 1a—c).
Our findings suggest that histone modifications could potentially influence expression changes in genes associated with metabolism.

3.3. H3K4me3 modification of ALYREF promoter changes in canine mammary tumor

The top 20 genes in the H3K4me3 highly enriched group are listed in Table 2 based on their respective p-values. The KM plot
(Supplementary Figs. 2a-h) revealed that recurrence-free survival (RFS) was significantly less favorable in patients with high
KIAA0895, SQLE, TONSL, COMMDS5, DOLK, CCDC137, ALYREF, and P3H4 (SC65) expression (Table 2 and Supplementary Figs. 2a-h).
We conducted a literature search on KIAA0895, SQLE [28,31,32], TONSL [33,34], COMMDS5 [35,36], DOLK, CCDC137 [37], ALYREF
[17,19,20], and P3H4(SC65) [38,39] to identify gene signatures associated with breast cancer. Despite having the lowest p-value in the
KM plot, we found that research on ALYREF in hormone receptor-positive breast cancer is lacking, except for TNBC [20]. ALYREF,
implicated in mRNA expression and RNA splicing, has shown elevated expression in numerous cancer patients based on data from
TCGA. Despite the relevance of ALYREF in various types of cancer, including its potential involvement in tumorigenesis, its role in
hormone receptor-positive breast cancer remains unclear. Consequently, we conducted subsequent experiments utilizing ALYREF.

We hypothesized that ALYREF might be involved in the malignant transformation of breast cancer in dogs and humans. To test this
hypothesis, we initially conducted a comparative analysis of the ALYREF gene structure in humans, dogs, and mice (Fig. 3a). DNA
sequence homology and the NCBI database were used to construct a phylogenetic tree based on the amino acid sequences of ALYREF
isolated from humans, canines, and mice (Fig. 3b and c). The genetic architectures of humans and dogs exhibited a greater degree of
similarity than those of humans and mice. Moreover, DNA and amino acid sequences displayed a high level of homology between
humans and dogs.

To clarify the relationship between histone modification and ALYREF expression, we analyzed RNA-seq data from CMT tissues, a
pair of primary CMT cell lines, and a CHMp cell line using RT-qPCR. Based on the ChIP-seq data obtained in our lab, we observed peaks

Table 2

The top 20 genes according to ChIP-seq p-value.
Gene ChlIP-seq p-value Poor RFS KM plot p-value Breast cancer Other cancers
KIAA0895 9.08E-05 high 0.01
SQLE 0.00019 high 8.6E-16 [28,32] [31]
SPHK1 0.00027 ns 0.9262
CELSR3 0.00037 ns 0.058
ABR 0.00039 low 4.20E-10
TONSL 0.00046 high 0.0039 [34] [33]
NDUFAF8 0.00053 ns 0.13
COMMD5 0.0031 high 0.0031 [36] [35]
DOLK 0.0007 high 0.009 [40]
NKX2-4 0.00083 Not available
CCDC137 0.0037 high 0.0037 [37] [37]
TEPSIN 0.00117 ns 0.13
ALYREF 0.00149 high 1.70E-16 [20] [16-18]
SPAG6 0.00155 low 2.30E-10
C15H1orf122 0.00213 Not available
P3H4 0.00236 high 0.009 [39] [38]
INSIG1 0.0025 ns 0.055
AKS8 0.0029 low 0.0014
COMMDS8 0.00293 low 0.41
SPTAN1 0.00296 low 2.20E-09
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Fig. 3. Comparison of ALYREF orthologous regions of the human, dog, and mouse genome and analysis of ALYREF gene expression in cancer and
normal specimens from Gene Expression Omnibus (GEO) dataset.

(a) Schematic structures showing ALYREF genes of humans, dogs, and mice. (b) Query cover and homology of ALYREF genes in DNA sequences
between human and dog, and between human and mouse, respectively. (c) Query cover and homology in amino acid sequence between human and
dog, and between human and mouse, respectively. (d) IGV browser screenshots of H3K4me3 ChIP-seq analysis in 3 pairs of CMTs. Each peak of
H3K4me3 reveals respective specimens. The top three tracks reveal H3K4me3 signals in cancer tissues, others show signals in normal tissues. (e)
Quantification of ALYREF expression in CHMDp, a pair of primary cell lines. ALYREF expression was higher in CMT cell lines compared with normal
cell lines. Data are presented as mean & SEM (n = 3). The Student’s t-test was used to analyze the data, and statistical analysis was performed. *p <
0.05, **p < 0.01, ***p < 0.001. (f-g) Quantification of ALYREF expression in CMT tissues (n = 158) and healthy controls (n = 64) using the GEO
dataset (GSE119810). (f) Expression of the ALYREF gene was relatively higher in CMT tissues compared with normal tissues. (g) Expression of the
ALYREF gene was relatively upregulated in CMT tissues based on tumor grade. The x-axis represents sample numbers and tumor grades, and the y-
axis represents the FPKM value. (h) IGV browser screenshots depict H3K4me3 ChIP-seq peaks in breast cancer cell lines, utilizing the GEO dataset
(GSE85185). The top three tracks reveal SKBR, MCF7, and MDA-MB-231 (red), and the bottom track signals represent a normal cell line, MCF 10A
(blue). (i) Quantification of ALYREF expression in breast cancer cell lines. ALYREF expression was higher in breast cancer cell lines compared with
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normal cell lines. Data are presented as mean + SEM (n = 3). The Student’s t-test was used to analyze the data, and statistical analysis was per-
formed. *p < 0.05, **p < 0.01, ***p < 0.001. (j-k) Quantification of ALYREF expression in human breast cancer tissues (n = 115) and healthy
control (n = 11) using the GEO dataset (GSE65194). (j) Expression of the ALYREF gene was relatively higher in human breast cancer tissues
compared with normal tissues. (k) Expression of the ALYREF gene was relatively upregulated in breast cancer tissues based on tumor grade. The x-
axis represents sample numbers and tumor subtypes, and the y-axis represents relative expression.
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Fig. 3. (continued).

of H3K4me3 at chr9: 397, 497-398, 880, located 710bp upstream from the TSS of ALYREF. These peaks were highly enriched in a
fraction of CMT tissues compared to those in normal tissues (Fig. 3d). Additionally, RNA expression levels were higher in primary
cancer and CHMDp cell lines than in primary normal cells (Fig. 3e). Our previous RNA-seq study performed in CMT tissues, had shown
that ALYREF expression was higher in cancer tissues than in normal tissues. Moreover, as the tumor grade of the cancer tissue
increased, ALYREF expression levels tended to increase (Fig. 3f and g). Similar to the findings in canines, a comparable pattern was
observed in humans, wherein breast cancer cell lines (SKBR3 and MCF7) exhibited elevated levels of H3K4me3and ALYREF expression
(Fig. 3h and i) compared to normal cell lines. Moreover, ALYREF expression was significantly higher in the cancer tissues than in the
normal tissues (Fig. 3j). As the tumor grade increased in cancer tissues, there was a concurrent increase in ALYREF expression (Fig. 3k).
The correlation between ALYREF expression and cancer grade indicates the involvement of ALYREF in the malignant transformation of
non-TNBC breast cancers.

3.4. ALYREF affects cell viability, colony formation and apoptosis

To investigate the function of ALYREF in breast cancer cells, ALYREF was depleted in three independent cell lines: CHMp, SKBR3,
and MCF?7. The depletion efficiency of ALYREF in cell lines was estimated by RT-qPCR and Western blot analyses (Fig. 4a—e; since the
ALYREF antibody did not guarantee cross-reactivity in dogs, Western blot data for canines are not presented). The CCK-8 assay
revealed that cell viability was significantly reduced in all three ALYREF-depleted cell lines (Fig. 4f~h). To demonstrate tumor for-
mation in vitro, we performed a colony formation assay. Fewer colonies were formed in ALYREF-depleted cell lines than in scrambled
siRNA control cells (Fig. 4i-k), suggesting that ALYREF affects tumor cell proliferation and colony formation.
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Fig. 4. Cellular consequences of loss of ALYREF function in CMT and human breast cancer cells.

(a—c) Quantification of depletion efficiency of ALYREF in CHMp and different breast cancer cell lines after treatment with specific siRNAs against
ALYREF or control siRNA 72 h after transfection on mRNA level via RT-qPCR using GAPDH as a reference gene. n = 3, +SD. ***p < 0.001. (d—e)
Verification of siRNA-mediated depletion efficiency of ALYREF in (d) SKBR3 and (e) MCF7 cells on protein level analyzed by Western blot using
B-Actin as loading control. (f-h) Cellular growth assay in breast cancer cells over 72 h under control conditions (control siRNA; gray, untreated
parental control; blue) or after siRNA-mediated depletion of ALYREF (red). n = 3, +SD. ***p < 0.001, **p < 0.01 (f) Depletion of ALYREF inhibited
proliferation of the CMT cell line. Depletion of ALYREF inhibited the proliferation of (g) SKBR3 and (h) MCF7. (i-k) Colony formation assay in (i)
CHMp, (j) SKBR3, and (k) MCF7. Below the bar graphs show representative stained colony formation figures with 3 wells each under control
conditions or after siRNA-mediated ALYREF depletion. n = 3, £SD. ***p < 0.001. (I-n) Flow-cytometry-based AnnexinV staining of the CMT cell
line, SKBR3, and MCF7 72 h after silencing by control siRNA or siALYREF. Statistical significance between cells was assessed using Student’s t-test.
n = 3, £SD. *p < 0.05, **p < 0.01, and ***p < 0.001.
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Fig. 4. (continued).

After identifying ALYREF as an important factor in tumor cell viability and colony formation, we investigated the effect of ALYREF
depletion on the migration of breast cancer and CMT cell lines. Despite ALYREF depletion, there were no significant differences in
tumor cell migration and cell cycle distribution compared to control cells (Supplementary Figs. 3a—f).

Annexin V-fluorescence-activated cell sorting (FACS) was performed to determine the role of ALYREF in apoptosis. ALYREF
depletion increased apoptosis in all three breast cancer cell lines (Fig. 4l-n).

3.5. ALYREF regulates breast cancer cell apoptosis through epigenetically suppressing BAX gene transcription

To elucidate which apoptotic genes contributed to the increased apoptosis induced by ALYREF depletion, RT-qPCR was employed
to examine changes in the expression of previously described pro- or anti-apoptosis-related genes, BAX, BCL2, BI1, and MCL1,
following ALYREF depletion (Supplementary Figs. 4a and b) [41]. Among the apoptosis-related genes, BAX mRNA expression and
protein levels were upregulated in ALYREF-depleted cells compared to those in control cells (Fig. 5a and b). BAX protein levels also
substantially increased after ALYREF depletion (Fig. 5c and d). These findings suggested that ALYREF influences BAX transcription in
human breast cancer cells. Next, we investigated the mechanisms underlying the regulation of BAX expression.

It has been reported that ALYREF can bind to the EZH2 mRNA [16]. EZH2 is a well-known epigenetic modifier responsible for
H3K27me3. EZH2 expression levels were higher in patients with breast cancer than in healthy individuals (Fig. 5e). To investigate the
effects of ALYREF on EZH2 expression, we conducted an EZH2 RT-qPCR analysis and a western blot assay, observing a decrease in
EZH2 mRNA and protein levels in the depleted cell lines (Fig. 5f and h). We hypothesized that there may be a chromatin mark for
H3K27me3 at the BAX gene promoter locus that modulates transcriptional processes. Thus, we analyzed the H3K27me3 modification
levels at the BAX promoter using ChIP-PCR in human breast cancer cell lines. H3K27me3 levels at the BAX promoter were higher in
cancer cell lines than in normal cell lines (Fig. 5i). We also demonstrated that enrichment of H3K27me3 at the BAX promoter was
reduced in ALYREF-depleted cells. (Fig. 5j and k).

Our results indicate that ALYREF is a novel factor involved in the tumorigenesis of human and canine breast cancer, partly through
the regulation of the anti-apoptotic BAX gene via H3K27me3 epigenetic modulation.
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Fig. 5. ALYREF depletion induces apoptosis in breast cancers through an epigenetic mechanism.

(a-b) Quantification of BAX mRNA expression shows an increased BAX mRNA in ALYREF-depleted breast cancer cell lines. BAX mRNA expressions
were measured in (a) SKBR3 and (b) MCF7 cell lines by RT-qPCR using GAPDH as a housekeeper in comparison to the control siRNA. n = 3, +SD.
(c—d) After ALYREF depletion, BAX protein levels increased in ALYREF-depleted (c¢) SKBR3 and (d) MCF?7 cell lines. B -Actin was used as a loading
control in the Western blot. (e) The expression profiles of EZH2 genes in breast cancer. Data were derived from the publicly available GEPIA
database. The box plot showed the increased EZH2 expression in tumor tissues (T, red box, n = 1085) compared to normal tissues (N, gray box, n =
291) (f-g) EZH2 mRNA expressions were measured in (f) SKBR3 and (g) MCF7 cell lines by RT-qPCR using GAPDH as a housekeeper in comparison
to the control siRNA. (h) Western blot analysis shows decreased EZH2 protein levels after depletion of ALYREF using $-Actin as loading control. (i)
Chromatin immunoprecipitation in MCF10A, MCF7, and SKBR3 cell lines with an antibody against H3K27me3 or a negative control antibody (Mock
1gG) and subsequent PCR using primers specific for BAX promoter regions. H3K27me3 levels on the BAX promoter were higher in SKBR3 and MCF7
cell lines compared to normal MCF10A cell lines. (j—k) Chromatin immunoprecipitation in (j) SKBR3 and (k) MCF7 control and after depletion of
cell lines with an antibody against H3K27me3 or a negative control antibody (Mock IgG) and subsequent PCR using primers specific for BAX
promoter regions. H3K27me3 levels on BAX promoter were decreased after depletion of ALYREF in both MCF7 and SKBR3 cell lines.
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Fig. 6. Graphical abstract. Increased H3K4 trimethylation upregulates ALYREF transcription and translation. Enhanced ALYREF regulates EZH2
transcription and subsequent translation. In non-TNBC breast cancer cell lines, EZH2 is regulated at the transcriptional level by ALYREF, leading to
increased H3K27me3 at the BAX promoter, followed by the repression of BAX mRNA and protein. Decreased BAX expression rendered non-TNBC
cancer cells resistant to apoptosis.
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4. Discussion

H3K4me3 is widely recognized as a hallmark of gene promoters. Intergenic H3K4me3 peaks have been suggested to potentially
indicate unannotated promoters of protein-coding genes or IncRNAs in human studies [42,43]. Additionally, previous research in-
dicates that H3K4me3 marks exon-intron boundaries and helps recruit general transcription factors to promoters [44]. In this study,
genome-wide ChIP-seq analysis showed a high enrichment of H3K4me3 at the ALYREF promoter, and ALYREF expression levels were
higher in CMT compared to normal tissues. ALYREF depletion decreased cell viability and colony formation assay, while increasing
apoptosis in CMT and human breast cancer cells. Significantly higher levels of ALYREF mRNA and protein were observed in hormone
receptor-positive cancer cell lines (MCF7 and SKBR3) than in normal breast cell lines. When comparing DNA and amino acid se-
quences, we found that the homology between canine and human ALYREF was more pronounced than that between mouse and canine
and/or human ALYREF.

The dysregulation of RNA-binding proteins has been reported in various types of cancers [17-20]. ALYREF is one of the key
molecules involved in RNA metabolism and the export of mRNAs, in combination with RNA helicase USP56 and THO complexes, from
the nucleus to the cytosol [45]. The mRNA transport function of ALYREF is crucial for the proper translation of transported mRNAs and
the function of their proteins. In this study, we showed that ALYREF can facilitate the oncogenic process by elevating the histone
modifier EZH2 (H3K27me3 writer) and, in turn, upregulating anti-apoptotic genes such as BAX, as illustrated in Fig. 6.

In a TNBC cohort, ALYREF was reported to regulate the oncogenic IncRNA, IncNEAT1-1, through a distinct mechanism. First, it
modulates transcription by binding to the NEAT1 promoter region. Secondly, it directly binds to and stabilizes IncNEAT 1-1 and CPSF®6,
which is an activator of NEAT1. In breast cancer, ALYREF copy number alteration (in an average of 5 % of breast cancer patients) is one
of the regulatory mechanisms of ALYREF expression. According to the c-Bioportal database, ALYREF is upregulated in 5%-15 % of
patients with breast cancer. In previous studies, the upregulation of ALYREF was revealed through copy number variation (CNV) in a
TNBC cohort [20]. However, the oncogenic functions of ALYREF in hormone receptor-positive breast cancer and its underlying
epigenetic mechanisms were poorly understood. In our study of hormone receptor-positive breast cancer, ALYREF was found to have
oncogenic features.

ALYREFF is upregulated in various cancers, including low-grade gliomas [19], HCC [17] and TNBC [20]. In neuroblastomas,
ALYREF binds to MYCN, forming a transactivator complex that upregulates USP3, a deubiquitinating enzyme of MYCN. Because
ALYREF is a MYC target gene, increased MYC protein stability leads to ALYREF expression [18]. In glioblastomas, ALYREF is regulated
by MYC and promotes oncogenic pathways and tumor growth. ALYREF binds to and stabilizes MYC mRNAs, contributing to the
carcinogenesis of GBM, and overexpression of MYC restores oncogenic properties in ALYREF-deficient GBM cells [19].

We examined the expression levels of MYC and related genes after ALYREF depletion in SKBR3 and MCF?7 cell lines, but no sig-
nificant differences were observed (data not shown) [46]. DNA microarray analysis showed that MYC expression does not significantly
increase in the luminal and HER2-enriched subtypes [46]. These observations suggest that ALYREF may influence MYC; however,
MYC-mediated tumorigenesis appears to be less significant in luminal-type and HER-2 (MCF7 and SKBR3) breast cancers with low
MYC expression.

We also considered another mechanism by which ALYREF regulates apoptosis in non-TNBC cell lines. Based on our results,
increased apoptosis appeared to be mediated by elevated BAX proapoptotic gene expression. Furthermore, exploration of the epige-
netic mechanisms related to histone modifications that contribute to apoptosis resistance in breast cancer revealed the epigenetic
regulation of BAX in breast cancer cell lines (MCF7 and MDA-MB-231). We observed that H3K27me3 levels in the BAX promoter were
increased in breast cancer cells. This is supported by a previous study showing that the EZH2 (H3K27me3 writer)-selective inhibitor
ZLD1039 induces BAX expression in MCF7 and MDA-MB-231 cells [47]. EZH2 overexpression is frequently observed in invasive and
metastatic breast cancers and is associated with poor prognosis [48]. ALYREF also binds to EZH2 mRNA [16]. ALYREF depletion results
in reduced gene expression and protein levels of EZH2. Previous studies have shown that ALYREF increases the mRNA export as well as
mRNA stability. Increased EZH2 expression and translation may be mediated by ALYREF in a manner similar to that by which ALYREF
enhances IncNETA1-1 expression. EZH2 and IncNEAT1-1 are overexpressed in breast cancer and function as oncogenic factors. ALYREF
regulates oncogenic factors through various mechanisms, acting as a transcription factor and enhancing the stability of mRNA and
proteins involved in tumorigenesis.

5. Conclusion

Our data suggest that ALYREF affects EZH2 mRNA expression leading to upregulation of EZH2 protein levels in cancer cells.
Increased EZH2 expression results in heightened H3K27me3 modification of the BAX promoter, reduced BAX expression, and
decreased apoptosis in hormone receptor-positive cancer cell lines (ER-positive and HER2 enriched). Although further investigation is
necessary to delineate the role of ALYREF in the downregulation of EZH2 in TNBC and luminal B-type breast cancer, our study is the
first to demonstrate that ALYREF maintains EZH2 mRNA and protein levels. Moreover, an in-depth analysis of comparative epi-
genomics between canine and human breast cancers suggests that ALYREF is involved in common breast tumorigenesis in both species.

Data availability
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BioProject number PRINA765478.
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